
were the same with respect to speed and load, with 
NOx output raised at either increased load factor 
or higher engine speed. There was however a 
significant difference in the order of magnitude 
between fuels with gasoline producing significantly 
higher NOx emissions than diesel fuel at equal engine 
power. 

For CO emissions, the trends between fuels were 
identical with speed but different with regard to 
load. With gasoline fuel, lowest CO emissions at a 
given speed were apparent at the lowest load factor 
tested. For diesel fuel, CO emissions tended to be 
at a minimum for the intermediate load tested. CO 
emissions were also much lower with gasoline fuel 
than diesel at equivalent power output. 

HC emissions were markedly lower with gasoline than 
diesel fuel at equal power. With diesel fuel, HC 
emissions were minimum at intermediate load with a 
marked increase evident at either full load or light 
load. In the case of gasoline, HC emissions were 
lowest at full load and progressively rose with 
reduction in power output. 

Although the L-163-S engine represents a multi-fuel 
development, these data clearly indicate major 
fuel differences in respect of emissions and tend 
to sug9est improved combustion efficiency with 
the gasoline fuel judged by the lower HC and CO 
emissions and higher NOx output compared with 
diesel fuel. This view is supported by the specific 
fuel consumption results, Figure 64. In comparison 
with the IDI diesel engine, the absolute levels of 
these emission rates are high on both fuels, 
particular!y with respect to HC and reflect in 
high values of simulated FTP results (l!!). 

Other studies conducted by Bartlesvi!!e with a 
similar multi-fuel TCCS engine suggest that a 50/50 
blend of gasoline and diesel, representing a broadcut 
fuel, yielded intermediate emission results. 

in obtaining the aforementioned results from the 
L-163-S engine, the injection and spark timing 
were left coincident and the same for both fuels 
as per the multi-fuel philosophy of the TCCS 
system. The scope for potential emissions 
improvement with single fuel optimisation by 
changing for example injection and spark timing , 
either individually or together, exists. To a 
limited extent, such possibilities have been 
examined by Bart!esville (112) and results are 
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shown in Figure 67. 

In these experiments, the LIS-183 TCCS multi- 
fuel engine was utilised with gasoline, broadcut 
and diesel fuels. Initially, the influence of 
spark retard relative to injection timing for a 
range of injection timings was evaluated at part 
load. For a given spark/injection timing 
relationship, advancing the injection timing 
results generally in higher NOx and CO emissions 
for all fuels. HC emissions also tended to increase 
although the trends were relatively insignificant 
with the broadcut and diesel fuels. 

At fixed injection setting, maintaining coincident 
spark timing returned either no penalty or 
minimum levels with respect to HC and CO emissions 
for all fuels. For these emissions, spark retard 
showed a marked adverse influence with the more 
volatile fuels, especially gasoline, presumably 
due to the ability to formulate lean mixtures 
incapable of efficiently supporting combustion. 
With regard to NOx emissions, spark retard appeared 
to have little effect with the broadcut and diesel 
fuels but tended to reduce emissions with gasoline 
fuel, this being in accord with the observations 
for HC and CO emissions. 

These data suggest that maintaining coincident 
relatively retarded events will generally offer 
the best emissions results. 

For this engine, at a given injection timing with 
coincident spark, emissions recorded from several 
part load conditions revealed that gasoline gave 
%69 highest HC emissions and diesel fuel the lowest, 
with broadcut essentially intermediate. CO emissions 
were generally lowest with gasoline with similar 
levels being emitted by diesel and broadcut fuels. 
NOx emissions were relatively unaffected by fuel 
type although at the higher load factors and speeds 
tested there was a tendency for NOx emissions to 
increase with diesel fuel. 

Under full load conditions, dictated by the smoke 
limited torque on each fuel, NOx emissions were 
significantly lower with diesel fuel, this being 
commensurate with the lower smoke limited output. 
HC emissions were also in accord with full load 
combustion efficiency by being highest with diesel 
fuel. CO emissions were generally lowest for 
gasoline. 
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5.2 

These data indicate as per the previously reported 
Bartlesville study that the emissions response of 
the multi-fuel TCCS concept can be appreciably 
different between fuels, it is interesting to 
make comparisons between the LIS-!83 and L-!63-S 
TCCS data. It can be noted that the L-!63~S 
engine tended to give much lower HC and CO 
emissions for gasoline compared with diesel fuel, 
whilst NOx emissions were higher. In respect of 
the LIS-183 engine, the converse was generally 
applicable for HC and NOx emissions. In addition, 
there appears to be a large difference in the 
magnitude of HC and CO emissions between the two 
engines. These comparisons either suggest a 
significant sensitivity of the TCCS system between 
engines or simply reflect standards of development. 
When considering these data, it should be borne 
in mind that Texaco m regard the particular L-163-S 
engine used by Bartlesviile (!i!) as not being 
representative of TCCS performanceowing to a low 
energy ignition system and incorrectly set timings° 

Transient Gaseous Exhaust Emissions 

A selection of 1975 FTP gaseous emission results 
are shown in Table 1 attached to this Appendix 
for various vehicles fitted with TCCS multi-fuel 
engines. It is not proposed in this report to 
deal with the development history of TCCS emission 
reduction programmes as the main interest is the 
tolerance to different fuels. These results are 
only dealt with briefly therefore. 

Table ! shows that untreated emissions from the 
TCCS system (Line Nos. !, 2, 3, ii) are significantly 
higher than current IDI diesel vehicles as regards 
HC and CO and are nearer to non-catalyst equipped 
gasoline vehicles. FOr NOx emissions, L-!4! engined 
vehicles in both N/A and T/C forms can achieve 
levels of 1.5 - 2.0 g/mile whilst the L-i63-S 
applications require EGR to meet similar standards. 

Texaco have taken advantage of the to!erince of the 
TCCS system to EGR (see Section 6) and have achieved 
very low levels of NOx in both Jeep and Cricket 
vehicles. 

These data show NOx control to below 0.41 g/mile 
whilst maintaining HC and CO levels below 1981 
Federal light duty requirements. These levels have 

Con~ment extracted from correspondence bet~,zeen Texaco and 
DoE November 1980, submitted following Texaco' s 
examination of the original draft of this report. 
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been held for 50,000 miles with the N/A L-141 Jeep 
vehicle over a constant speed dynamometer schedule 
(see Line Nos. 7,8). Such results have been 
achieved by the use of hang-on devices in addition 
to EGR and combustion retard (see Section 6). Hang- 
on devices include throttling (see Section 6), 
exhaust back pressure, 2 catalysts and)in the case 
of the N/A L-141, a catalytic swirl reactor in place 
of the standard exhaust manifold. The penalty of 
meeting these combined low emission levels is 
approximately 20-30% loss in economy and 30% power 
reduction. Relaxing NOx control to 1-1.5 g/mile 
by eliminating EGR reduces these economy and power 
penalties to approximately 10-15% and 15% respectively, 
whilst still maintaining HC and CO control closely 
in accord with 1981 requirements. 

Of more direct interest in the context of this report 
is the emission response to various fuels. Suitable 
data in this respect are shown in Table 2. 

In the case of vehicles equipped without catalysts 
(Line Nos. 3 and 4) there appears to be a definite 
tendency for gasoline to return higher HC emissions 
than JP-4, broadcut and diesel fuels whilst diesel 
fuel gave the lowest HC emissions. Texaco (118) 
state that these trends are due to the lower self- 
ignition temperature of the heavier fuels. CO 
emissions were a factor of 2 higher with diesel 
fuel compared with gasoline whilst JP-4 and 
broadcut emitted similar levels nearer to gasoline. 
The higher CO emissions with the heavier fuels were 
attributed to the onset of overfuelling (118). This 
implies that the vehicle power/weight ratio was 
such that full throttle was required to meet certain 
conditions of the test cycle. The trends of 
of these emission results between fuels are in 
broad agreement with the Bartlesville (112) test 
bed data reported earlier in this section. 

The addition of a catalyst (Line Nos. 1 and 2) 
reduces the magnitude of the emitted pollutants 
but the trends between fuels are still evident 
with gasoline giving higher HC emissions than diesel 
fuel and lower CO. In this case, broadcut fuels 
appear to return the lowest HC output while the CO 
response is mixed. 

These data again reveal that,although the TCCS system 
is multi-fuel, emissions can be influenced by fuel 
specifications suggesting scope for improvement 
by single fuel optimisation. This assumes that a 
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fuel/combustion process relationship exists and 
that the trends observed are not fully accounted 
for by the arguments previously stated. 

Regarding NOx emissions, clear fuel trends do 
not seem apparent from these data, although changing 
from gasoline to diesel fuel appears to have little 
effect. 

RESPONSE TO GASEOUS EXHAUST EMISSIONS CONTROLS 

The FTP results obtained from TCCS equipped vehicles 
have already been presented and it has been 
reported that various emission controls are utilised. 
The following results indicate the response of the 
TCCS engine to some of these control techniques 
and have been obtained from single and multi- 
cylinder L-141 test bed engines using gasoline 
as fuel (116). 

These results demonstrate that at light load, the 
application of intakethrottling appreciably reduces 
HC and NOx emissions by approximately 40-50% for 
example at a load of 30 psi ~mep at 15OO rpm with 
a fuel consumption penalty of 10%. Light load 
throttling eliminates the formation of very lean 
mixtures which can pose combustion problems and 
lead to misfire and in addition significantly elevates 
exhaust temperatures. Both of these factors aid 
HC control whilst the latter assists in the more 
efficient application of catalysts and thermal 
reactors. CO emissions were little affected by 
throttling. Data were not presented to illustrate 
whether throttling was similarly advantageous for 
controlling emissions with other fuels. 

The TCCS system behaves like diesel and gasoline 
engines to retarded combustion. In the TCCSengine, 
retarding the coincident spark and injection timing 
at 1500 rpm reduces NOx emissions at high load 
factor but has little effect at low load factor. 
At high load, NOx emissions can be reduced by 40% 
for a 5% fuel economy penalty. HC and CO emissions 
are not seriously affected by retard, no doubt 
aided by the e!evatedexhaust temperatures. Data 
are again not submitted to show the influence of 
retard with other fuels. 

