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BFECT OF WATER-ALCOHOL INJECTION AND MAXIMUM-ECONOMY
SPARK ADVANCE ON KNOCK-LIMITED PEKFORMANCE AND FUEL
ECONOMY OF A LARGE ATR-COOLED CYLINDER

By Jack E. Vandeman and Orville H. Heinlcke

SUMMARY

An investigation was conducted to detormine the effect of a
coolant solution of 25 percent ethyl alcolLol, 25 percent methyl
alcohol, and 50 percen: water by volume and maximum-economy spark
advance on knock -limited performance and fuel econcmy of a large
alr-cooled cylinder, The knock-limited performance of the cyl-
inder at snglne speeds of 2100 and 2500 rpm was determinsed for
coolant-fuel ratios of 0.0, 0.2, and 0.4. The effoct of water-
alcohol InJection on fuel economy was determined in constant
charge-alr flow tests. The tests were conducted at a spark
advance of 20° B.T.C. and maximmm-econamy spark advance.

The following results were obtalned:

1, The knock-limited power at an engine speed of 2100 rpm was
Increased as much as 88 percent by operaticn at a fuel-alr ratlo of
0.060 and a coolant-fuel ratio of 0.4.

2. An increase 1n the coolant-fuel ratio from 0.2 to 0.4 was
2.5 times &8s effective in ralsing the knock-limited indicated mean
effective pressure at a fusl-air ratio of 0.075 as an increase in
the coolant-fuel ratio fram 0.0 to 0.2.

3. The indicated specific liquid consumption was less with a
coolant-fuel ratio of 0.4 than with fuel alone for power levels
above a knock-limited indiceted meen effective pressurs of
225 pounds per square Inch at an engine speed of 2500 rpm.



2 . NACA MR No, ESHI2

4. When the spark advance was increased from 20° B.T.C. to
maximim-~economy spark advence at a fuel-air ratio of 0.060, the
Indicated specific fuel comsumptlon was decreased 4 percent 1n con-
stant charge-air flow tests and the knock-limited indicated mean
offective pressure was decreased 21 percent.

INTRODUCTION

The tests reported in references 1 and 2 have shown that
improvements 1n kmoock-limited power and specific liquid consumption
at high power may be obtained by water or water-alconol Injection.
Therefore, as part of the general program requested by the Alr Tech-
nical Service Command, Army Air Forces, to improve the cooling per-
formance of a large alr-cooled englne, kncck-limited and fuel-
econonmy tests were conducted at the NACA Cleveland laboratory to
determine the effect of water-alcohol inJecticn and maximum-economy
spark advance on the knock-limited power and fuel econamy. The
water-alcohol mixture used was a solution of 25 percent ethyl
alcohol, 25 percent methyl alcohol, and 50 percont water by volume,
which has been considered by the Alr Technlcal Service Command,
Army Alr Forces, as a sultable internal coolant. Both the knock-
limited and fuel-ecornomy tests were conducted at a spark advance of
20° B.T.C. and at maximum-econany spark advance, The fuel-economy
tests were conducted at constant charge-alr flow conditions to
eliminate the effect of inlet-alr pressure on specific fuel
consumption.

APPARATUS AND FROCEIURE

A large alr-cooled cylinder equipped with ducted baffles was
mounted on a CUE crankcase. Knock was detected by a magneto-
striction plckup unit mounted in the cambustion chamber and by an
ogcllloscope.

The temperature of the exhaust-valve seat was held constant
throughout each test. The valve seat has beon shown to be in a
critical temperature region of the cylinder. A thermccouple was
embedded in the head metal 1/8-inch from the combustion-chamber
wall and was located on a center line from the exhaust valve to the
rear spark-plug bushilng,

The internal coolant used in these tests was a mixture of
25 percent ethyl alcohol, 25 percent methyl alcohol, and 50 percent
water by volume end the fuel used was 28-R, The alcohol contained
in tho internal coolant was not considered to be a part of the fuel
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supplied to the engine. The fuel and coolant were inJected through
separate systems into the upstream end of the vaporization tank,
The coolant was :Ln,jected. through an impinging-Jete nozile in & con-
tinuous spray.

