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Table 2-1. Specifications of the tested engine

Manufacture Yanmar Diesel Co., Ltd.

Engine name NS50

Type Horizontal type water
cooled

Cylinder —Bore X Stroke 1—75X75 mm

Piston displacement 331 ce

Continuous rated horse- 3.31 kW/2,000 rpm

power (4.5 PS/2,000 rpm)

Maximum horsepower  3.68 kW /2,000 rpm
(5.0 PS/2,000 rpm)

Type of combustion Vortex precombustion
chamber chamber
Compression ratio 23
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Fig. 2-1. Schematic diagram of the remodeled test engine apparatus
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Table 2-2. Specifications of the Bosch type injec-

tion pump
Pump name Bosch type in-line injec-
tion pump

Manufacture Diesel kiki Co., Ltd.
Type PE-A

Plunger stroke 8 mm

Plunger bore 7 mm

Cam lift 8 mm
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Fig. 2-2. Flow diagram of the alcohol feed line
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Fig. 2-3. Smoke density, brake specific heat con-
sumption vs. brake mean effective pres-
sure for various gas oil injection timings
with gas oil only
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and brake specific heat consumption with
gas oil only
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Fig. 2-5. The result of the test working of gas oil
injection apparatus and alcohol injection
apparatus
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Fig. 2-6. Smoke density, brake specific heat con-
sumption vs. brake mean effective pres-
sure for various gas oil injection timings
with gas oil only and dual fuel operation
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Fig. 2-8. Operating region determined by smoke
density 509%, noise 96 dB(C) and misfire
for gas oil injection timing BTDC 4°CA
with dual fuel
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for gas oil injection timing BTDC 4°CA
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Table 3-1. Specifications of tested fuel

No.2 Gas oil Methanol Ethanol

Specific gravity 15/4C 0.85 0.80 0.82
Flash point [C] 66 8.5 17.8
Low calorific value 42.6 20.0 26.8
MJ/kg]

Stoichiometric mix- 14.22 6.45 9.00
ture ratio

Kinematic viscosity  3.75/30C  0.85/40C 1.24/40C
[cSt]
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Fig. 3-1. Smoke density, brake specific heat con-
sumption vs. brake mean effective pres-
sure for various gas oil flowrates with
gas oil only and dual fuel operation
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excess air factor for various gas oil
flowrates with dual fuel operation
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Fig. 3-3. Smoke density, brake specific heat con-
sumption vs. brake mean effective pres-
sure for gas oil flowrate 0.42 kg/h with
methanol fumigation and ethanol fumiga-
tion
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Fig. 3-4. Noise-C, exhaust temperature, excess
air factor for gas oil flowrate 0.42 kg/h
with methanol fumigation and ethanol
fumigation
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Fig. 3-5. Smoke density, brake specific heat con-

sumption vs. brake mean effective pres-
sure for gas oil flowrate 0.71 kg/h with
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tion
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Fig. 3-6. Noise-C, exhaust temperature, excess
air factor for gas oil flowrate 0.71 kg/h
with methanol fumigation and ethanol
fumigation
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Fig. 3-7. Unburned methanol, HCHO, CO, ratio
of methanol vs. brake mean effective
pressure for gas oil flowrate 0.44 kg/h
with methano! fumigation
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Methanol atomization apparatus by the
impulse method consisits of a solenoid
valve and a collision plate with a pi-
ezoelectric vibrator

Fig. 4-1.
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Fig. 4-2. Methanol atomization apparatus by the
ultrasonic method consisits of ultrasonic
humidifier units and carburetor parts
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Fig. 4-3. Visualization of methano!l droplets with
atomization apparatus by the pressure
method
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Visualization of methanol droplets with
atomization apparatus by the ultrasonic
method