The TCCS syste/n also reflects the classic emission 
economy trade-off with exhaust gas ~ecycle(EGR). 
The data reported for the L-i41 multi-cylinder 
TCCS engine operating a% 2000 rpm, mid-load, 
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demonstrate a marked NOx sensitivity to relatively 
small degrees of EGR compared with Ricardo IDI 
diesel experience. With the application of 10% 
EGR, NOx emissions were suppressed by approximately 
60% for little change in either HC or CO emissions. 
Fuel consumption was penalised by approximately 
6% however. Raising EGR rates above 10% incurred 
progressively increasing HC, CO and fuel 
economy penalties whilst NOx levels continued 
to be suppressed at a lower rate. These data 
show that the TCCS system has a high tolerance 
to EGR with large NOx reductions attainable with 
moderate rates of EGR without incurring severe 
penalties in other areas. Similar data were 
unfortunately not available for other fuels. 

. EXHAUST PARTICULATE EMISSIONS 

Bartlesville (120) have recorded 1975 FTP particulate 
emissions for a Gremlin vehicle equipped with a 
L-163-S TCCS engine. This vehicle is emission 
controlled with EGR and catalysts to NOx and HC 
levels of approximately 1.5-2.O and i.O g/mile 
respectively with unleaded gasoline as fuels. 
Under these conditions, particulates ranging 
between 0.06 and 0.16 g/mile with a mean of 0.09 
g/mile were recorded. 

Blending No. 2 diesel fuel with gasoline increased 
mean particulate emissions to O.18 and 0.3 g/mile 
for 25% and 35% diesel added by volume respectively. 
Particulate output with shale derived gasoline 
was significantly higher than regular gasoline 
and averaged 0.22 g/mile. 

Without access to further data, the trends of the 
particulate results are difficult to explain. The 
higher particulate emissions obtained with the 
diesel blends in comparison with regular gasoline 
leads one to speculate that reduced fuel volatility 
may have been responsible. This can largely be 
dismissed however owing to the higher particulate 
output observed with shale gasoline. One potential 
contributor to higher particulate emissions in 
the case of the diesel blends could be sulphate 
generation by the catalyst upon the higher fuel 
sulphur levels induced by diesel blending. This 
may also be the case with the shale gasoline 
although additional impurities could also be 
responsible. 

The generation of sulphate emissions to this extent 
assumes that exhaust temperatures are generally 
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above approximately 500°F throughout the cycle, 
in order for the catalyst to act efficiently as 
regards sulphur dioxide conversion. Such levels, 
if apparent, are in excess of typica! IDI diesel 
mean cycle exhaust temperatures. It is understood ~ 
that this particular TCCS installation does not 
employ intake throttling which may have given 
rise to higher cycle exhaust temperatures with 
respect to the IDI diesel. It may therefore be 
speculated that higher exhaust temperatures with 
the TCCS powered Gremlin are due to lower power/ 
weight ratio in comparison with the IDI diesel 
vehicle. This view may be substantiated by recent 
Texaco comments* relating to induced overfuel!ing 
with more dense fuels i.e. diesel/gasoline blends 
as being responsible for increased particulate 
emissions. This implies power/weight ratios 
dictating the frequent use of full throttle during 
the cycle, this not being typical of IDI diesel 
vehicles tested by Ricardo in this inertia class. 

The mean particulate level recorded with the regular 
gasoline is approximately 60% lower than what might 
be expected from a catalyst equipped IDI diesel 
vehicle of similar inertia. The particulate levels 
from the other fuels reflect little improvement 
relative to catalyst equipped IDI diesel vehicles 
of similar inertia. 

EXHAUST ODOUR 

Odour intensity readings by Turk panel have been 
obtained for the turbocharged TCCS Cricket. With 
gasoline as fuel, the TCCS engine is somewhat 
better than the average IDI diesel engine. On 
diesel fuel, the TCCS is comparable with the IDI 
diesel engine. 

NOISE 

Exterior sound level measurements made by SWRI (llO) 
comparing the turbocharged L-!41 TCCS Cricket with 
IDI diesel passenger vehicles are shown in Figure 
68. A typical European gasoline vehicle has a!so 

Co~Lents @xtracted from correspondence between Texaco and 
DoE, November 1980 ,submitted following Texaco's examination 
of the original draft of this report. 
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been included. Under acceleration drive-by conditions, 
the Cricket is quieter than either the diesel or 
gasoline vehicles. There are a number of factors 
governing noise under these conditions i.e. engine 
bore size, engine speed and type of engine structure. 
An empirical Ricardo relationship between these 
factors has been derived and correlated with 
anechoic measurements. Application of this relation- 
ship to the TCCS Cricket suggests that the lower 
noise levels of this vehicle during the acceleration 
drive-by test are associated with the restricted 
engine speed range (rated at 3600 rpm). 

During the 30mph drive-by, the TCCS Cricket is 
noisier than the gasoline vehicle and somewhat 
quieter than the diesel. At idle, the TCCS Cricket 
had a very similar noise level to the mean of the 
various IDI diesels evaluated and both were noisier 
than the gasoline vehicle. 

Significantly, noise level with the TCCS Cricket 
is indistinguishable between diesel and gasoline 
fuels except at idle, when gasoline operation was 
quieter. This is obviously a distinct advantage 
of the TCCS process. 

COLD STARTING CHARACTERISTICS 

With spark ignition, the TCCS combustion system 
appears to have no difficulty in starting. General 
Motors evaluated the cold starting characteristics 
of the turbocharged L-141TCCS Cricket using a 
broadcut fuel (50/50 diesel/gasoline blend). 

U 
Following overnight soaking at -20 F, the engine 
started in 70 seconds total cranking time, idled 
smoothly, did not stall and demonstrated immediate 
drive away (Ii0). Successful starting with the 
naturally aspiratedoL-141 engine has been 
demonstrated at -25 F with gasoline, CITE and 
winter grade diesel fuel (115). For all fuels, a 
start with sustained idle was achieved in iO 
seconds without the use of external aids. Further- 
more following such starts, the ability to 
accelerate immediately without hesitation is 
also reported. 
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TABLE 1 
. . . . .  ,,, • 

i 

Emission results with various 
comhinations of vehicles and 
TCCS engines 

TABLE 
LINE 
NUMBER 

REF 
SOURCE 

EL 

ENGINE - 
VEHICLE 

1 121 T/c 
L-141 
M-151 
Jeep 

2 

3 

i15 " 

113 

121 

121 

L-141 
M-151 
Jeep 

T/c 
L-141 
M-151 
Jeep 

,,,,,, L 

f! 

i" 

EMISSION 
CONTROLS 
OR OTHER 
SETTINGS 

None - 
Max 
Economy 
Settings 

None 

None - 
Max 
Economy 
Settings 

.... , 

5 ° Retard 
No EGR 
2 Cat- 
alysts 

8 ° Retard 
Medium 
EGR 
2 Cata- 
alysts 

INERTIA 
LBS 

. . ,,, , | , 

2750 

. , ] 

3000 

,. ,, ., 

275O 

2750 

. . , 

2750 

FUEL 

. .., ,, = 

Gasoline - 
results 
confirmed 
with No.2 
JP-4 and 
broadcut 

Gasoline 

1975 FTP RESULTS ECONOMY 
G/MILE MPG 

(us) 
HC CO NOx 

. , ,., 

3.13 7.00 1.46 24.3 

Gasoline 

3.85- 9.08- 1.52- 
4.58 9.62 1.74 
, , . H 

4.24 7.28 1.43 

C OMMEN T S 

m 

l , t 

Gasoline 

t I 

I 

O. 30 1.O7 i. 40 20.9 

Gasoline 0.33 1.O5 O.61 19.7 10% power 
loss from 
line 1 
build. 



TABLE 1 continued 
i 

L . 

ABLE REF ENGINE- EMISSION INERTIA 
INE SOURCE VEHICLE CONTROLS LBS 
UMBER i OR OTHER FUEL 

i SETTINGS 

6 ' 121 " 13 ° 2750 Gasoline - 
Retard results 
High confirmed 
EGR with No.2 
2 Cat- JP-4 and 
alysts broadcut 

7 121 

8 121 

9 113 

I0 113 

I 

I! 

N/A Retard 
L-141 I EGR 
M-151 i 3 Cat- 

I 
Jeep alYsts 

II n 

, . ,  | , , 

N/A EGR 
L-163-S NO 
M-151 Cat- 
Jeep alyst 

[ 

2750 Diesel i. 6 2.1 

N/A 
L-141 
Cricket 

EGR 
Cat- 
alyst 

None 

|,, • 

Ii 121 

. . . .  '" I 1975 FTP RESULTS ECONOMY 
G/MILE MPG 

(US) 
HC CO NOx 

I 

0.35 1.41 0.35 16.2 

2750 Gasoline 0.37 0.24 O.31 15.8 

l 

2750 Gasoline O. 30 O. 67 O. 34 

2750 Diesel 2.2 11.4 1.3 

1.5 27.8 

15.6 

30 

SWRI 
results 

2500 Gasoline 2.22 7.11 1.99 

COMMENTS 

28% power 
loss from 
line 1 
build 

Low mileage 

50,000 miles 

SWRI 
results 



TABLE 1 continued 

TABLE 
LINE 
NUMBER 

12 

13 

| 

14 

15 

16 

17 

REF 
SOURCE 

117 

i17 

117 

n7 

120 

120 

ENGINE- 
VEHICLE 

N/A 
L-141 
Cricket 

T/C 
L-141 
Cricket 

L 

L-163-S 
Gremlin 

EMISSION 
CONTROLS 
OR OTHER 
SETTINGS 

None 

Catalysts 
+ Retard 
+ Exhaust 
Back 
Pressure 

Catalysts 
+ Retard 
+ Throttl- 
ing + 
Exhaust 
Back 
Pressure 
+ High 
Rate EGR 

