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1. SUMMARY 

A heavy duty diesel engine was tested for operation on minimally 
processed synthetic fuels. Fuels included in this test  were a reference No. 2 
diesel fuel and liquid products derived from shale, tar sands, and coal. Perform- 
ance, gaseous and particulate emissions, cold startability and deposit formation 
with extended idle were tested. Phase I includes baseline testing of a state-of-  
the-art heavy duty diesel engine meeting current Federal emissions standards. 
Phase IX includes determining practical engine modifications to enhance synfuel 
operation and a repeat of selected Phase i tests. This report is the result of 
Phases I ar, d II. 

The Phase I engine test procedure was conducted as follows. First, 
performance data was taken for control diesel fuel, shale fuel, and tar sands 
fueL Cold start tests were then eondueted on those fuels. Finally, idle deposits 
tests were run on the fuels. After eompletion of these tests, the coal liquid 
blends screening test wss run and performance data was taken for this fuel. 

A performance analysis of the Plmse I data reveals that the three 
synfuels are a viable alternative to the reference No. 2 diesel fuel in terms of 
brake thermal efficiency and maximum power output. At engine speeds of 1400 
and 2200 rpm, the BSHC, BSCO, and BSNO x emissions of the three synfuels 
closely resemble the diesel fue; emissions, especially at high loads. Unfortu- 
nately, the smoke and particulate emissions are higher for the tbr sands and 57 
percent EDS fuels. The shale fuel, however, yields less smoke and particulate 
emissions compared to the diesel fuel at these two engine speeds. 

The greatest  variation in the combustion characteristics of these four 
fuels was due to the increased ignition delay of the 57 percent EDS and tar sands 
fuels. This increased delay, however, did not result in audible engine knock. 

The performance data at engine idle shows that the diesel fuel was 
the best performer. In general, the gnseous, smoke, and particulate emissions 
were higher for the synfuels at engine idle. 

The cold start  test  results show that the engine had trouble starting 
on the tar sands and 57 Percent EDS fuels, especially at -20°C. The engine 
would not start at  -20°C with the 57 percent EDS fuel. 

The results of the 8-hour idle test show that  the three synfuels did 
not have significant soot deposit problems compared to the control diesel fuel. 

The shale fuel's overall performance was as good as the r,'ei'erence 
diesel fuel's except for a slight reduction in brake thermal efficiency and an 
increase in gaseous and smoke emissions at idle. The tar sands fuel was 
consistently the poorest performer in this unmodified ei~gine with the 57 percent 
ED$ fuel's performance only slightly better. The reduction "~ engine perform- 
anee when operating on the synfuels may be g~[ially attributed to the fact  that 
the fuel injection timing was optimized for diesel fuel No. 2. 



Three engine modifications were made during Phase II. These modifi- 
cations were: 

1. Simulate air-to-air aftercooling. 
2. Add a high pressure fuel injection system. 
3. Add an ether injection system. 

The Phase I[ tes t  proeedure was conducted as follows. Performance 
data was taken for the control diesel, tar sands, end 57 percent  EDS fuels after  
making engine modification No. 1. These tests were repeated on the engine with 
modification Nos. 1 and 2. The ether injection •system was then added and cold 
s tar t  tes ts  were run at 0°C and -20°C for the 57 percent  EDS fuel. 

: The results of the Phase II tests show that these three engine 
modifications were successful in solving some of the synfuel operat ional  prob- 
lems encountered during Phase L Adding a high pressure fuel injection system 
reduced the synfuel full load smoke emissions relative to the control diesel fuel. 
This modification also reduced the smoke and part iculate emissions of  all three 
fuels eompared to the Phase I results. 

Simulating air-to-sir  aftercooHng reduced the brake specific fuel 
consumption by an average of  3 percent  and greatly reduced the low load BSNO x 
emissions for all three fuels. Unfortunately, the synfuels tow load BSNO x 
emissions were consistently higher than these same control diesel fuel emissions. 

The combustion analysis results showed that  the tar sands and 57 
percent EDS fuels still suffer from longer ignition delays compared to the 
control diesel fuel. This longer delay is due to the synfuels! different  chemical 
composition. 

The ether injection system solved the synfuel cold s tar t  problems by 
enabling the engine to s tar t  at  -20°C on the 57 percent  EDS fuel. 

In summary, af ter  making Me three engine modifications, the tar 
sands and 57 percent EDS fuels' performance were as good as or be t te r  than. the 
control diesel fuels' performance with the following exceptions. The two 
synfuels had higher low load BSCO emissions, higher full load particulate 
emissions a t  2200 rpm, and higher BSNO x emissions across the entire load range 
at 1400 rpm. 
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2. INTRODUCTION 

2.1 BACKGROlYND 

Development of non-petroleum fuel sources continues to be a goal of 
this country. This project examines several oper,stional problems of synthetic 
fuel usage in a heavy duty diesel engine a n d w i g  further address modifications 
needed to optimize performance with minimally processed synfuels. 

include: 
Some specific questions involving synthetic fuel operation in diesels 

How do synfueH affect  diesel engine cold starting? 