The maximum-economy spark advance was determined by operating
the engine with the time of maximum rate of pressure rise at
3° A, T.C. for each test condition. This procedure gives values of
indicated specific fuel consumption within *0.3 percent of the
minimum (reference 3). Preliminary studies for the investigation
showed that thils method of determining maximm-economy spark
advance was also correct with water-alcohol inJjectilon.

The engine operating conditions that were used In the single-
cylinder tests to investlgate knock-limited power and fuel economy
at coolant-fuel ratios of 0.0, 0.2, and 0.4 and at a constant com-
prosalon ratio of 6.88 are presented in the followlng table;

Test Engine Inlot-air!Exhaust- Spark advance
speed |tempera- |valve-seat| (deg B.T.C.)
(rpm) |ture tempera-~
(°F) ture
(°F)
Knock limlted| 2500 276 625 20
2100 188 625 20
2100 188 625 Maximum economy
Fuel economy | 2100 188 550 20
2100 188 550 Maximum economy

RESULTS AND DISCUSSION

Knock-limited tests with coolant inJection. - Knock-limited
performance with coolant-fuel ratios of 0.0, 0.2, end 0.4 are pre-
sented 1n figures 1 and 2 for englne speeds of 2500 and 2100 rmm.
Only the minimum point of the curve of fuel-air-ratio response was
determined at an engine speed of 2100 rpm, coolant-fuel ratio of
0.4, and spark advance of 20° B.T.C. (fig. 2) because of the high
indicated meen effectlve pressures encountered at these conditlons,

When the ratio of water-alcohol to fuel was Increased from
0.0 to 0.4, the knock-limited indicated meen effectlive pressure was
Increased 50 and 88 percent over that with fuel alone at englne
speeds of 2500 and 2100 rmm, respectively, at a fuel-alr ratio of
0.060 and a spark advance of 20° B.T.C. The indicated specific
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liquid consumption was decreased by increasing the coolant-fuel
ratio from 0.0 to 0.4 for power levels above an lndloated mean
offective pressure of 225 pounds per square Jnch at an englne speed
of 2500 rpm. Filgure 1 shows that increasing the coolant-fuel ratlo
from 0.0 to 0.4 decreased the Indicated specific liquid consumptilon
19 percent at a constant knock-limlted indlcated mean efrective
pressure of 257 pounds per sguare lnch. The knock-~-limited indi-
cated mean effective pressure was increased 13 and 29 percent at an
indicated specific llquld consumption of 0.5 pound per indicated
horsepower-hour by operation at coolant-t'uel ratios of 0.2 and 0.4,
respectively, as presented in figure 2(a).

When the spark advance was increased from 20° B.T.C, to the
nmaximum-economy spark edvance (fig. 2(b)), the knock-liumited 1ndil-
cated mean efi'ective prcssure was decroauzd 21 perceni without
water-alcohol InJectlon and 2€ and 30 percent at coolant-fusl
ratios of 0.2 and 0.4, reapectlively, at a fuel-alr ratio of 0.060.
The galn in fuel eccnoiiy with advanced srark tlairg i1s discussed
for constant charge-air flow teste In a subreguenl part of thkils
.report. The data for indicated specific fuel consumption at xnock-
limited conditions and at consiant charge -alr flow are in close
agroement. The increased efficlency of the comibustlon cycle at
maxirmm-economy spurk advance permlited asmooth engline opsraticn at
a fuel-air ratio of 0.042,