Catalysts 

Catalysts 
EGR 

New 
Catalyst 
EGR 

INERTIA 
LBS 

2 5 0 0  

i 

2500 

2500 

2500 

2750 

2750 

FUEL 

,,, 

Gasoline 

,,,,, 

Gasoline 

1975 FTP RESULTS 
G/MILE 

,,,, 

HC CO NOx 
J 

1.O7 0.84 1.89 

O.61 0.85 0.99 

ECONOMY 
MPG 
(US) 

25.3 

22.5 

Gasoline 0.36 1.15 0.38 20.0 

1.37 0.50 1.84 

COMMENTS 

Gasoline 

Gasoline 1. ii 2.5 1.8 

Gasoline O. 5 2.2 

, 

28.0 

27.9 

14% power 
loss from 
line 12 
build 

" I' 

i30% power 
floss from 
line 12 

ibuild 
i 

i 

l 

Bartlesville 
data mean 
Qf 

Several 
results 



I 

%0 
~J 

I 

TABLE 
LINE 
NUMBER 

ENGINE- 
VEHICLE 

EMISSION 
CONTROLS 
OR OTHER 
SETTINGS 

REF 
SOURCE 

2 

117 

118 

118 

118 

T/C 
L-141 
Cricket 

T/C 
L-141 
M-151 
Jeep 

Catalyst 
No change 
in engine 
settings 
for fuels 

8°Retard 
EGR 2 
Catalysts 
No change 
in engine 
settings 
for fuels 

8°Retard 
EGR 
No change 
in engine 
settings 
for fuels 

TABLE 2 

INERTIA 
LBS 

2500 

2750 

2750 

The influence of fuel specification upon the exhaust 
emissions of TCCS equipped vehicles 

8°Retard 2750 

1975 FTP RESULTS 

No change 
in engine 
settings 
for fuels 

FUEL 
HC 

Gasolin~ 1.37 
(a) 

Broad- 
cut 
(50/50 0.92 
a/b) 
No. 2 l 
Diesel ! i.O1 
(b) 

Gasoline 0.33 

JP-4 0.26 

Broad- O.14 
cut 
No. 2 0.27 
Diesel 

Gasoline 3.60 

JP-4 2.68 

Broad- 2.45 

cut 2.26 

Gasoline 3.04 

G/MILE 

CO 

0.50 

i .08 

1.88 

1.O4 

1.09 

0.72 

1.14 

6.69 

8.23 

8.82 

12.21 

5.58 

6.29 

5.54 

10.47 

NOx 

1.84 

1.63 

1.91 

O.61 

O.50 

0.59 

0.60 

0.84 

0.69 

0.82 

0.78 

1.29 

i. iO 

1.34 

1.26 

JP-4 2.35 

Broad- 13.02 
cut 

NO.2 1.75 
Diesel 

ECONOMY 
MPG 
(US) 

I 

28 .O 

29.2 

30.2 

19.7 

20.2 

21.3 

23.0 

COMMENTS 

I i i  

EPA 

TEST 

RESULTS 

1972 
Hot 
Start 
Tests 



APPENDIX !l 

i. 

THE M~A.N. FM COMBUSTION SYSTEM 

HISTORY AND BRIEF DESCRIPTION OF THE SYSTEM DESIGN 
AND COMBUSTION PROCESS 

It has already been observed elsewhere in this 
report that the M.A.N. M system has been 
successfully uti!ised for multi-fuel applications. 
The M system is successful in this respect owing 
to the unique M.A.N. design philosophy of 
spraying the fuel directly onto the walls of the 
combustion chamber as a thin film. The rate at 
which fuel evaporates from the wall is controlled 
by piston temperature and air swirl. This enables 
rates of pressure rise to be moderated with low 
cetane, high octane gasoline fuels by only permitting 
relatively small controlled quantities of fuel to 
be pre-mixed during the inevitably longer ignition 
delay period. 

To reduce ignition delay with high octane gasolines, 
RAN raised compression ratios to beyond 20:1 
resulting in unacceptable mechanical stresses. 
To alleviate this problem whilst still retaining 
multi-fuel capability, a sparking plug was added 
to the combustion chamber of the M system and the 
compression ratio suitably reduced. The spark 
ignited development is designated the FM. 

The principal of the FM system is shown in Figure 
69. Figure 69 shows the injector and the sparking 
plug disposed by 180 °. In more recent FM 
developments, the sparking plug is located adjacent 
to the injector. This has been done to minimise the 
risk of misfire at light load owing to the large 
distance between injector and plug. Furthermore, 
because the fuel spray is angled down into the 
spherical combustion bowl, extended electrode 
sparking plugs are necessary with the disposed 
design together with the attendant durability 
implications. 

In the FM system shown in Figure 69, high intensity 
air swirl is induced by a helical inlet port and 
the spherical combustion chamber within the piston 
crown. During compression, fuel is sprayed via 
a single hole nozzle onto the wall of the combustion 
bowl. The high levels of air swirl assist with 
spreading the fuel over the chamber wall as a 
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thin film thus maintaining excellent charge 
stratification. Heat supplied to the fuel film 
by the piston and air charge causes evaporation. 
The evaporated fuel is then mixed with air and carried 
to the sparking plug where ignition occurs or into 
the established flame path following ignition. 
Long duration sparks are required with this 
system to allow sufficient time for the ignitable 
mixture to pass through the plug gap. ~ 

In the case of the more recent developments with the 
adjacent sparking plug, the principle is essentially 
the same except that the "tail" of the fuel film 
is thought to be ignited initially. 

As per the diesel engine, the maximum torque output 
of the FM system is smoke limited. 

To date, the majority of FM applications have been 
to heavy duty size engines of approximately 4-5" 
bore and 61-98 CID per cylinder with rated speeds 
of 2200-3200 rpm. Some applications to light 
duty displacements of approximately 38-40 CID per 
cylinder have however been made. Ricardo have 
gained recent experience with high speed FM engines 
of cylinder sizes within the range 25-30 CID. 

Multi-fuel FM engines operate with compression ratios 
of typically 15.5-17:1, the higher level being of 
value in enabling the system to operate as a 
conventional diesel M system without spark should 
diesel fuel be available. Gasoline (80-100 octane), 
JP-4, diesel fuel and diesel gasoline mixtures have 
all been successfully used with such compression 
ratios. 

For optimised operation with 91 octane gasoline, 
Ricardo experience with small high speed FM engines 
revealed that compression ratios of 13-14 were 
required to avoid full load detonation. This value 
closely approaches the optimum balance between indicated 
thermal efficiency and mechanical friction. 

. COMBUSTION CHARACTERISTICS 

Available cylinder pressure diagrams for the FM 
combustion system show that smooth stable combustion 
is achieved with most fuels. The exceptions are 
with the lower octane gasolines, c.80, when 
knocking can occur with the higher compression 
ratios. Low octane fuels such as Jet and diesel 
fuel do not knock however. This is probably due to 
differences in the manner of mixture formation and 
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combustion with the lighter, more volatile gasolines 
being more capable of producing pre-mixedzones 
prior to ignition in which knock will occur. With 
gasolines of over c.90 octane, thermally efficient 
high compression ratios can be uti!isedwithout 
knock. 

Typical naturally aspirated peak cylinder pressures 
of the FM system for a variety of fuels ranging from 
diesel to high octane gasoline range between 
approximately 800 and !000 psi. This range is 
somewhat higher than typical gasoline engines at 
800-900 psi but does not reach the IDI diesel with 
peak cylinder pressures of around iiO0 psi. 

PERFOP~MANC E 

Smoke limited bmep curves for two high speed, 
naturally aspirated, light duty FM engines are 
shown in Figure 70, and compared with typical developed 
light duty IDI diesel data. 

The multi-fuel L9204FMVengine curve represents 
the diesel smoke limited value. The torquecurve 
is low at the lower speeds compared with the IDI 
diesel but matches the diesel at higher speed. By 
altering the fuel injection pump rack stop, this 
same torque curve is achieved with 0-9-4 and !O0 
octane gasoline. With these fuels, the smoke 
output at this rating is significantly lower in 
comparison with diesel fuel, especially with 
gasoline. The potential for raising the rating 
by increasing fuelling levels with the lighter 
fuels to match the original diesel smoke limit 
is therefore available. 

This is demonstrated by the Ricardo data shown in 
Figure 70. This curve shows that optimisation with 
91 octane gasoline achieved a favourab!e comparison 
with the IDI diesel at low speed and excelled the 
diesel performance at higher speeds. These comparisons 
are made with equivalent smoke limits. 

Other data are available to show that the FM engine 
s~okes less with gasoline fuels than diesel at high 
load factor (122). Maximum smoke limited ratings 
with the FM engine will therefore be favoured by 
high octane, volatile fuels. 

In the context of smoke, M system diesels tend to 
emit blue/white smoke under light load conditions 
~en fuel evaporation from the chamber wall is not 
very efficient due to low piston temperatures. 
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This characteristic also occurs with FM engines 
running on diesel fuel but has not been observed 
by Ricardo with gasoline fuelled FM engines. MAN 
are exploring combustion chamber insulation to 
remove this problem with diesel fuel. 

The various data applicable to larger, heavy duty, 
FM engines reveal that acceptable performance 
standards are retained with increased cylinder 
sizes on either diesel or gasoline fuel (123)• 
Maximum bmep for naturally aspirated engines 
ranges between 96 and 122 psi. These results are 
for gasoline fuel (93-100 octane) and are 
competitive with the DI diesel engine predominantly 
utilised for heavy duty applications. Turbocharged, 
heavy duty FM engines return peak bmep within the 
range 135-180 psi dependent upon boost levels with 
93 octane gasoline. Smoke levels at these conditions 
are very low. 