How are particulates affected? 

Will synfueH increase emissions levels of an engine beyond 
regulated limits? 

Are combustion chamber deposits affected with long-term idle 
on synfuels? 

-- Will power or fuel economy be reduced? 

-- Is engine damage due to knoek likely? 

What engine modifications are needed to optimize operation on 
synfueH? 

To adequately address these questions, a representative engine is 
needed. The engine should be a state-of-the-art ,  d i r e c t  injection, multicylinder 
engine in widespread use. Furthermore, the engine should be turbocharged and 
aftercooled, and capable of meeting current emissions standards. Deere & Co. 
provided such an engine, which will be described ~ t e r  in this report, under a no- 
cost  consulting agreement to provide engine hardware and manufacturers reeom- 
mer.dation. 

Funding for this project  was provided by the U.S. Department of 
EnergT, with contract monitoring and administration provided by Martin 
Marietta Energy Systems under Subcontract N0. 11X-28609C. 

This projeet was conducted in two phases. In Phase I, synfuels were 
tested in a standard config'~wation engine. During Phase lI~ the engine was 
modified to provide better  operation on the test fuels. 

2.2 OB~C'IT~E 

The objeetive of this project was to determine the effects of mini- 
really processed synfuels on heavy duty diesel engine operation. The fuels 



include a shale-derived product, a tar  sands-derived product, and a coal liquid 
blend. The coal  liquid blend is a mixture of  coal liquid and petroleum diesel fuel. 
These fuels will be compared to a r e fe rence  diesel fuel. Engine performance,  
gaseous and par t iculate  emissions, combustion character is t ics ,  cold startabil i ty,  
and deposit formation with extended idle will be determined.  Results of these 
tests  will be used to determine pract ical  engine modifications for enhanced 
operation on these synfuels. These modifications will be incorporated in Phase 
1I. 

2 . 3  A P P R O A C H  

A heavy duty, d i rec t  injection diesel engine was instrumented and 
installed in a test  cell in the  Engine Research building at  SwRI. One cylinder 
was instrumented to provide combustion data. The engine exhaust was sampled 
for gaseous and part iculate emissions. Motoring and absorption dynamometers  
were connected to the engine for performance and cold s ta r t  testing. The Fuels 
and Lubricants Division at  SwRI provided combustion analysis. The Department  
of Emissions Research operated the emissions instrumentation and provided 
emissions analysis. 

The Phase I tes t  sequence was as follows: 

. 

. 

Performance,  combustion, and emissions tests were run on the 
control diesel fuel, shale fuel, and tar  sands fuel, respectively.  

Cold star t ing tests were  run at  0°C and then at  -20°C for the 
three fuels l isted above. 

3. Idle deposit tests  were run on the fuels l isted above. 

. 

. 

Coal liquid blend screening tests were run on fuels composed of 
40 percent,  50 percent ,  and 57 percent  (by volume) EDS coal 
liquid blended into petroleum diesel fuel. These .tests included 
cold start ing a t  0°C and -20°C. 

Performance,  Combustion, and emissions tests  were run on the 
se lected blend (57 percen t  EDS). 

6. Idle deposit tes ts  were run on 57 percent  EDS. 

Af te r  completing the  Phase I tests,  three  Phase II engine modifica- 
tions were made based on the Phase I results.  These modifications were: 

(1) simulate air- to-air  af tereool ing 
(2) add a high pressure fuel  injection system 
(3) add an ether injection system 

Optimization of the fuel injection timing was also considered as a 
Phase ]1 engine modification. This engine modification was not implemented due 
to the amount  of t ime required to adjust the fuel injection timing for each 
synfuel. 



Air-to-air aftercooling was simulated by modulating the flow of 
laboratory water  through the engine's stock ai r - to-water  af tercooler .  This 
modification reduced the intake air temperature to temperatures between 40°C 
and 70°C (depending upon engine speed and load) which were the lowest 
temperatures that could be achieved using this setup. 

The high pressure fuel injection system was supplied.by John Deere 
and consisted of a high pressure Nippondenso Model RE 26126 fuel injection 
pump with 12 mm bore x 12 mm stroke plungers. The new fuel pump raised the 
measured maximum fuel injection pressure from 65 MPa to 90 MPa. These two 
fuel pressures were measured at an engine speed of 2200 rpm/100 percent load 
for the old and new fuel pumps, respectively. After installing the new fuel 
injection system, the fuel injection timing was set at 1400 rpm, 50 percent load 
so that fuel injection began at II ° BTDC. This II ° BTDC fuel injection timing 
was identical to the Phase I fuel injection timing at this same engine condition 
(14[}0 rpm, 50 percent load), although the dynamic speed-load timing characteris- 
tics of the new pump may be different from the Phase I fuel injection pump. A 
complete set of cylinder ankl fuel injection pressure diagrams corresponding to 
the engine test conditions are given in Appendices N through P. 

