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INTRODUCTION 

Many studies have been made to evaluate the potential of alcohol fuels for 
internal combustion engines. Of these studies, single-cylinder engine investi
gations [1 ,2,3,4]* contributed significantly in characterizing combustion charac
teristics and emission data with methanol and ethanol. These engines permit 
flexibility for indpendently controlling the operating parameters and instru
mentation . . Some of the earlier investigations cited here were conducted on the 
older version of the Standard ASTM-CFR variable compression ratio engine of an 
"undersquare" (bore less than stroke) design with a flat combustion chamber and 
low speed with very little ~quish effect. 

In a comparable study L5J Brinkman chose a late versfon of the CFR engine with 
removable dome head (RDH-CFR) whfch has a hemispherical combustion chamber and a 
domed piston. This engine is of "oversquare" desfgn which permits a higher range 
of compression ratios and speed. Brinkman's study is significant as it generated 
evidence which explains some of the conflicting results of various workers, par
ticularly those of Benhardt et al. [6] with respect to compression ratio effects 
on NOx emissions. The results also agreed with the computer predictions of 
Brown1ng and Pefley [7]. The work of Brinkman stimulated the authors to do 
further work using an RHD-CFR engine to bridge some gaps remaining from earlier 
work. · 

The present investigation examines the influence of different operating para
meters on the formation of oxides of nitrogen (NO ), carbon monoxide (CO), un
burned fuel (UBF) and the aldehydes when fueled b9 methanol and methanol-water 
mixtures. Also, the effect of adding small quantities of aniline on the burning 
rate and aldehydes exhaust has been explored. 

EXPERIMENTAL 

Neat methanol, methanol and 10 percent water mixture, and methanol with a small 
percent of aniline were used in a single cylinder RDH-CFR. Two sets of experi
ments were conducted, one without mixture preheat and the other with mixture 
preheat. Table 1 gives the engine data and operating conditions. 
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For non preheated operation carburetion was by a Carter single throat updraft 
carburetor with the fuel supplied at a pressure of 3.5 to 4.0 psi by use of a 
nitrogen blanket. The mixture screw was used to adjust the air-fuel ratio. 
Fuel flow was timed with a stopwatch as the alcohol was drawn out of a glass 
burette connected in parallel with the fuel tank. Air flow was determined by the 
use of a Meriam Laminar flow element in conjunction with the 1'' oil filled in
clined manometer. Thermocouples sensed temperatures of the intake manifold, 
fuel, oil water and exhaust. 

The arrangement for preheating the mixture consisted of variable bank of el~~tri~ 
resistance heaters totaling 5800 watts which controlled the mixture temperature . 
to ~2°F. A fuel atomizer was used in place of a carburetor for mixture prepara
tion. A sight glass in the intake system just outside the engine allowed moni
torinq of the degree of vaporization. Droplets on the wall were just noticeable 
when runninq under the richest condition selected. (Durinq the other modes, 
vaporization was virtually 100% complete.) 

The emission sampling system consisted of three stainless-steel sample lines in 
pa~allel drawing gases from the exhaust. Two lines were after the muffler and 
approximately 6 feet downstream of the engine. One was heated and exhausted to 
a Beckman 402 flame ionization detector (FID) for ~nburned fuel detection. The 
response factor of this FID to methanol has been determined to be 0.73 of the 
response due to propane. The second was routed through a water trap where it was 
cooled to remove water vapor through a filter to protect the instruments from 
particulates and to a diaphragm pump. From there it was manifolded to the NOx, 
CO, CO?, and oxygen (02) detectors. The N~X detector was achemiluminescence 
type, Built at the U.S. Department of Energy's Bartlesville (Okla.) Energy 
Technology Center. Carbon monoxide and c·o2 detection was by Beckman nondi.s
persive (NDIR) instruments. 

I 

The third sample line consisted of a heated stainless steel line drawing gases 
through a probe inserted into the center of the exhaust pipe approximately 
7" downstream of the exhaus_t valve. This line led to an impinger where exhaust 
gas was bubbled through 25 ml of a 3-methyl-2 benzothi"oazalone hydrazone (MBTH) 
solution. The exhaust .gas was drawn through the impinger by a diaphragm pump. 
Flow rate was controlled by a needle valve. and monitored with a rotameter. 
Sampling was for 1 minute at 130 cc per minute. 