FUEL ECONOMY 

Steady State Fuel Economy 

Recorded test bed fuel consumption data for high 
speed, light duty FM engines are shown in Figure 
71, in comparison with typical IDI diesel and gasoline 
envelopes. In comparison with the light duty 
Comet diesel engine, the FM is seen to compare 
very well with all data lying below, or in the 
lower half of the diesel envelope. In the case 
of the multi-fuel L9204 engine, there is generally 
little difference between the fuel consumption for 
diesel and gasoline fuels, except at 2000 rpm when 
diesel fuel imparts some improvement. It can also 
be observed that the gasoline optimised FM provides 
better fuel economy than the gasoline fuelled 
multi-fuel engine at 2000 rpm but that the levels 
are similar at 3000 rpm. The prototype status of 
the optimised engine should however be observed. 

Heavy duty FM applications (123) also retain 
similar, if not superior, low fuel consumption 
characteristics. High speed FM engines appear to 
have 5-10% worse fuel consumption at the lower 
speeds than the narrower speed range heavy duty 
engines. This implies that difficulty is experienced 
with maintaining optimum fuel consumption over a 
wide speed range. 

In the case of turbocharged engines where rating 
has been increased by approximately 25%, light 
load fuel consumption is similar to naturally 
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aspirated engines. Minimum consumption is also 
similar but continues further up the load range. 
Higher rates of turbocharge appear to penaiise 
light load fuel economy although minimum consumption 
is similar to the other engines. 

Minimum fuel consumption for these FM heavy duty 
engines is generally comparable with contemporary 
DI diesel engines. 

The low fuel consumption of the FM engine in relation 
to the light duty IDI diesel engine can be attributed 
to the combination of good cycle efficiency 
resulting frommoderate compression ratio and lower 
friction. Friction data for FM engines (122) 
indicate that levels are intermediate to typical 
IDI diesel and gasoline engines and are achieved 
by the combination of open chamber design and lower 
compression ratio. 

Transient Fuel Economy 

Transient fuel consumption data for FM installations 
are limited. Mention of road testing is made for 
a light duty truck fitted with the multi-fuel L9204 
engine in comparison with a conventional gasoline 
engine (124). In these tests, the FM equipped 
vehicle returned 30% lower fuel consumption. These 
results are entirely coherent judged by the test 
bed data. 

Tentative 1975 FTP economy results have been 
acquired by Ricardo with a small, high speed FM 
engine running on gasoline (125). These results 
indicate that the fuel efficiency of the diesel 
engine is approached but not excelled, as judged by 
comparing with gasoline equivalent volumetric 
consumptions for 1978/79 model year certification 
iDI diesel cars (119). 

The preliminary nature of these results should 
be borne in mind however, since no development for 
transient operation was carried out. 

GASEOUS EXHAUST EMISSIONS 

Steady State Gaseous Exhaust Emissions 

E~L-Lission data for the FM system are limited. Some 
typical data for small high speed FM engines 
running on gasoline are shown in Figure 72, in 
comparison with developed Comet diesel engines. 
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From Figure 72 it can be noted that HC emissions 
are worse by a factor of 5-10 in comparison with 
the diesel engine. HC emissions are particularly 
high at light load. These HC emissions are thought 
to manifest primarily from the fuel which is swept 
away from the fringe of the spray creating lean 
pockets which are incapable of supporting combustion. 
In addition, the FM engine operates with a single 
hole, needle valve, DI type nozzle incorporating 
a sac volume. This uncontrolled volume in combination 
with volatile gasoline will aggravate HC emissions. 
NOx emissions are higher than the IDI diesel at 
the higher load settings but comparable at low 
load factors. CO emissions are somewhat higher 
at light load but under some conditions are lower 
towards full load compared with the diesel engine. 

Limited emissions data published by MAN (126) are 
basically in accord with the aforementioned results, 
particularly with respect to the higher HC levels. 
Other MAN data (122) indicate that NOx emissions 
may be increased with FM multi-fuel engines running 
on diesel fuel in comparison with gasoline towards 
the higher load factors. 

Transient Gaseous Exhaust Emissions 

Vehicle emission studies with FM engines appear to 
be very limited and restricted to some preliminary 
1975 FTP results obtained by Ricardo (125) 
utilising a small, high speed FM engine fitted 
to a passenger car with gasoline as fuel. The 
results obtained without emission controls in 
comparison with IDI diesel cars were in agreement 
with the test bed observations. HC emissions were 
an order of magnitude greater whilst NOx and CO 
emissions were only marginally higher than typical 
diesel levels. HC emissions were also approximately 
2-3 times higher than typical untreated gasoline 
vehicles. 

RESPONSE TO GASEOUS EMISSIONS CONTROLS 

The reduction of HC emissions by intake throttling 
has been investigated (123). With 50% throttling, 
25-30% reduction of HC emissions can be achieved 
whilst fuel consumption penalties range between 
10% and 15%. Such throttling also reduces NOx 
emissions by 30-50% whilst CO emissions inevitably 
increase by approximately 10-15%. 
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EXHAUST ODOUR 

Limited available odour data for FM engines indicate 
that light load and idling odour appears to be 
very noticeable and irritant. This problem is 
amplified by the high HC emissions and an improvement 
in this area may achieve some odour reduction. 

NOISE 

Subjective Ricardo noise evaluations of FM equipped 
passenger cars indicate that noise levels at idle 
are similar to an IDI diesel vehicle, although the 
familiar diesel knock is not prevalent. The smooth 
pressure diagrams of the FM engine and the lower 
rates of pressure rise (30-45 psi/° crank FM - 80-100 
psi/° crank IDI diesel) would suggest that combustion 
noise should be lower for the FM system. Potential 
combustion noise benefits with the FM are, however, 
thought to be over-shadowed in the subjective Ricardo 
assessments due to unthrottled intake noise and 
mechanical noise emanating from the fuel injection 
equipment. 

COLD STARTING CHARACTERISTICS 

For the MAN L9204 FM multi-fuel engine, an intake 
manifold flame heater is provided for cold starting 
with diesel fuel. With gasoline fuel, this cold 
start aid is not required. These statements indicate, 
as might be anticipated, an influence of fuel 
volatility upon cold starting due to the necessity 
to evaporate the fuel film from the relatively cold 
chamber surfaces. No data regarding thecold start 
performance or limitations are available. 

Ricardo FM experience of small engines fuelled with 
gasoline has shogm instant starting characteristics 
at 32°F. Starts have not been made at lower 
temperatures. Following cold start, these engines 
emitted white smoke of a density and duration typical 
of an IDI diesel engine. 
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THE INFLUEhlCE Oi= FUEL AROMATIC, CONTENT ON EXHAUST SMOKE 

FiG. No. 3'7 
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THE INFLUENCE OF FUEL, AROMATIC C.ON'I'ENT ON HE EMISSIONS AT COLD 

IDLE AND NORIkJ-TF-HprRATUREiHIG H LOAD OPERATIN~ CONDITIONS 

-I=UELS OF= FIXED BOIL,INS RANGE E3OZ-GG2°F~AND CETANE NUMBER ~ 'S ]  

~'m O' 1500 - 

I000 

~ SO0 

0 

/ _.. ENGINE :3 

/~___~__~ ENGINE. I 

////~// ~ ENGINE Z 
~ ~ E N ~ I N E  1 

. . . . . .  ENGINE ~. 

l I I 1 l 
Io ZO 3 0  4 0  5 0  
AROMA'rIC CONTENT r %voL.] 

ENGINES: 

ENGINE ! 

ENGINE Z 

ENGINE 3 

4, CYLINDER, PRODUCTION DIRECT INJECTION 
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The Influence of Alternative Fuels on Smoke 
Limited B M EP. 

._i Die: 
I I  

r'N " o. 1 D iesel 
iese[ 

Nd'l Diesel J 
Diesel I 

2600 rev/min 

1600 rev/min. 

F,G. No./.,0 
ore. ~.S.80 3 ? 
Oato Sept. 80 

/~ Cylinder, 220CID 
Swirling Direct Injection Engine. 

Gasoline I 
Diesel 2600 rev/min. ~ 

Gasoline 
Diesel J I 2000 rev/min. 

Gasoline ] 
Diesel I 1500 rev/min. 

GasoLine 
Diesel I 1000 rev/min. 

GasoLine 
Diesel 

Gasoline 
Diesel 

Gasoline 
Diesel 

66%GasoLine+33% Diesel ! 
Diesel ] 

66% Oaso[ine- 33°/o DieseL 
Diesel 

66°/oOasoline-33% Diesel I 
Diesel J 

! 
I 

6 Cylinder, 300 CID 
SwirLing Direct Injection 

Engine. 

! 2ODD "1 i rev/min / SingLe9? CID,Cylinder'swirl 
J 1500 ~ Chamber 
irev/min./ Tndirect ]njectior 

Engine., boosted 
] 1000 / to 15"Hg. 

J rev/min/I 
\ 

2000 rev/min 

1500 rev/min. 

900 rev/min. 

SingLe Cylinder, 9?CID 
Swirl  Chamber 
Indirect Injection Engine 

Avtag (JP-L,)  
Diesel I 

Avta~ (JP-/~) I 
Diesel I 

I l I I I I  I | | 

/,0 50 60 70 80 90 

1 1500 rev/min'~ 

1000 rev/min~ 
I I I i l i , 

100 110 120 130 1/~0 150 160 

/., Cylinder, 13/~ CID 
Swirl Chamber Indirect 
Injection Engine. 

Smoke Limited BMEP (psi) -Just Visible Smoke C. 20 Bosch 
I l l l  LT#I ,1311 



The Performance of o Swirl 
when Operating Under 
Conditions on Various 

Fro. N~. 41 
De. ~. S. 8030 

Chamber TDI Engin._.~¢ ~t=Sept. 80 
Sirnutated Turbocharged 
Heavy Fuel, Oils. 

ENGINE Single cylinder, "5 Bore x 5-5"stroke, 4 stroke, 
Swirl  chamber indirect injection. 

FUELS 
@ 

3ptimum injection E 
500 rev/rnin. 1250 ray/rain. 

1L,.0 15" 5 1. Pool gas oil. 
15" 5 . . . . . . .  2 Light industrial 

"A diesel fuel.. 
16"0 

16"0 

................. 3 Balik" Papan 
"diesel fuel., , 

17"0 

16"0 

120 

1&'0 

Cetone 
No. 