The ether injection system was purchased from John Deere and used 
an electric solenoid control valve to inject ether into the engine intake manifold. 

These three engine modifications were then te~ted by repeating a 
modified version of the Phase I test procedure. 

The Phase 17 test sequence was as follows-- 

. 

. 

. 

Per fo rmance ,  combustion, and emissions tests  were run on the 
control diesel, tar sands, and the 57 percent EDS fuels a f te r  
simulagng air-to-air  aftercooling. 

These tests were then repeated on the engine with both modifi- 
cations (simulated air-to-air aftercooling and the ad~dition of 
the high pressure fuel injection system). 

The ether injection system was added to the engine (now with 
all three engine modifications) and e.old start tests were run at 
fl°C and-2O°C for the 57 percent EDS fueL 



3. CONCLUSIONS 

The following conclusions are made based on the engine tes t  data 
coltected during Phase I. 

A performance analysis of this data reveals that the three synfuels 
are a viable al ternative to the reference No. 2 diesel fuel in terms of  brake 
thermal efficiency (BTE) and maximum power output.  In fact,  the 57 percent  
EDS fuel shows a slight increase in BTE at  2200 rpm across the entire load range 
while the tar sands fuel yields a slightly higher maximum power output compared 
to the reference diesei fuel. Unfortunately, these same two fuels exhibit higher 
smoke opacity and part iculate emissions. The shale fuel, however, yields less 
smoke and particulate emissions compared to the diesel fuel. 

The measured brake specific emissions (BSHC, BSCO, and BSNO x) of 
the three synfuels closely resemble the diesel fuel emissions, especially at  high 
loads. The greates t  variation occurs at the lowest load condition where it is 
interesting to note  that a t  2200 rpm, the BSNO x emissions from the three 
synfuels are considerably lower than the baseline diesel fuel. 

The high-speed combustion ds'.a reveal  that  the total heat  release for 
the four test  fuels is almost  identical over the entire load range. This result  is 
expected since the engine BTE and output power are nearly identical for the four 
fuels at each load setting. 

The greates t  variation in the combustion characterist ics of these four 
fuels is due to the increased ignition delay of the 57 percent  EDS and ta r  sands 
fuels. This is the expected result since the cetane number of these two fuels is 
low compared to the shale and diesel fuels. The increased ignition delays for the 
tar sands and 57 percent  EDS fuels explains why their average and maximum 
rates of cylinder pressure rise are higher when compared to the diesel and shale 
fuel values. These greater  rates of pressure rise, however, did not result  in 
audible engine knock during the engine tests.  The lowest peak cylinder pL'essure 
occurred with the 57 percent  EDS fuel since i t  has the longest ignition delay with 
combustion occurring later during the expansion stroke, as shown in Appendix N. 

At 0°C the engine started in less than 5 seconds on the diesel, shale, 
and tar sands fuels. The 57 percent  EDS fuel required more than four t imes this 
amount of t ime, or 20 seconds, to start .  At -20°C the engine star ted on shale 
and diesel fuel in about 20 seconds. The tar sands fuel required nearly twice this 
amount  of t ime to start  and the engine would not s tar t  on the 57 percent  EDS 
fueL All of t h e e  cranking times are acceptable for typical applications of this 
engine. 

The performance data at  engine idle shows tha t  the diesel fuel  is the 
best  performer.  The diesel fuel has the highest BTE, lowest smoke opacity, and 
lowest gaseous emissions. The tar  sands fuel is the poorest performer at  idle 
with the lowest BTE and the highest smoke and part iculate emissions. At idle 
the  gaseous, smoke and particulate emissions are higher for the synfuel~ 



compared to the diesel fuel. The only'exception is that the shale fuel has the 
lowest particulate emissions at idle. 

The high-speed combustion data at  engine idle follows the same trend 
observed at 1400 and 2200 r p m .  

The results of the eight-hour idle test  show that  the three synfuels do 
not have significant soot deposit problems compared to the diesel fuel. AU four 
fuels cause a tight buildup of  black soot on the head, valves, pistons, and turbo 
exhaust. Some of this soot disappears during the  two-hour burnoff period. (This 
period is defined by running tile engine at  ra ted speed and load for two hours 
following the eight-hour idle test.) The.only noticeable difference between the 
synfuels and diesel fuel is that  the 57 percent  EDS fuel causes a reddish color 
deposit on the cylinder head t ha t  is present before and af te r  the burnoff period. 