The engine was run at least an hour prior to the taking of the data. The in
struments were calibrated at least once a day. Each exhaust 1 ine filter was 
changed da i.ly. 

For each of the fuel combination~ shown in Table 1, the following tests were 
run without mixture preheat. 

(a) At a fixed compression ratio (CR), equivalence ratio* was varied from rich 
to lean (0.7-1.2) while emissions and performance data were taken at set inter
vals. The compression ratio was then varied and tests were repeated. The 
compression ratios covered a range of 7 to 11:1. 

*Equivalence ratio (<I>) is defined as stoichiometric air-fuel ratio/actual 
air-fuel ratio. 
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(b) At stoichiometric air-fuel ratio·, compression ratio was changed in steps 
from 7 to 11. At a specific compression ratio, a traverse ~as made f:ro~ lean 
to rich equivalence ratio. Thus, this set proved to be a cross-check on the 
tests in the first set. ,·, 

' fi ~~ ~":.' 

The test conditions explot~d with intake mixture preheat included an ·equivalence 
ratio traverse at 10:1 C~{a~d~a compr~s~ion ratio traverse at stoichiometric 
equivalence ratio. The fuels' used wer.e neat methanol and 99% methanol plus 1% 
aniline blend. 

· ~omputer printouts of the raw and calculAted data were obtained for each set of 
tests. At selected test points, cylinder pressure-time traces were generated 
and stored on magnetic discs. These signals were subsequently recalled and 
proces4ed to give digital printouts of press~re-time history with time intervals 
of 10- seconds between each pressure reading~- These data were used to compute 
average flame speed and other performance characteristics. 

' . 

After the completion of firing tests, the engine was motored keeping the oil 
temperature at the operating level and motoring torque was measured for each 
of the compression ratios. 

MIXTURE BURNING RATE FROM THERMODYNAMIC ANALYSIS 

.A thermodynamic analysis of the measured cylinder pressure trace was carried 
out .through a computer program described in references [8] and [9] and. run on 
IBM System 370/155. This program takes into consideration the effect~ ~f .in
take air humidity, residual gas dilution, heat transfer from the cylinder:.'walls, 
in addition to the usual engine operating variables such as intake and exhaust 
conditions, speed, compression ratio, ignition timin!i, mixture character.i~tics, 
and engine geometry. Instantaneous heat loss from the cylinder gases is de~..: 

.tennined from Eichelberg's equation [10]. Precombustion energy release .is . 
e·stimated from the equation proposed by Johnson,etal.[ll]. The values of the 
cylinder pressure data at different small intervals (generated in the computer 
printouts referred to previously) are used as input. The intake process is 
analyzed stepwise assuming the intake mixture to behave as an ideal gas. The 
compression process is a~alyze~ stepwise till the pint of ignition, taking into 
consideration the precombustion energy release in the mixture, if any. The 
calculations pertaining to the combustion phase commence at the point of igni
tion and the burned ~roducts are assumed to be in chemical equilibrium i~ a 
system of twelve components 1comprising COz, H2, 02, N2, H, 0, N, H20, NO, 
OH,CO, and CH4. An interat.ive technique lS used to P<rrive at the final flame 
volume at the end of each interval which will be compatible with the measured 
pressure and at the same time satisfy the energy balance for the burned and 
unburned volumes. The above procedure was carried out in steps from interval 
to interval and theprogressive flame growth and flame velocity were determined. 
The computation of the combustion process ends when the burned volume approaches 
the total chamber volume. The expansion and exhaust processes were then 
analyzed at the end of the cycle and the indicated output and efficiency were 
calculated. 

The computed burning rate from some selected pressure-tjme data appear. in 
Table 2. Note tha, . .t the calculated flame speed and indicated thermal efficiency 
with the addition of 1% by volume of aniline were found to be the highest of 
all the values shown in Table 2. 
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Figure 1 shows the variation of cylinder gas pressure and burned gas tempera-
ture as functions of crank angle as the flame progresses fbr neat methanol, 
methanol and 1% aniline, and methanol with 10% water at a CR ~ 11 and ~ ~ 1. 