40 

34 
/ Venezuelan B 

16.0 "*grade diesel fuel. 38 
_~ Iranian marine 

16-5 "diesel. fuel. &3 
Venezuelan 

16-5 . . . . . .  6.Admiral,ty 
fuel oil. 

Distil lation-Recovery S.G. 
% 

at 572°E-- 662°F. 60160°E 
m ~ m 

40-5 80 0'8 9 3 

50 74 0-9 16 

27 51 0-915 

&8 72 0-8?3 

0.945 

500rev/rnin. 
Zero boost 

" ?  " O 
• 6 - 86  i5. I.A.T. 

~-×naust 21 
• 3 -smoke limits, all other fuels-  

- .srno3<e visible down to light load. 

~J. 1250 rev/min. 
""1 201b/in2 boost ,) j  
• 5~-,~,~,. 19&°F IAT ~ / ~  

Exhaust smoke limit 
• 3 [  fuels in this range of 

20 60 100 140 180 
B M  E P  psi  

for all 
loads. 

. , ,  - -  - - 7 ,  



Comp.orative Performance of a 
236 CID Swirling 
Diese[ Fuel, 

i i l l  

Equal FuLl. 

/.,-Cylinder 
Direct Injection Engine on 

Injection Timing F ixed, -  Rack 
Load Performance. 

I=lG. ~ . / , 2  
Dr~ ~.S.  8131 
~to Sept. 80 

Kerosene and 
Adjusted for 

FUELS 

Diesel 

Cetone Distil lation Aromatic S.G. 
Index Range ° F Content %vat. 60/60°F 

55 3?0 - 688 28-3 0 . 8  38 

- - K e rosene 
56 315 - Z, 93 ?-? 0.?82 

-6 
1000 rev/min. 5 ,- 

2000 rev/min. ~ Numbers in 
• Parentheses 

. I  . Z., I- ( , , ~ o , , , , ) ~ L ~ i . . . / j  denote Exhaust 
"3L ~ 1"6 ~ Smoke [eve[. 

U-) m ~ - 4 ( k ( ~ o s c . , ) ~ o n n  . . . .  /,...,;,., I r- 03 
~,~L] (~ jaso~.  ) Lla~t./U l ~ V l l l l l l l . l "  ~ 

s.~ (~°, o~) l .. 
I I I I I I I I I / .  3 

30 50 70 90 110 
BMEP psi 



Comparison of .Full Load Exhaust Smoke when 
usi_..._ng Kerosene and Diesel Fuel.s in a Direct 
Injection Enqine. 

Fro. No. 43 (ref 10 ) 
Din. No. S. 80 3 8 
~ Sept. 80 

50 IF Fixed Rack 

~Z,O I ~ ' ~  30 -- - .  

ENGINE 
6 Cylinder, 673 CtD 
Direct Injection Engine. 

FUELS 
O3 
"O 

~,~ Equal Power- --- D|eset Kerosene 
=ur  fuelling reduced 
/"0~" ~ on diesel Cetane No. 52 44 

30 /.7-7 -~ A.Pi.gravity 36-6 
E 20 . . . . . .  ~ u~ Distillation 389- 31 ?- 

Equal Power- Range °F 650 468 
50 ~ - - \ \  fuelling increased 

on kerosene 

3O 
20 ..... ' .... ',, " ..... ~ ,' - ~ .... 

1000 1/"00 1800 2200 
rev/min. 

Corn.parison of Exhaust Smoke over the Load Range when using. 
Gasotine and Diesel FueLs in Two Direct Inje.ction Engines. 

Diesel Fuel. 

6 Cylinder, 505 CID 
Direct Injection 
Multi-fuel Engine / 

2000 / 
ray/rain. ~ , / / /  

t,Q 

~ /"0 
,~30 

.720 

. . . . .  80 M.O.N. Gasoline. 

6 Cylinder,/.69 CID Turbo- 
" charged Direct Injection / 
- Engine. / /  

| / /  
.~ r / 2000 
~10~ , / /  rev/mi.n. 

z o L  - - - -  - 
p 

" 1000 
,=~ 

(.n20 • . 1000 . ,  - 

20 40 60 80 100 L~ 50 70 90 1i0 130 
B.M.E.P. (psi) 



Exhaust Smoke over the Load Range 
Shale and Tar Sands Derived Diesel 
with Regular Diesel Fuel. 

FiG. No.44 (ref 53 ) 
org. No. S. 8039 

Compari___£ng ~t, Sept. 80 
Fuels 

ENGINE Detroit Diesel, 213 CID 3-Cylinder, 2 Cycle, 
NaturaLLy Aspirated, Direct Injection, C.R. 18?1 ,  
N-60 Needle VaLve Injectors, Rated 100HP at 
2100rev/min.  Fixed start of injection-18"6°Crank BTDC. 

FUELS Tar Sands No. 2 Shale OiL 
Derived Derived (Marine) 

Cetane No. 36.8 /,3 52.2 

DistiLlation ° F 
10% 4/,6 L,25 533 
50°/o 555 509 59z, 
90°1o 6 30 605 656 

Viscosity cS at 
100 °E 6-35 2.50 5.58 

Aromatics % wt /.,36 426 337 
°AP! 28.9 3L, I 32-9 

2 

1260 
rev/min. 

i i i i i i i Regular No. 2 

i f )  
.... e~'"" 1600 Tar Sands 

~ rev/min. Derived Fuel. 
o I::D I I I I I I ." 

2 -  .' ShaLe Oil 
, '  Derived Fuel. 

t a 

. . . . . . . . . .  ..-- 2100 
0 ~ ~ "  rev/min. 

I I I I I I I 

0 20 40 60 80 100 120 
BHP 

6Dla  L T ~ )  1 



The Influence of Fuel Ty.pe on Full Load Power 
at Fixed Rack Position for Four Engines. 

i 

FgG. N~. 45 
Pro. ~ .S.  80 29 
Data S ¢ pt. 80 

22or 
200 | Diesel fuel 

180 t / ~~_..._C.I.T.E fuel 
160]- / , , "  " " fuel 

~" ~ "  . . - ~ . -  fuel 
_ co ,, 

80 100 
1000 1400 1800 2200 

rev/min. 
Mock ENDT 6?3 
Turbocharged Direct 
Injection - Swirl ing 

1400 2200 
ray/rain. 

G.M. 6V- 53 

3000 

JP-4 

Direct Injection-Quiescent 

500 
, ~  Diesel fuel Diesel fuel C.I.T.E. fuel 4 00 

m " ~ "~ Gasoline 

100 7 0 ~  
0 

800 1 6 0 0  2400 1000 1800 2600 
rev / rnin. 

CaterpiLlar LDS-?50 
Turbocharg-ed .... Pre-chamber ..... 

rev/min.  

Continental LDS - 4 2 ?  
....... Direct - inj¢ction'M" system 



Comparative Performance of a 6-Cylinder 
300 CID Swirling Direct Injection Engine 
Gasoline and Diesel Fuel. 

i| 

o n  

Fla. ~ . / . 6  
~ . S . 8 0 3 2  
~ *  Sept. 80 

Diesel Fuel, C.50-55 Cetane No. 
Injection timing 23°BTDC (standard 
82 Octane Gasoline. C.18-2Z, Cetane 
Injection timing 32°BTDC. 
86 Octane Gasoline. C.15-22Cetane 
Injection timing 320BTDC. 
J V - J u s t  visible smoke. 

diesel) 

No. 

No. 

.8 
I 2600 rev/min \ 

? \ 
\ 

= .61  

.o _ I ' ~  2000 rev/min, c .c 

• 5 ~ 1500rev/min jv I 3 

:~ I ~ " / L ~ _ _ ~ , .  1000 reV(vmin. ~,,) -1"5 ~ 

. . . .  • 3 

30 50 70 90 110 
BMEP psi 

i l l J l  *I*~IIAS I 



we. No.47 (ref 66) 
D~. ~.S. 80 3 3 

2D Fuel (baseline)-45 Cetane No. 
~ Sept. 80 70 Octane (motor) gasoline. "O 

" 5 1 0 0 ~  
8 0 ' -  Performance Comparison 2D Di~s~t 

Fuel VS ?0 Octane Gasoline. 
i 

._ ~+10r 21"1Compression ratio, pro-combustion 
,--.+ = ~ 51- .. . . . . . . . . .  chamber, injection timing identical 

c:nr,.) tn h i . ,  . ~  ~_ u_ c~ ~, /  for each fuel, engine fully equipped, 
~co.a -5 [ .  , , , , _~ rock set to specified HP curve 

60 7o 80 90 o n  e a c h  f ue l  
I - -  

~- Engine rev/rnin.% of rated 

.__. +20 - E_ 

. . c rn  
u E 

° 

2D Fuel (baseline)-45 Cetane No. 
91 Octane gasoline 
(84 motor octane) 

+10 

+5 

0 -  

" 5  . !. ! , I . ! ! 

z,0 50 60 ?0 80 90 
-BMEP (observed) 

Variable Load Fu~t Consumptio.._.._nn 
Comparison 2D Diesel Fuel 

6 Cyt. pro-combustion chamber! 
1600 ray/rain. 15:1 compression rati6 
injection timing advanced 22 ° 
crank for gasoline. 

2D Fuel (baseline)-45 Cetane No. 
. . . .  JP-/~ type jet fue[-49Cetane No. 

~ 110r 

.E +10 r 

~ 00 1200 1600 
Engine rev/min. 

Performance Comparison 
2 D Diesel Fuel. VS JP-4  
Type Jet Fuel. 
6 CY[. pro-combustion chamber 
timing identical for each fuel 
rack set for equal power. 



Scatter of performance for 
I 

_Specifically Developed Mu l t i - ' Fue t  E ng ines._._~ 

I !  II I I 

~ G . ~ . / , 8  

ore. No. S. 80 3/` 
{~t. Sept. 80 

Automatic Compensation of Rack Stop for Fuel Density /Viscosity 

FUELS No.2Diesel, No.lDiesel 
~ 1 / ` 0 0  -o_ CITE 

Gasoline ~. 