A compsrison of the effects of water and water-aicohol inJec-
tion on knock-~limitsd perdormanse at e fuel-2ilr ritio of 0.075 is
presented in figure 3. Thsso data ere preseinted hareln to def'ine
more accurately than l1s done 1o fizures 1 and 2 ths nontlinear
effect of water-alcohol to fuel ratic on gnock-limited puwer. An
increase from 0.2 to 0.4 in the water-elcokol co fual rasio was
2.5 times as effective in raising ike Imick-Jimited indizabted mean
effective pressure at a fuvl-alc ratio of 0.075 23 vas an incrsase
from 0,0 to 0.2. These dala vore chuained from preilalunry teats
of a cylinder having wora xlngs snd a burmt or'wlss-valve saab;
therefore, they agree with tie fdara siicwa i1 Fligure 1 cLly in
goneral trend. The effecl ol wabtsr Inerition on :moex-limited
indicated mean effective pruos.u:se o eri-30'mateiy a linear fanc-
tlon of coolant-fuel ratios at ine itwver twiies of “his ratio. The
nonlinear response obtained with the w#uis: -aicouol mixture must be
attributable to tho alcchol.

Fuel-economy tests. - The effect of rAaximum-economy spark
advance and water-alcohol inJection on fu~l and liquid economy at
constant charge-alr flow 18 presented in fijure 4. These tests
were run ot constant charge-alr flow to eliminate the effect of
inlet-alr pressure on indicated specific fuel consumption. The
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indicated specific fuel consumption at maximm-economy spark
advance was 4 purcent lower than that at a spark advence of
20° B.T.C. for a fuel-alr ratio of 0,060 without coolant injec-
tion. For a spark advance of 20° B.T.C. the indicated specific
fuel counsumption was lowest at a fuel-air ratlo of 0,060, whereas
1t continued to decrease as the fusl-alr ratio -was reduced at
maximm-econany spark advarce, The minimm indicated specific
fuel consump:ion observed for maximum-econamy spark advance at a
coolant-tuel ratio <«f 0,0 was 12 percent lower than that for a
spark advance of 20 B.T.C. Thus the greatest reduction in indi-
cated specitic fuol conmumption was obtalned by increasing the
spark advance to the maximm-economy spark advance and decreaslng
the fuel-alr ratic.

When the coolant-fuel ratio was increased from 0.0 to 0.4, the
Indicated specific fuel consumption decreased approximately 9 per-
cent at a fuel-air ratio of 0.055 and a spark advance of 20° B.T.C.
(fig. 4(a)). Thies decreasse is slightly misleading because the
alcohol 1n the coolant may burn and contribute addlitional energy
that would not be evident 1n the calculations based on only 28-R
as the fuel. The data in figure 4(a) ars repeated in figure 5 to
show the effect ¢f the ratio of fuel plus alcolol to alr on indil-
cated specific fuel plus alcohol consumptlion, ZFrom figure 5, 1t
can be seen thet the total Indlcated specific fuel consumption
Increases in the lean reglon with water-alcohol injection.

SUMMARY CF RESULTS

From the tests made on a large air-cooled cylinder to deter-
mine the effect of water-alcohol injection ard maximum-economy
spark advance on knock-limited performance and fuel sconcmy, the
following results were obtalned:

1. The knock-limited power at an engine speed of 2100 rmm
was Increased as much as 88 percent by operation at a fuel-alr
ratio of 0.060 and a coolant-fuel ratio of 0.4,

2, An incresesse in the coolant-fuel ratio from 0.2 to 0.4 was
2.5 times as effectlve in ralsing the knock-limited Indicated mean
effective pressure at a fuel-alr ratio of 0.075 as an increase in
the coolant-fuel ratio from 0.0 to 0.2,

3. The indicated specific liquid consumption was less with a
coolant-fuel ratio of 0.4 than with fuel alone for power levels
above & knock-limited Indicated mean effective pressure of
225 pounds per square inch at an engine speed of 2500 rpm.
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4. When the spark advance was increased from 20° B.T.C. to
maximm-ecunamy spark advance at a fuel-alr ratio of 0.060, the
indicated specific fuel consumption was decreased 4 percent in con-
stant charge-alr flow tests and the knock-limited indicated mean
offectlive pressure was decreased 21 porcent.

Alrcraft Engine Research Laboratory,
Neational Advisory Committee for Aeronautics,
Cleveland, Ohlo, August 12, 1945.
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