The work of Harrington and Pilot of Ford Motor Co. [12] appears to be the only 
source which provides comparable combustion characteristics information of methanol 
in a single-cylinder engine. Combustion anaysis was made using instrumentation 
developed by Harrington. For 100% methanol fuel, from Ref. [12] it was reported 
56° crank angle, by measurement, was required to combust 95% of the mass in the 
cylinder. Computer calculation in our study showed this to require 55.5° of 
crank angle. Although the engine speeds and equivalence ratios were the same, 
the compression ratios were 8 to 1 and 11 to l and the combustion .chamber shapes. 
were flat and hemispherical for the respective tests by Harrington and ourselves. 

. . 
With 10% water, the burning interval is increased from 55.5° CA to 63° CA while 
with aniline the interval is 4q 0

. CA., This fast burning rate ·may be one--but 
not necessarily the only--cause of the reduced aldehydes when analine is added. 
This will be discussed in the following section. 

EMISSIONS--RESULTS AND DISCUSSION 

Emissions of unburned fuel (UBF), oxides of· nitrogen (NOx} and CO at various 
equivalence ratios without mixture preheat appeir in Figure 2 for neat nethanol 
at a 10:1 CR. The emissions measurements are reported as ppm for UBF, NOx and 
volume percentage for CO. Figure 3 portrays the emissions data from the com
pression ratio travers~ at stoichiometric ratio (~ = 1) using neat methanol 
without preheat. Data shown in.Figure 4 refer to the prehe~ted mixture ex
haust emissions at 10:1 CR using neat methanol. 

In order to compare this evidence with other work the emissions data of UBF and 
NOx were recalculated on a microgram per Joule basis (J.Jg/J) and grams per in
dicated horsepower hour basis (gm/IHP hr). Table 3 typifies one set of calcu
lations. 

UNBURNED FUEL 

At 10:1 CR, 1500 rpm, MBT spark timing and a mixture temperature of about 2°C 
(Fig. 2) the UBF shows the characte~istic U-shaped curve reaching a minimum 
at approximately ~ = 0.83. This minimum closely agrees with the findings of -
Pefley, et al. '[2] a·nd Hilden, et al. [4]. It is· not possible to make exact 
comparisons of the minimum values. of HC as the compressi.on ratios, engine 
geometries, speeds and mixture temperatures in the investigations wire different. 
However, approximate comparisons on a uni.t energy base ha.ve some useful ness. 
A value of 4.2 J.Jg/J is de~ived from the minimu~ value of Fig. 2. This agrees 
well with the value of 4 lJg/J observed by Hilden at a CR of .8 and a mixture 
temperature of 9 ~ 5°C. However, these values are very much higher than the 
o.l5 lJg/J from Ref. 2 whe~e higher, 2l°C, mixture temperature ~nd lower engine 
speed were used. · · 

Figure 4, in comparison with Figu~e 2, characteristically shows the strong effect 
of increasing mixture temperature on reducing UBF. A mixture temperature of , 
77°C lowered the UBF minimum value by fivefold. However, this value (0.84 J.Jg/J} 
is still somewhat higher than Ref. 2. Further study of test differences by 
the authors is necessary to reconcile this difference. 
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The UBF variation with CR shown in Fig. 3 is jn good agreementWiith Brinkman's 
work. He conducted the investigation on an engine with the same geometry at 
MBT timing. It should be kept in mind that only trends can be compared as 
the speed and mixture preheat are differeDt in both cases. However~ some 
generalities in relative values are striking. For instance~ the relative 
increase of UBF as CR is raised from 8 to 11 is about'20% in our case. In-

.terpolating from Brinkman's curves for~= 1~ the increase is found to be about 
30%. 

NOx EMISSIONS 

The profile of NOx emissions obtained in our wqrk (Figs. 2 and 3) is in keep~ 
ing with well established trends. At a CR of 11, the NOx peak occurs at~= 0.9 
with a value of 5.5 llg/J. This is in re,asonabTe agreement with the 5.2 J1g/J of 
Ref. 2 considering the differences in engine geometries~ and operating variables-. 