Fig. 4-5.
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Fig. 4-6. Comparison of droplet size with pressure
method and impulse method
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Fig. 4-4. Visualization of methano! droplets with atomization apparatus by the impulse method
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Table 4-1 3XOERTH 5, AR HLEMFY
RIIBEFERFR LI EL, RCEER - ENR0
BBl EDBEOME T, R RECEE
REEEAE,s DEH I WA Y v 2 PHER, HE
RBENROH 1B BETH Y, ENRCEBDER
X5 L) AR RELBER S R, Fig
4-T CEDNR-EHRAONES MR L, BRI
15~35 um CEVWHFEHEY B L, ENRXNEHEKL
TH— R L 2T E 5, i, 50 um LA ED
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Table 4-1. Mean diameter of methanol droplets
for three atomization apparatus

Sauter mean
diameter [gm]

Arithmetic mean
diameter [um]

Pressure method 42.9 309.6
Impulse method 32.6 99.4
Ultrasonic method 2.3* —

* Calculated value by experimental formula

Fig. 4-7. Comparison of droplet size distribution
with pressure method and impulse
method
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Fig. 4-8. Comparison of engine performance with
diesel fuel only and methanol fumigation
mixed
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Fig. 4-9. Effect of intake temperature on BSHC,
smoke density and noise-C of three meth-

anol atomization apparatus tested at the
BMEP of 0.36 MPa
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Fig. 4-10. Effect of intake temperature on drop in
intake temperature, volumetric
efficiency, excess air factor and exhaust
temperature of three methanol atomiza-
tion apparatus tested at the BMEP of
0.36 MPa
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. 4-11. Effect of intake temperature on concen-
trations of CO, HCHO and UBM of
three methanol atomization apparatus
tested at the BMEP of 0.36 MPa
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Fig. 4-12. Effect of intake temperature on BSCH,
smoke density and noise-C three meth-
anol atomization apparatus tested at
the BMEP of 0.50 MPa
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Fig. 4-13. Effect of intake temperature on drop in
intake temperature, volumetric
efficiency, excess air factor and exhaust
temperature of three methanol atomiza-
tion apparatus tested at the BMEP of
0.50 MPa
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Fig. 4-14. Effect of intake temperature on concen-
trations of CO, HCHO and UBM of
three methanol atomization apparatus
tested at the BMEP of 0.50 MPa
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Table 5-1. Results of principal component analysis for anhydrous ethanol and 40 w-9% ethanol
Number of cases: 0%--594, 60%---591
Mean Variance SD Min. Max.
Variable
0% 60% 0% 60% 0% 60% 0% 60% 0% 60%
Ign. timing  15.889 14.640  4.075 9.065 2.019 3.011  11.00 5.00 29.00 36.00
(dP/d8) max 0.329  0.316 0.002 0.002 0.043 0.049 0.147 0.140 0.433 0.472
Prox 4.265 4.298 0.110 0.264 0.332 0.514 2.408 1.431 4.996 5.351
I I I
0% 60% 0% 60% 0% 60%
Ign. timing 0.555 —0.573 0.689 0.627 0.465 0.528
(dP/dB) nax —0.547 0.557 0.724 0.770 —0.419 —0.310
Prax —0.626 0.601 —0.022 —0.116 0.779 0.791
Eigenvalue 2.499 2.716 0.468 0.260 0.033 0.025
Prop. 0.833 0.905 0.156 0.087 0.011 0.008
Cum. prop. 0.833 0.905 0.989 0.992 1.000 1.000
Table 5-2. Results of principal component analysis for intake temperature 15, 50 and 80C
with 40 w-9% ethanol
Number of cases: 15C---591, 50C---600, 80°C---600
BSHC [MJ/kW-h]: 15°C+--13.85, 50°C---14.11, 80C---14.16
Variable Intake temp. Mean Variance SD Min. Max.
15C 14.640 9.065 3.011 5.00 36.00
Ign. timing 50°C 11.832 2.514 1.586 8.00 20.00
80°C 11.015 2.646 1.627 8.00 17.00
15C 0.316 0.002 0.049 0.140 0.472
(dP/d) max 50°C 0.327 0.001 0.033 0.193 0.429
80°C 0.325 0.001 0.031 0.222 0.412
15C 4.298 0.264 0.514 1.431 5.351
Prax 50°C 4,562 0.080 0.283 3.461 5.318
80°C 4.540 0.073 0.270 3.673 5.212
I 11 11
15C 50C 80°C 15C 50°C 80C 15°C 50C 80C
Ign. timing —0.573 0.558 0.562 0.627 0.655 0.649 0.528 0.510 0.512
(dP/d8) max 0.557 —0.529 —0.535 0.770 0.754 0.758 —0.310 —0.389 —0.374
Prax 0.601 —0.639 —0.631 —0.116 —0.052 —0.064 0.791 0.767 0.773
Eigenvalue 2.716 2.360 2.436 0.260 0.582 0.515 0.025 0.057 0.048
Prop. 0.905 0.787 0.812 0.087 0.194 0.172 0.008 0.019 0.016
Cum. prop. 0.905 0.787 0.812 0.992 0.981 0.984 1.000 1.000 1.000
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Fig. 7-1. Trial made alcohol diesel tractor