FUELS Diesel fuet J300 ~ 
86"96 octane gasoline 
JP 31/` 
Kerosene 

" SAE 10 tubricating oil.. 

Injection 

m 

m 

u0.2 - 

U.  0 '  I I I 
u~ 800 1200 1600 2000 

rev/min. 
Mercedes - Benz 
Pre-chamber Indirect 
C.R.20+ 1 
MAN D 12/`6 
Direct 

r -  

d. N .2 Diesel 

- "/`0 
u "35 
" 1 2 0 0  2000 
u~ rev/min 1313 

Injection'M" System C.R. 20,:1 

/`60 ~ 
/`20 
380 E 

G a s o l i n e  

2800 

Continental - L D S/` 6 5 
Direct Injection M System 
C.R. 201 

~60 ~~FUELS Lycoming S & M AVM 310 
"'"""'CITE Direct Injection C.R. 18"?'1 
JP-/` 

~20~ . Gasotine -".,, 1600 rev/min. 

]MEP psi .c "301" . . . . , Gaso[in~ 
d.  

• 5 0 ~'~_~,.._ _2_000 rev/min. 
• / ` 0  - _ -  

Caterpi[[ar LDS-?50 "- "30 
Pre-chamber Indirect ~ I ~ l  i , , 
Injection (turbocharged) ~ .50 ~ . , . ~ _ _ ~ _ r e v / m i n .  

./`0 
C.R. 19.5:1 "30 , BMEP/ ps i  

I 1 

0 /`0 80 120 160 200 



Fuel Consumption Maps-  Rootes 199 CID 
Op_posed Piston 2-Stroke Engin._.L¢ 

110 - 

R~. ~./-,9 (ref 89) 
o~, ~. S. 80/~0 
~t~ Sept. 80 

100 

90 

v} 
(3. 

(3_ 
l.U 
~E 
m 

80 

70 

60 

50 

L,O 

30 

20 

1i0 

8 10 12 1~ 16 18 
rev/rnin, x 100 

20 22 2L, 

100 )asotine 

90 

80 
t.Q 

~- ?0 
13_ 

" '  60 
r n  

50 

z,O 

30 

20 
8 10 12 lZ, 16 18 20 22 2L~ 

rev/min, x 100 



COMBUSTION CHARACTERISTICS 
WITH DIFFERENT FUELS 

Ignition 
TDC Delay • Crank 

Start of i 
Combustion-S£. ~ Diesel Fuel 16/, \ 
Start of . ~ / I  
Inject i ~  1 

RG.~. 50 
o,~ ~.S. 8036 
o,t, Sept. 80 

R a t e  of  P e a k  
Pressure Rise Pressure 
psi / OCrank ps i  

29.1 727 

S.C.--....... ~"k J p-z, 18.0 38"2 7~7 

J l  

~ I Gasoline 23"5 9? ?16 
A 

S.C.-----....~ Deutz Pre-Chamber Indirect Injection 
1 Multi-Fuel Engine- Combustion Details 

for Three Fuels Running at Idle. 

C 

b , - D i e s e L  F u e l  
~ o  

~- 60,-- .- Gasoline 
~.3n0t t ~ 3 - " " " ' ~  "~ Mitsubishi Pre-Chamber Indirect 

.. ~ ,, Injection Engine-Combustion 
n - ' c .  . . . ~ - , , u , o  a'- Details for Diesel Fuel and 

~ " ~ " ~ - ' ' "  J870~.~ GasoLine over the Load Range 
,- Eon o .,-,=~,r-..... ,-- at 2000 rev/min. 
~_=u 15~-'~- . . . . .  ~ Fixed Injection T iming. 
~ ' 1 0  / , , , ' ' ' ' 

imill  w 15 /,5 75  105 
BM EP psi 

Influence of Fuel and Compression Ratio on Ignition Detay 
12 

"~ 10 .o 
8 

m 

. / " - - ~  . . . .  Normal Compressior 
Ratio-Diesel FueL. 

Normal Compression 
. Rat io-  Combat 

- ~ " -  - ~ -  Gasotine. 
t . -  

2 -  "t- 

% 

01 I0 I ,  i i I 
-- O0 10 0 2000 3000 

rev / rain. 

Raised Compression 
Ratio- Combat 
Gasoline. 

The 

I g I S L T ~ J 4 ~ !  



Relative BSFC with Shale and Tar Sands 
Derived Diesel Fue[s with Respect to Regular 
Diesel Fuel. (No.2 Diesel Fuel =1.0) 

. . . . . .  , , ,  I 

F~G. N~.51(ref 53} 
D~. ~.S. 8035 
~= Sept. 80 

ENGINE Detroit Diese[- 213CID 3Cylinder, 2cycLe, 
Natural.ly Aspirated, Direct 
N-60 Needl.e 
2100 rev/rnin. 
BTDC. 

FUELS Tar Sands No. 2. 
Derived 

C etane No. 36-8 /"3 
Distillation ° F. 

10% /"/-,6 /"25 
50% 555 509 
90 °/,~ 630 605 

Viscosity cS at 
100°F /..35 2-50 

Aromatics %wt  /-,3-6 /-,2.6 
'~APi 28.9 3/-,.1 

Tar Sands Derived Fuel.. 

Injection, C.R. 18.71 
Valve Injectors, Rated 100 H P at 

Fixed start of injection- 18.6°Crank 

Shale Oil. 
Derived (Marine) 

52"2 

533 
59/-, 
656 

Shale Oil 

5-58 
33"? 
32.9 

Derived Fuet. 

1" 0/-, 

1"02 

1"00 

~a 0"98 
LL 1"0/., (.n 
m 1"02 

 .0o 
"6 0-98 

1"0/. I;E 

1-02 

1"00 

0:98 

1260 rev/rnin. 

1 

/ /  1600 rev/rnin. 
J 

1 

• / /  

- .~ I ~ ' *  

2100 rev/rnin. 

0 20 Z,O 60 80 100 120 
% Loa d 



Aldehyde and Total H C Emissions Measured D.t. Sept ' 
when using Kerosene and Diesel Fuels-- 
Extremes of Results on Three, Four Stroke Direct Injection 
E_ngines- Speed Range 1000 rev/min, to Rated Speed. 

mo..o.52 (ref 17) 
D,~ ,o.S.8026 

80 

+ L ' ,  ~,60 
\ 

.~ 40 \ , ,  Kerosene 

~ 2 0 ~  

~ 0 
E 0 20 z.0 60 80 100 120 
~. BMEP-  psi 

600 - 

500 i.,,\\ ..,._., t///I/ 
E 300 

~- 200 
Diesel 

o l o o  

0 
0 20 /+0 60 80 100 120 

BMEP -psi  

fuet 



Relative Gaseous Emissions with .Shale and Tar 
Sands Derived Diesel Fuels with Respect to 
'R._¢egular Diesel FueL (No.2. Diesel Fuel :1.0) 

" Tar sands derived fue[. 0.9 r .,,,,,, 

FIG, No.53 (ref  53) 

Prin. ~.S.80 2 7 
~ Sept. 80 

0-5 
o 2"0 .aim 

._~ 1.5 

1"0 
o 0"5 

2-0 

1-5 

rv 1"0 

-̧0-5 

1"0 

1.5 

2" 0 - 1260 rev/rnin 

i 

vaLve injectors- rated 
.~_.....--~,~_.....--. """ 2100 revlrnin. Fixed 

, .~ .... , , ........ , ,~. i injection- 18-6 °Crank 
i 

1600 rev/rnin FUELS. Tar sands 
derived 

Cetane No. 36-8 
"~- D istiLtation =F 

' " .... ", ~ ~ ...... : ...... ~ 10 % 446 

" 2100 r;~v/rnin 50=/o 555 
90% 630 

Viscosity. 
,,,--"~-~,~ .,,,, cS at 100=F 4"35 

20 40 60 80 100 120 
% Load 

Aromatics 

.%wt 

=API . 

I ~ 1  I ~  0"3 ... L_ ~ ..... i .... !..,. ~1 ....... 

20 40 60 80 100 120 

% Load 
ENGINE. 
Detroit Diesel 213CID, 3cy[inder, 
2 cycle, naturatly aspirated, direct 
injection C.R. 18-?'1. N-60 needle 

100 HP at 
start of 
BTDC. 

N0.2. 

43 

425 
509 
605 

Shale eli 
derived 
(marine) 

52-2 

533 
595 
656 

2"50 5"58 

43-6 42"6 33"7 
28"9 3Z~-1 32"9 

i 
- - - t -Sha le  oil derived fueL. t 1260 rev/rn~n 

1.2 1260 rev/rnin 0" ? ~ ,  
05 i- --..__-= 

1"0 ~-..~ .= o q ~,~= -..-~ 

I 1600 rev/rnin ~ 0-?!- ¢ 

"~- 12 ........ " 2100rev/rnin ......... :~ 0-9 - 2100revlrnin 

n- 1"0- 0-5,- / / /  

0"8 ...... ! . .  I. , .q,, ! ....... 

20 40 60 80 100 120 
% Load 



The Influence of using Gaso[ine and Kerosene 
Fuels on NO Emissions over the Load Range a_.__~t 
2 0 0 0 r e v / m i n . -  Pre-Chamber Enqine_..~ 

raG. No.5Z, (ref 39) 
D,~ N=.S.80 28 
~t, Sept. 80 

ENGINE 

FUELS 

Single cylinder Mitsubishi DV-/~ Pre-chamber 
/.6 CID-  3.?"Bore x &.33"stroke - C . R . 1 9 1  
Injection t iming 1&°Crank BTDC 

Diesel Kerosene 

Cetane No. 55 /,3 

DistiLLation 3L,7- 2g8-  
Range ° F. 60L, Z, 3 5 

Undoped 
Gasoline 

35 

109 - 
298 

Leaded 
Gasoline + 
5 °/o heavy oil 

16 

1 0 0 -  365 
100 - 702wit l  
5=/0 heavy oil 
added. 