The increase of 67% in NOx emissions due to intake mixture preheating (Fig. 4) 
can be explained by an increase in peak flame temperature and is reflected in 
an increase .in exhaust temperature of 100°F at the condition of maximum NOx con
centrati6n. The ppm increase at the maximum values per degree of mixture temp
erature increase is about 9 ppmfFand again is found to agree well with Ref. 2. 
The effect of adding water was found to lower the combustion temperatures··and~ 
hence, reduc~-NOx ei~aust emissions, which is in agreement with others~ · ,-J 

CARBON MONOXIDE EMISSION " 

These trends· are similar to estaqlished patterns and do not call for detailed 
discussion. 

ALDEHYDE EMISSIONS 

Aldehyde concentration for neat methanol fuel without pre-heat increcis·e·s"'with. an 
increase in compression ratio (Fig. 5). This can be explained in tfie':;ffght of· 
quench zone phenomena which caused increases in UBF with CR. However~ the more 
significant observation is the substantial reduction of aldehydes with the 
addition of 1% by volume of aniline (also see Table 4a). Aldehyde concentra- · 
tion was reduced from 757 ppm to 345 ppm at the compression. ratio of 11. ·With · 
neat methanol~ aldehyde concentration increased from 393 to 757 ppm with the 
increase of CR from 7 to 11 but there was no signi'ficant increase of aldehyde 
concentration with CR when aniline was added. 

No significant change in aldehyde concentration relative to neat methanol was 
observed with variation of equivalance ratio whi:le holding the CR constant at 
10:1, Table 4b. Similar effects were observed when 0.75% aniline was added 
instead of 1% (Table 4c). 

Aniline belongs to a class of additives whi.ch reduce ignition delay at small 
concentrations and increas.e the ignition de 1 ay at 1 arge concentrations [14]. 
It has been reported by authors ·of Ref. 14 that the critical concentration is 
about 0.8% by volume from engine tests.. Hence it was decided to use only 0.75 
and 1% of this additive. 
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Aldehyde concentrations decrased markedly with preheating (Fig. 6) for the same 
reasons as for UBF if it is ass·umed that aldehydes are ·produ.ced by "cool flame" 
reactions in the quench layer [11]. 

·From Fig~ 5 and 6 and Tables 4a, b, c,it can be observed that the effect of 
the addition of aniline on redu.cing aldehyde production seems significant under 
all conditions including mixture ~reheat. · 

;However, it is important to note that the effect of preheating caused a much 
greater reduction in aldehyde emissions than the addition aniline did. This was 
true at all compression ratios. · 

It was found that aniline addition had virtually no effect on NOx, UBF., or CO 
emissions. Unregulated emi.ssi.ons have not as yet been explored. 

CONCLUSIONS 

o There is good agreement of our results with recent contemporary work on · 
single cylinder engines fueled with methanol. 

D The additio~ of aniline to methanol causes an increase in flame speed and 
a reduction in aldehyde emissi:ons. 

o lJater addition to methanol causes reduced flame speed, lower peak flame 
temperature, and as a consequence, lower NOx emissions. 

o Intake mixture preheating causes significant reduction in UBF and 
aldehyde emissions and an increase in NOx emis·sions at f·1BT timing which 
was retarded when compared to operation without preheat. 

FURTHER INVESTIGATIONS 

Further research is needed relative to unreg~lated emissions, consequences 
from the addition of aniline. · 

Time resolved sampling of wall quenced exhaust gas or hot motored techniques 
and anlysis of the early products of oxidatton seem to offer deeper insights 
into the cause of aldehyde fonnation and its. control wi.th suitable additives 
and needs to be pursued. 
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TABLE 1 
TEST ENGINE SPECIFICATIONS AND OPERATING CONDITIONS 

Engine Data 
. Bore = 96.8 rrm, Stroke = 92.1 rrm, Displacement = 680 cc 

No. 

1. 

2. 

3. 

4. 

5. 

6. 