Table 7-1. Specifications of the tested engine

Engine name Ford 960E

Type In-line type, Water
cooled, OHV, 4 stroke-
cycle

Number of cylinders 3

Compression ratio 17.4

Bore X Stroke 91X127 mm

Piston displacement 2,490 cc

29.1 kW/2,000 rpm
(39.5 PS/2,000 rpm)

Type of combustion Vortex precombustion
chamber chamber

Maximum horsepower
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Fig. 7-6. Brake specific heat consumption, smoke

density and rate of ethanol vs. PTO tor-
que at engine speed 1,800 rpm for dual
-fuel engine
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Fig. 7-7. Exhaust temperature, NO, emission and
engine noise vs. PTO torque at engine
speed 1,800 rpm for dual-fuel engine
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Fig. 7-8. Brake specific heat consumption, PTO
power and PTO torque for standard type
with the dverage torque ratio

12409 N-m/1,385 rpm THH, bA 7 Hix1.09,
EEH1.26 L7857, Fig. 7-9 D LERMOBE L
PTOH b v 2 2%, SBAEER DK T ffv- 2815

TEhbhb, FERMOKAPTO & 713202
kW/1,570 rpm, & A PTO#®: b A 7 12468 Nom/
1,200 rpm EEH I, TDX 57 b 7%
MBORELT-BAER BELREHH
1,500~1,800 rpm OEEFHCH B ITFEHE e b, ¥
DEEV b7 BB ORE L HE I K, BEE
Rirges « AR FERRREREE RS,
BAMA7 R EOBMBEERRTHEEYRL, B
EROBE, $11.1~13.6 MJ/kW-h, LRH DB
&, #11.1~13.1MJ/kW+h t B & h i,

Fig. 7-10 c Z 0 EHEM L FRAMOBFEA L L 27
LoBWMAERLBEEY R Ui, BlABEERLS
WORBEER I WO%BERHERL Tk b, BEEE
BOBE T VWETFOEMBRDbh, —HER
HoBE, BEREGEIMMETTARLALMS,, =4
7 — AEHERYEMI R TS lbi, BRI



BO: 7oA BEITREES A 588 5 2 2 B o MR BB AR 311

— 500 .
& 4., I'r70 | torque-rise type
> 400 L L N
f—y ..
] g
53% %
Q
3 200
g
= 100 i 1
o
= [
~ 0 P
PPTO g
*—v g 20 &
o N
a,
15 A,
O Gas oil onlyi o)
- 10 2
o Gas oil + E OQ
Ethanol 5
A,
I 3
25 0
G
Z 2
< BSHC
= 15
\; o ’.'.3
T 10
17}
=5

1,200 1,400 1,600 1,800 2,000
Engine speed N. (rpm)
(Ne/NPTa:3.33)

Fig. 7-9. Brake specific heat consumption, PTO
power and PTO torque for torque-rise
type with the higher torque ratio
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Fig. 7-10. Comparison of rate of ethanol and
smoke density for standard type with
the average torque ratio and torque-rise
type with the higher torque ratio
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Table 7-2. Performance of engine speed con-
trol for dual-fuel engine when
releasing and depressing clutch
pedal

Clutch disengauged Clutch engauged

PTG
torque max.
[Nem] Speed

Instantaneous
speed change

Instantaneous  min.
speed change Speed

[rpm] [%] [rpm] %)
210.5* 1,960 8.9 1,428 20.7
245.6 2,127 18.2 1,339 25.6
280.8 2,173 20.7 1,307 27.4

* Operation with gas oil only
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b) When operating with decrease in the setting rate of diesel fuel.