600 - 

500 

,.., L, O0 

O 
Z 

3OO 

200 - 

100 - 

0 
0 

~ e e 

s 

/ 

i i 

15 30 

Leaded The influence of I 
. . . .  ,:_.. Kerosene yu~u,,,,, ~ fuel volatility and 

I ignition quality 
E500r % j ~ upon NO emissions 
~ o o L  -'kof%~-'-~ie-~sel ' at?6psi BMEP-  ,u;r 2ooo 

Fixed injection 

, ' " ' g 0 N  ° 10 30 "/0 t iming. 
Cetane . 

I I I I • 

45 60 ?5 90 105 
B M E  P psi 

l l l l L T / 1 4 $ 1  



ARRANGEMENT OF COMBUSTION CHAMBER 
SPARK IGNITED CO~tST V 

. ,  l ~ 

F~. ~.55 (r~ 108 ) 
~.S 8~21 

~ APRIL "81 

/ 

- , . ,  , ~ "  , , , i  - - - - -  r, 



Si..__ngte__.._Cytinder Compar i sons -  

Indicated Fuel Consump.tio....._En 
Test speeds rev/min. 

ENGINE Low Medium 
A. Spark Ignited Comet 1000 2000 

B. Gasoline Engine 1200 

C. Comet Diesel 1000 
o Engine A Spark ignited comet • 

....x Engine B Petrol 
~ &  Engine C'Comet' diesel 
l = = =  

oCD 300- 
• =-' CD  

,-,- 250 
~ 1  • 

~ 200 

15o 
2 ~  

c 300 
0 

n 

• ,- 150 

High speed 

Medium speed 

High 
1,000 

1800 4200 

2000 3000 
Smoke l imits 
Gasoline 
Diesel Fuel 

i 

~ i  X ' 

9 

u ° 2 0 0  % ' - - 5 "  ,, ..,,~, 

b ~ .=.=.~ ~ ==.. =~A-.,- 

• ~ Low speed 

° \ / 
U 

--e- A . J  250 ~ :  , ~ ,  i / "  
_ - : v  

A~ 

150 
3 4 5 6 7 8 9 10 

.. I.MJE.P.. bar. 
(~onvers,on to ps, x 14.5) 

~'m. No. 56 (ref 108) 

~rg. No. D 44066 
~ t ,  SEPT "80 

~ _ = j x  

11 12 

I I I 

I ~ I I L T / S U ]  



F3~. ~ .  57(ref 108 ) 
~J'-~. ~ .  Dz,4088 
~ SEPT 1980 

Singte Cy[inder Comparisons-- 

Indicated ~ HC Emissions 
Test speeds rev/min. 

ENGINE Low Medium High 
A. Spark Ignited Comet 1000 2000 4000 

B GasoUne Engine 1200 1800 z,200 

C. Comet Diesel 1000 2000 3000 
o Engine A 

Gasoline x Engine B 
" Engine C Oiese[ fuel 

r -  o 

V 

e-- 

N 0 

cn 6 

ffl 
E 
0 

m 

H ig h speed 

~ &  ,,-  

2 ~'-- !'-" ~ -  " ~1 

Low speed 
0 

0 
3 /., 5 6 ? 8 9 

I.M,E.P. bar . 
(Conversion to psi x1/~-$} 

10 11 12 



Fro. N=. 58(ref 108) 
o~. No. D/.&070 

SEPT '80 

Si_..nngte_...Cytinder Compar !sons-  

Indicated CO Emissions 
Test speeds rev/min. 

ENGINE Low 
A. Spark Ignited Comet 1000 

B. Gosotine Engine 1200 

C. Comet Diesel, 1000 
o Engine A 
x Engine B 
,, Engine C 

Medium High 
2000 4000 

1800 4200 

2000 3000 

Gasotine 
Diese[ Fuet 

_,o.~ 6 ' ~5/ 
" o  High speed , /  

• ~ ,,,.. ,,.,,,o,~ , -, 3 ~ , ~  ~' ~ J,- 

t - -  

v \ Medium speed 

12,L 

o.\ 
E ~ 

l e 8 ~ k ~ 

-o 0 

0 

._u 12 ~ 

..E ~ Low speed 

8 '~ , , ,  

t ~ 
/ 

. . . . /  / . I 

O | 

3 4 5 6 7 8 9 
I.M.E.P. bar 

(Conversion to psi x 1/,.5 ) 

10 11 12 



F~. ~. 59 (ref 108) 
~ .  ~. $8429 
~J~= SEPT '80 

Single Cylinder Comporlsons- 
Indicated NOx Emissions 

Test speeds rev/rnin. 
.ENGINE Low Medium High 

A. Sperk Ignited Comet 1000 2000 ~000 

B. Gosoline Engine 1200 1800 /-,200 

C. Comet Diesel 1000 2000 3000 
o Engine A 
× Engine B Gasoline 
A Engine C Diesel fuel 

c ' ~  '30 , , 

High speed ! f " i ~  , • 

c ¢ -  

~ 0  - "  

spe d 

- 

0 
3 Z, 5 6 7 8 9 10 11 12 

I.M.E.P. bar 
(Conversion to psi x 1/~.5) 



i 

~'~. ~ . 6 0  (ref 10B) 
~ .  ~.D44071 
o,t, SEPT '80 

Sp.ark__jgnited Comet-Response of Emissions and 
Fuet Economy to Retard, Exhaust Gas Recycl_.& 

and Throttling. 

120 

100 

E.GR. 
Throttling 
Retard 

~CO 

1/ 
f -  

¢- 

o 60 
ul  
I,/1 

E ~0 

m 

~ 2 0  
E 
c- 

' -  0 

r" 

~ - 2 0  t "  
U 

~ - a o  

- 6 0  

801 /" 
/ CO 

CO / 

'~,~HC 

- 8 0  
0 2 

HC 

I / 
I 

/ 
/ 

_ . _ _ -  - J 

HC 

\ 
\ 

NOx 

NOx 
| I I I 

z, 6 8 10 
°/o Increase in I.S.F.C 

| I 

12 lZ, 

i 

IWi~IL.T/li48 ] 



FiG. ~.61 (ref 108) 
era. ~ .  DZ,/.,069 

~ t =  SEPT'80 

Comparison of Combustion Noise 

ENGINE Test Conditions 
A. Spark Ignited Comet ' )  
D. Production Gasotine Engine I 4000 roy/rain. 

fu r l  toad 
E. Production IDI Diesel Engine 

o Engine A 
x Engine D 
,, Engine E 

220 i 
I 

210 " " ~  i . 

g19o._ , , .~;~ 

* 1 
180 • ~ . . . . . . . .  

• I oo [ 

m 170: , _ I _'__. 
= I I I l 

! 

16o I . . . .  
I ] 

1 4 0  
1 0 0  

Gasotine 
Diesel Fue[ 

- ~ t ~  L 

\ \  
x 

& , 
X 

- .  / 
. . . . . . . . .  ~-.'~, ! .  ,L- 

500 1ooo 5000 
1/3rd. OctGve band frequency Hz 

P~ 

! , 

1%ooo 

F . . . .  ' , . .  , . . . .  . ,~,,,,,, • ,  - . . . . . . . . . . . . . . . . . . . . . .  r" • _ _ ,  . . . . .  
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• NozzLe 

I - -~ . "?  ~_ ', ../ \ 
i-~~--~.L.:L &_ ±_ ___I 

• / , - - "  ~ - \  / 

\ / I \ / 
, ~ x \ \  j '\/ Spark plug 

/ 7'~, ~ 
"\ J 

! , 
,, x x ', 

Schemotic Diagram of the TCCS 
Combustion Chamber 

FiG. No. 62  

Ore. No. S . 8 0 2 3  
o,t, S e p t .  80 



TCCS-Torqu¢ Curves 

(9 147 Engine-Gasoline Optirnised. 
+ Unleaded Gasoline "] LIS-183 Eng.ine- Mul t i - fuel  
A 50/50 Gasoline/Diesel. l ( part devetoped) 
X Diesel Fuel Smoke [irnit-10% opacity 

E] 

X" Q 

-X-.~ 

~tG. ~ .  63 

De. ~.S. 8024 
~t= Sept. 80 

= 2-3 Bosch 

Diesel Fuel- L-163-S Engine- Multi-fuel 
Srnok¢ limit - 20 % opacity = L~ Bosch. 
1L, L,-HCC Engine- typical curve for gasoline, diesel or jet fuel. 
Gasotine-L-141 Engine-Multi-fuel with optirnisation bias 
towards gasoline: 
Gasoline- UPS/TCCS 292-Mult i - fuel with optirnisation 
(estimated performance) bias towards .gasotine. 
Envei.ope for developed, swirl chamber [D[ light duty diesel. 
engines - smoke limit, 2-3 Bosch low speed, 1"5-2 Bosch 
mid and high speed. 

Smoke [irnit just visible -- Texaco standard. 

120 

110 

100 

90 
e l  

8O 
uJ 

70 

60 

X 

..% 

Engine speed rev/rnin. 
50 . . .  ~ . . . . . . . .  - . . . . . . . . . . .  q . . . . . . . . . . . . . . . . .  

1000 2000 3000 4000 



Fuel 
TCCS 

Q 1200 rev/min.'~ 
A 2/,00 rev/min. ,J 

Consumption Comparisons for 
Mul.ti- Fuel Engines, Diesel. and 

Gasoline Engines 
lZ.&- HCC Engine- typical data 
gasol ine ,  diesel or jet fuel. 

for 

Ra. NO. 6/* 
D,= No. S.8025 
¢~t. Sept. 80 

data 
% 

~ .  2800 rev/min.L L-141 Engine- economy envelopes - all 
- 2000 rev/min. /  gasoline, CITE and diesel fuels. 

1500 2000 2600 rev/min. 
1 /~ ? Unleaded Gasoline 
2 5 8 50 / 50 Gasoline/Diesel 
3 6 9 No. 2. Diesel Fuel. 