Hemispherical Head (RHD-CFR} 

Operating Conditions 
Speed 1500 rpm 
Man1fold Vacuum 2.2"Hg. 
Spark Timing MBT 
Mixture· Temperature 
1 00% Metha no 1 
90% Methanol + 10% waler (vol) 
99% Methanol + 1% an1line (vol) 

Oil Temperature 178°F 
Water temperature 215°F 

Without preheat 

36°F 
4PF 

36°F 

TABLE 2 

With preheat 
170°F 

" 
II 

COMPUTER PREDICTION OF FLAME.SPEED 

MBT Average 
Spark Flame 
Advance Speed 

Fuel CR ~ 0 BTDC m/sec 

99%·CH30H 11 1.02 20 19.8 
1.0% Aniline 

· CH 30H (90%) 9 1.02 25 15.8 
H2o ( 1 0%) 

CH30H (90%) 11 . 1.01 20 14.8 
H20 ( 1 0%) 

CH30H 10 .1.15 25 16.2 

CH30H 9 0.98 25 18.5 

CH 30H 11 0.98 20 16.8 

Peak 
Combustion. 
Temp 
6k 

2509 

2359 

2445 

2458 

2523 

2504 

Indicated 
Thermal 
Efficiency 

~ 

30.15 

22.88 

25.00 

19.95 

24.17 

28.56 

'I • 
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TABLE 3 • EQUIVALENCE RATIO TRAVERSE P 10:1 CR USING NEAT METHANOL 
···. . . ,, .. 

HBT 
Spark 
Timing 

Fuel/Air 0 BTOC 
Eq. Ratio IHP .ISFC 

• 

~·i () ,:;.~ ·~.1~~:-. ·- ..·:c,.! 
~:1, 

UBF ,.... ~ < 
NO, 

. g CO ;tiidehy.des PPM gm/hr ijlii/IHP ,HR "9/J i..!~~- ~ ·~ ·. Qlii/Hi\i i gm/'IHP:HR "9/J 

I : : 
. l 1 .;:B,PH H~HQ 

o.n 5.06 .77 35 0.2~';'.' 437 
... 

8080 137.0 27.07 10.08 297 2.9 0.57 0.213 

.. 0.80 5. 56 . 75 35 7160 111.9 20.12 j:49~~ 790 7. 7 1.38 0.516 0.36 .. 303 

0.95 6.16 .81 25 8560 129.0 20.95 7; 79 1375 11.6 1.88 0. 7.01 0. 79 398 

1.04. 6. 56 .82 25 9450 161.9 24.70 "9.19 1520 •, 14.1 2.15 0.800 ~1.44 • 723 

<., 
:;.:.'Y:•·. 

TABLE 4a .. : ,: -~' 

EFFECT OF ANILINE ON ALDEHYDES AT VARIABLE CR AND STOICHIOMETRIC 
EQUIVALENCE RATlO 

: :·. 

Compression Ratio 
Aldehydes PPM With Neat 

Metha.nol 

Aldehydes PPM with 99% 
Methanol plus 1% Aniline 
{by vol.) 

. (Without Preheat) .· 
",>. 

7 8 9 10 11 

393 589 72Q 723 . 757 .. 

353 308 . 378 336· . 345 

TABLE 4b 
EFFECT. OF ANILINE ON ALDEHYDES AT CONSTANT GRAND VARIABLE ~ 

(Without Preheat) 

Equivalence Ratio 0.80 0.93 1.01 1.12 1.17. 

Aldehydes PPM 
with 99% Methanol 
plus 1% Aniline 
( vol.) 362 320 3ll 257 . ' 210 

TABLE 4c 

EFFECT OF .75% ANILINE ON ALDEHYDE EMISSIONS@ 10:1 CR 

Equivalence Ratio 

Aldehydes PPM 

{Without Preheat) 

0. 81 . :, . 0. 98 

353 261 

1.12 

294 

--- ...... 
I ...... ____ ,.. __ ;,_ ... ~ 

1.13 

244_' 

0.83 

336 

·~ . ., 
1~ 
ltlJ 1:•. 

~ ...... 
:·~ 
~~~, ~·" 

:f.:) (:~ 

.... r ~ ·.· .. 
•. . ... ~ 

<' 

1.02 

336 

1.16 

261 
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FUEL I AI~ EQUIVALENCE RATIO 

FIGURE= 6- EFFECT OF ANILINE ADDITION AT VARIOUS 
EQUIVALENCE RATIOS WITH PREHEATED 
MIXTURE AT 10;1 CR. 