* Displacement of control rack
** Open time of alcohol injection valve

Fig. 7-11. Control characteristic of the dual-fuel
diesel engine for rotary tilling
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b) Lift a rotary tiller from soil

* Displacement of control rack
** Open time of alcohol injection valve

Control characteristic of the dual-fuel
diesel engine when entering a rotary
tiller into soil, and when lifting a rotary
tiller from soil

Fig. 7-13.
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Summary

Alcohol, a synthetic fuel derivable from agri-
cultural residues such asstraw, feedstock, and
waste wood, holds considerable promise as a
suitable fuel source for agricultural-related
vehicles. Alcohol is a liquid and therefore
more easily stored than biogas, which is
another promising alternative source of syn-
thetic fuel.

Research and development of an alcohol-
fueled diesel engine as an integral part of the
food production system plays a very important
part in promoting the new energy as an
efficient and highly practical fuel source.

The objectives of this paper are to study the
performance characteristics of a diesel engine
using fumigated alcohol and diesel fuel, and to
demonstrate the feasibility of using alcohol as
fuel for a diesel engine. A more specific objec-
tive is to remodel the conventional tractor en-
gine into a dual-fuel engine.

1. Diesel Engine Modifications for Alcohol
Fumigation (Chapter 2)

A small diesel engine used in farming was
remodeled to operate as a dual-fuel mode with
alcohol. Judging from the data collected from
tests on brake horsepower, brake specific heat
consumption, and smoke density, the optimal
injection timing with alcohol fumigation mixed
was determined.

The following general conclusions can be
made:

10 A small sized diesel engine for farm use
was remodeled to operate in a dual-fuel
mode with alcohol. Initially, the Deckel-
type injection pump was replaced with a
Bosch PE-A-type injection pump. Parts
from the automotive fuel injection system
contributed to make the alcohol injection
equipment required to produce a mist of
small, uniformly sized alcohol droplets in
the intake air stream of the engine. An
alcohol injector control circuit was con-
structed in order to adjust the alcohol flow
rate.

2) The dynamic diesel fuel injection timing
should be retarded from the optimal timing
setting used with diesel fuel alone. BHP,

BSHC, and smoke density could be im-
proved by retarding the injection timing.

3) Judging from data on BHP, BSHC, and
smoke density, it was found that the opti-
mal injection timing of the remodeled
engine with diesel fuel was set at
BTDC 14°C A alone, while with alcohol
fumigation mixed it was set at BTDC 4TC
A

4) Though cylinder pressure traces, measure-
ments of ignition delay, and rate of pres-
sure rise were not made, it appears that
diesel fuel injection timing controlled the
start of combustion.

2. Engine Performance of Anhydrous Meth-
anol and Ethanol Fumigation (Chapter
3

In the previous chapter (Chapter 2), the die-
sel engine tested was remodeled in order to uti-
lize fumigated alcohol. When supplying alco-
hol to the diesel engine, it was observed that
the optimal injection timing of the engine, with
a precombustion chamber, was at BTDC 4 C
A.

The performance of the diesel engine was
determined in terms of brake horsepower,
brake thermal efficiency, smoke density, emis-
sions, and noise.

Therefore, in this chapter, the performance
of the engine at an injection timing setting of
BTDC 4C A with methanol fumigation was
compared with that of the same engine operat-
ing with diesel fuel alone. In addition, we test-
ed the engine with ethanol fumigation, which is
another promising fuel for diesel fuel substitu-
tion.