I L,s-,83 
(development 
not complete) 

1200 2400 3 6 0 0  
A,B,C. D,E,E G,H, [. 
J, K,L. M,N,O. P, Q,R. 

rev/min. 
Gasoline L L-163-S 
Diesel Fuel f Engine 

0 " 8  - 

= 0 -? -  
d. 
r -  
t~ 

0 .6 -  
m 

(J 
LE 
u~ 0 -5 -  
rn 

0.z,-  

0-3 
0 

L m 

I 

F 

I 

20 

' - " ' - - - T  Typical developed, 4cylinder 
• gasoline engine envelope- 
~ - - - ,  ~ - -+  1200 - 3600 rev / min. 

I 

~ Envelope for developed, comet 
light duty diesel engines- 

900 -3300 rev/rain. 
-.1.12 

A 

P 

?~-/~ 

I I I I I 

Z,0 60 80 100 120 
B.M E.P. (psi) 

1913 L'r/s4$1 



Ref 
S ~ e  
117 

117 

120 
113 
117 

119 

119 

60' 

E 50- 

E 
0 ,- 40- 
0 
u 

30- 
g. 

20- 
e-  

. .Q 

" 10. 

0 

Urban Fuel Economy. Comparisons 
For Gasoline Diesel and TCCS Vehicles 

TCCS Veh,cles 1-5-2.0 g/mile NOx 

F~. ~o. 65 
D,~. N0.$8428 
o=~,~ SEPT "80 

Key Vehicle 

e Jeep (M-151) 
+ 

I~ Cricket 
& 

x Gremlin 

V Jeep (M-151) 
~, Cricket 

 IIA  978/79 ,D, 

1979 Gasoline 

. . . .  Diesel Lower Limit 
Gasoline Equivalent 

E._._0gin_ee 

T/C L-141 TCCS 

T/C L-141 TCCS 

L-163-S TCCS 

L- 16 3-S 
L-1L1 TCCS 

Diesel Vehicles ] 

> 

Vehicles I 
Expressed aS 

Fuel 

Gasoline 

Diesel 

Broadcut 

Gasoline 

Gasoline 

Diesel  

Gasoline 

Certification 

Vehicles 
(L,9 States) 
Manual and 
Auto 
Tr ansmissions 

MPG 

200O 
1 ~ 3 1 ,,.] 

2500 3000 3500 4000 Z~500 
Vehicle Inertia lb 

] 

5000 



Re. ~ .66  (ref 111 ) 
Gaseous Emissions Steady State 

L-163-S 

- - N  °2  Diesel Fuel 
- - - -  Reference Indolene 

TCCS Engine 

Gasolene 

~ .  ~ . 5 8 4 2 7  
~ ,  SEPT "80 

• ~ Full Load (equivalent for both fuels) 
n 2/3 Load 
o 1/3 Load 

oiioit  500, i / ~..z~ 
A , . ~ /  

• ._/-+00, _I I~'~-~"~D 
. "  o / /  

o~ i / /  !} ox 0o; ,,,:,y 
Z 200 / /  / c ~ . . . . . _ . ~  

I ~ .o  I io---2~o 

. . . .  o___o o /  
, , . _  _ . _  o - .  - - - - . . _  _ _ , _ _  . _  ~ ,<~- , , , < , ~ . . . . = o . _ _ o ~  
0 ~ ~--= =¢==--#= - - ~  - - t  ! 

1200 1800 2400 3000 3600 1200 1800 2400 3 0 0 0  360(: 
Engine rev/min Engine rev/min 

,~o.o] o 
14001 

' oo I / \  
..'°°°t I X  ~00f / j , . .  

1200 1800 2 4 0 0  3000 3600 
Eneine rev/min 

I I I I  

I i | 3  LTI I43 !  



The In f luence  Of Spark Timing, Inject=on Timing 
And Fuel I~_pe On NOx CO And HC Emissions 
• L I S - 1 8 3  TCCS Engin__.ee 

0 ~PO r~" hmmQ equ~l tomjecho~l hm:°c~ 
Spork hmmg logs mlechon ~y 5 ° 

= Sgork hmln,~ lags IrlleChon by I0 ~ 

,oo t- oo,oi,., .oo1- G.,o,,.o .°O F o~.,,°.. 
,oo~ ,oo r ,oo r , , ~  

'°°I '°°r '°°r 
~°°I ~°°I" 2°°I- ,OOo. ~ ,oct ,oo[ 

,o ~o ~o 4'0 o ; ,  ~o' ; 0 ' 4  ° ,0 ' ;o ~'o'.'o 

~= zoo[ ?.(30- 

OQ r O,e~e~ 6001 - O,esel 600 O=ese= 
5O0 ~ 500 r 500 

4OO]- 400~- _ . ~  400 

'°°r ~'°°1- ~ #  ~oo 
~°°r =I" 2°° 

0 1  1 , i ~ 1 I I, I l 
,o 20 ~o ,'o % 20 ~'o ,~, o, 20 ~o ,'o 

FUEL INJECTION TIMING, =bide 

Fig N°6?[rdll2)] 
Drg-N°58109 | 
Dnte Oct 19801 

NOx, CO and HC 
Emissions Versus 
Spark and Fuel 
Injection Timing 
2000  RPlvl, 12-2BHP 

0 C.,O~lolin~ 
~. BrCodCuI furl 
0 Diesal fu~l 

I~C~- 1,500 t~m GO0~ 1,500rpm GO0 r 1,500rl:m 

lODe. 40G. 

IO(~- I 

I~C.O~ 2,~00 rt:m 5C,~5 12 ,Z l=t~; 

2 ~  

' o l ,  , ~ , ,  t 
IO 2O :~ 40 

il  I 2,GOO rpm 50C 2 2 3  I~P~ 

IC 

i ~  2.000.o. -- "oor 2.000 , o ~  ,2. ~. ~ ,00]- ,~.2., 

g zc 

~ , 
,o ~o ~ o ' ~  ,o' ~o ' ~ "  ~o 

600 2.600 rgm 
500 50¢ 22.3  ~ p  

400 40~ 

300 

2~ ~oo~ 
IO0 IOO~ 

' ' • ' = = i I 

SPARK AND FUEL INJECTION TIMING, "h i : I t  

NOx, CO and HC 
Emissions at Three 
Road Load Condilions 
With Coincident 
Spark and Injection 
Timing 

o Go,mine 

8 ~oc 
i , I 

I.q:kO ?."ilaq ~ r~lX~ 

404 

IO0 

0 
I,C00 2,000 3,0C0 

NOx, CO and HC 
Emissions at Full 
Load With Coincident 
Spark and Injectmn 
Timing 



IDI 
Exterior Sound Level Comparisons 

Diesel,. Gasoline and TCCS Powered Vehicles 

i 

Re. ~.68(ref  110) 
or=. No. 584 26 
¢~t, SE PT "80 

O IDi Diesel Passenger Vehicles 
(~ Typical European Gasoline Passenger 
~) TCCS Cr icke t -  Diesel Fuel 
(~ TCCS Cr i cke t -  Gasoline Fuel 

Vehicle -- 12 2 ClD 

80. Acceleration 

70, 

60- 

50 

Drive-By 
II m 

Mean 
i 

m 

® ® ® ®  

Measured at 15M 

® ® © 

<C 
CO 
~D 

> 

_J 

"13 
C 
D 
0 

0 
.m  

x 
I i i  

80-' 

30 m.p.h. Drive- By 
70.- 

Mean 
I m  

60,- 

@ ® ® ®  
50, 

Measured at 15M 

L ! ® 

80-- 

70. 

60 

Idle Measured 
m 

(9 

,Mean ,.---- 
| 

at 2.54M 

® 

dUb~ lq  Td~E~ l l  



, f ,  ~ , , , 
. . . . .  

L.___ayout of the MAN. FM. Combustion 

~a~. ~o. 69 

D~. ~.$8425 
~ SEPT'80 

System 

A 

0 / 

FM Combustion Bowl Detoils 

Asr Swirl 
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RO. No.?0 (ref 125,1241 
Smoke Limited BMEP Curves Din. No.S8&2/., 

For Light Duty FM and IDI Diesel Eng!nes Deto SEPT '80 

A Multi-fuel MAN L920/~ FMV-3.62" Bore x 3-9/,"stroke x/,cyl. 
162 CID. C.R 16.5"1 

Torque Curve for Diesel Fuel J p-z, and 100 Octane 
Gaso l ine-  Smoke Output Typically 3, 2.5 and 1 Bosch 
For Diesel Fuel JP-/~ and Gasoline Respectively 

® 91 Octane Gasoline Opt imised- Typical 
Multi-Cylinder Curve for FM Engines of 
per Cyi'mder C.R. 13-1z,'1 
Smoke Limit Same as IDI Diesel Band 

P r o t o t y p e  

25-30 CID 

Envelope for developed Swirl 
Duly Diesel Engines - Smoke 
Speedj 1.5-2 Bosch Mid and 

Chamber IDI Light 
Limitj 2-3 Bosch Low 

High Speed 

120" 

== 
~E 
nn 

110' 

100" 

9 0 -  

80" 

7 0  I .... J a 
1000 2000 3000 /~000 

Engine rev/min 
a~l,1LT/IJ4al 



Fuel Consumption Comparison For 
FM Diesel and Gasoline Engines 

100 Octone 
G~soline Diesel 

ID 0 

i n  rn  

, ~  A 

0"8 

0-7 

0 

~JQ. ,,~.71(ref 125~124) 
D~. ,~.$8423 
~i= SEPT "80 

X 

+ 

200ORPM "1 Multi fuet MAN L9204 FMV- 3-62 '~ 
3000 RPM lB°re x 3-94 I! Stroke x 4 Cy!. 162 CID 
3800 RPM C.R. 16.5 " 1 

2000 RPM 
3000 R PM 

91 Octane Gasoline Optimised typical 
Prototype multi Cylinder Data For 
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