The following general conclusions can be
made:
1D In the test, diesel fuel was injected at a

constant rate, while the amount of meth-
anol was increased, due to increases in
load on the engine alone. When the set-
ting amount of diesel fuel coresponded to a
20 percent load and a 40 percent load,
BSHC at these lower engine loads was
found to be worse with the methanol addi-
tion than when diesel fuel alone was used;
however smoke was not discharged until
maximal loads were encounterd. When the
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setting amount of diesel fuel coresponded
to a 60 percent load and an 80 percent
load, maximum BMEP improved.

2) Ethanol was considered to be a promising
fuel for diesel fuel substitution along with
methanol. These fuels were evaluated as
fuel in a diesel engine and methanol was
found to be superior to ethanol in BHP,
BSHC, and smoke density.

3) With methanol fumigation, the CO level
was higher at lower loads, while lower at
higher loads. It was pointed out that a
problem associated with alcohol fumigation
was that HCHO and unburned alcohol were
discharged.

4) Sound pressure levels in the frequency range
from 1 to 1.6kHz contributed to an
increase in engine noise with methanol
vapor mix, and noise levels in the lower
frequency range from 63 to 100 Hz de-
creased. It was hypothesized that the com-
bustion characteristics of a methanol fumi-
gation mix were similar to those of the
spark ignition engine based on a premixed
combustion.

3. Ultrasonic Atomization of Alcohol and
Preheating of Intake Air (Chapter 4)

This chapter describes the effects of alcohol

atomization and preheating of intake air on im-

proving engine performance and the reducing of

exhaust gas emissions.
The following general conclusions can be
made:

1) Two ultrasonic transducer-type atomiza-
tion apparatuses were devised. One was
labeled "impulse method”, which had the
characteristic resonant frequency of 29.3
kHz, the other was labeled “ultrasonic
method”, which had the characteristic reso-
nant frequency of 1.5 MHz. In accordance
with the preliminaly experiment using a
steady air flow through the model intake
tube, it was found that the impulse method
generated a fine mist of uniformly sized
alcohol droplets into the intake tube, and
the ultrasonic method promoted excessive
vaporization due to minimized droplets.

2) In the engine tests, it became clear that the
impulse method could improve engine per-

formance and reduce exhaust gas emis-
sions. Under higher loads, it was also nec-
essary to increase the intake temperature
up to 70°C.

3) When these conditions were met, the fol-
lowing effects were obtained: at moderate
loads, BSHC was reduced by 5 percent,
and regarding exhaust emissions, HCHO
was reduced by 30 percent and UBM was
reduced by 35 percent. At higher loads,
both HCHO and UBM could be reduced by
30 percent without an increase in BSHC.

4. Effects of Proof Ethanol on Combustion
and Performance (Chapter 5)

It is useful to allow a lower proof ethanol to
be utilized as a diesel engine fuel, since hydrat-
ed ethanol costs much less per unit of energy
produced than does anhydrous ethanol.

The objective of this chapter was to investi-
gate the effects of ethanol pfoof on general
engine performance of a diesel engine in terms
of brake horsepower, brake specific heat con-
sumption, combustion stability, and NO, emis-
sion.

The following general conclusions can be
made:

1) In determining the optimal injection timing
of diesel fuel, it was found that ethanol
with a water content up to 40 w-%
produced only a small difference in the
BSHC. When determining the optimal
injection timing during operation with die-
sel fuel alone, it was determined that
hydrated ethanol was more suitable for
alcohol fumigation than unhydrated eth-
anol. Compared to the operation with an-
hydrous ethanol, BSHC was reduced by
about 7 percent and smoke density was
reduced by about 50 percent at higher
loads, when running with 40 w-% eth-
anol.

2) The combustion stability for 60 w-% water
content was much lower than for anhy-
drous ethanol. By testing we tried to find
the causes by principal component analysis,
and in order to improve combustion stabil-
ity, the preheating of intake air was adopt-
ed. It was also clear that the combustion
stability for the water content of 60 w-%
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improved by preheating the air up to 80C.
In cases of using mixture of content of 60
w-% as fuel; although preheating of the
intake air caused very little change in
BSHC, the standard deviation of maximum
pressure was reduced by about 53 percent
of that for an intake temperature of 15C.

3) With anhydrous ethanol, NO, emission was
more than that for diesel fuel alone. How-
ever, with a 60 w-% water content, NO,
emission was reduced from 40 to 50 per-
cent. Since preheating of intake air,
which was effective for restraining the com-
bustion fluctuation, had little effect on NO,
emission, it was clear that improvement in
the combustion stability and a decrease in
the NO, emission were compatible by pre-
heating of the intake air.

4) When evaluating hydrated ethanol as fuel,
it was concluded that ethanol containing
water by 60 w-% became the fuel of the
diesel engine in so far as the set flow rate
of diesel fuel should be increased and the
intake air should be preheated.

5. Development of a Dual-Fuel Control Sys-
tem (Chapter 6)

In this chapter, a personal computer-based
control system was developed to control the
flow rates of diesel fuel, and alcohol. The con-
trol system could use alcohol in a diesel engine
under various operating conditions and achieve
important control requirements which included
engine speed control, setting of a torque curve,
and engine stop. The following general conclu-
sions can be made:

1) 1In considering the characteristics of alcohol
as having a higher latent heat of evapora-
tion, it was determined that in a range
when the combustion temperature was
lower, from no load to a minimal load, the
engine operated with diesel fuel alone, and
for loads beyond that amount, the engine
control system increased the flow of alco-
hol.

2) In cases of having a mechanical governor,
the engine speed should be decreasd as the
load increases. While in this dual-fuel con-
trol system, the settling difference of
engine speed was almost 0 percent.

3) Since the dual-fuel control system did not
require the linkage mechanism, it was pos-
sible to set at will the torque curve, which
helps to influence engine performance.
With this control system, it was possible to
supply ethanol, at more than 50 percent of
the fuel energy, to the engine at full load.

4) The time interval for measuring engine
speed and PID gain had a great affect on
control results. After setting appropriate
parameters for a control, it was possible to
satisfy the Japanease Industrial Standard.
This system, with the digital PID control-
ler, indicated satisfactory performance with
a quick response to changes in the load.
In the case of changing from a 4/4 load to
no load in 2 sec, the maximum overshoot
was approximately 13.5 percent and the set-
tling time was about 5 sec.

6. Application of Alcohol Fumigation to Die-
sel Tractor Engine (Chapter 7)

A dual-fuel control system developed and re-
ported in the previous chapter was applied to a
diesel tractor engine. The objective of this
chapter was to conduct tests for proper compo-
nent operation and to study the performance of
a dual-fueled tractor.

The following general conclusions can be,
made:

1) The governor mechanism in the diesel fuel
injection pump was removed. Diesel fuel
flow rate was then controlled by turning
the engine stop lever. This lever was ad-
justed with a pulse motor.

2) The alcohol injection system was composed
of a fuel filter, fuel pump, fuel damper,
injection nozzle, pressure gauge, and regu-
lator valve. Alcohol was injected through
the passage extending from the cylinder
head cover to the intake manifold.

3) We could maintain a constant engine speed
in the range of usable engine speeds, when
operating both with diesel fuel alone and
with a mixture of fumigated ethanol. At
an engine speed of 1,800 rpm, the maxi-
mum torque was approximately 362 N-m.
Minimum BSHC was obtained at the point
of maximum torque, and it was approxi-
mately 12.7 MJ/kW+h. Ethanol could be
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displaced up to 40 percent by the energy of
the normal diesel fuel required without
causing engine knocking at maximum tor-
que.

It was possible to set a torque curve at will
With the tested trac-
tor engine, two types of torque curves were
set. One was called "Standard type” with
a flat torque curve, another was "Torque-

for a tractor engine.

rise type”. The overall evaluation of the

control system indicated satisfactry perfor-

5)

mance.
The dynamic characteristics of the engine
control system was tested with rapid load
changes through manual release and depres-
sion of the clutch pedal. Furthermore,
field tests using a rotary tiller were carried
out, and it was determined that the engine
control system provided acceptable engine
response to varying load conditions during
field operations.