In summary, the three synfuels compared very.well with the refer- 
ence diesel fuel in terms of BTE, maximum output power, and gaseous emissions 
in the unmodified engine at 1400 and 2200 rpm. The shale fuePs overall 
performance was as good as the reference diesel fuel except for a slight 
reduction in BTE and increase in gaseous and smoke emissions at idle. The tar 
sands fuel was consistently thepoorest overall performer with the 57 percent 
EDS fuePs performance only slightly better. 

The major problems encounte red  during Phase I tests were an 
increase in the smoke and part iculate  emissions for the  57 percent  EDS and tar 
sands fuels at 1400 and 2200 rpm. The three synfuels also suffered from poorer 
idle performance. The BTE was lower and the gaseous, smoke and particulate 
emissions were higher during idle for the synfuels compared to the reference 
diesel fuel. The one exception was the shale fuel  which had the lowest 
part iculate emissions at  idle. Another major problem was the poor startabili ty 
of the engine on the tar sands and especially the 57 percent  EDS fuel. 
Surprisingly, engine knock was not a problem during these tests  despite the  
increased ignition delay of the tar sands and 57 percent  EDS fuels. 

The following conclusions were made based on the engine tes t  data 
collected during Phase II. 

Modifications can be made to a direct  injection, heavy duty diesel 
engine which improve engine performance while operat ing o n  minimally pro- 
ceased synfu~ls. The Phase 17 modifications selected were able to solve some of 
the operational problems encountered during Phase I. 

Adding a high pressure fuel injection system solved a Phase I opera- 
tional problem by reducing the tar sands and 57 percent  EDS fuels t full load 
smoke emissions relative to the control diesel fuel. This modification also 
reduced the smoke and part iculate emissions of all three  fuels compared to the 
Phase I results. 

Reducing the intake air temperature  to 140°F by simulating air- to-  
air aftereooling reduced the brake specific fuel consumption by an average of 3 
percent  and greatly reduced the low load BSNOx emissions for all three fuels. 



8 

Unfortunately,  the synfuels' low load BSNOx emissions were consistently higher 
than these same diesel fuel emissions. Lowering the intake air temperature also 
increased the three fuels' ignition delay periods which resulted in higher initial 
heat  release rates  and higher rates of cylinder pressure rise. 

The 57 percent EDS and tar sands fuels s t i l l  have longer ignition 
delays compared to the control  diesel fuel. Engine modifications did not improve 
the synfuel combustion characterist ics relative to the control diesel fuel since 
the increase in ignition delay is a function of the differences in the fuels' 
chemical  compositions. 

Adding an ether injecticn system solved the synfuel void s~r t ing  
problem by enabling the engine to s t s r t  a t  -20°C on the 57 percent  EDS fuel. 

In summary, after making the three engine modifications (simulating 
air-to-air  aftercooling, adding a high pressure fuel injection system, and adding 
an e ther  injection system), the tar sands and 57 percent EDS fuels' performance 
were as good as or better  than the control diesel fuel's performance with the 
following exceptions. The two syn~uels had higher low load BSCO emissions. 
The two synfuels also had higher full load particulate emissions a t  2000 rpm and 
higher BSNOy. emissions across the e n t r e  ~oad range at  1400 rpm. The tar sands 
fuel had higher full load particulate emissions at 1400 rpm and a t  e~gine idle. 



4. RECOMMENDATIONS 

The results of the Phase I and Phase Ir sh0rt-term performance tests 
indicate that the shale, tar sands, and 57 percent EDS fuels are viable 
alternatives to the reference No. 2 diesel fuel. SwRI now recommends that these 
three synfuels be subjected to a transient cycle durability test to determine the 
long-term effects on engine performance and wear. The results of these 
durability tests will determine whether the synfuels' longer ignition delays and 
corresponding higher rates of pressure rise and greater maximum cylinder 
pressures wiU lead to premature engine failure. Although audible engine knock 
was not detected during the steady-state performance tests, damaging knock 
may occur during extended and repeated transient engine loading. SwRI also 
recommends that transient emissions tests be conducted with the synfuels to 
determine the effects on transient exhaust emissions. 

Further work is required to optimizo the combustion chambor and 
fuel injection systems for synfuel operation. The high pressure fuel injection 
system that was added to the engine during Phase II was designed to operate on 
No. 2 diesel fuel. Changes in the fuel injection nozzle may help to optimize the 
spray ponetration and atomization of the moro dense ahd viscous tar sands and 
57 percent EDS fuels. This modification may holp to reduce the synfuels' low 
load BSCO formation by improving fuol/air mixing. Fuel/air mixing can also be 
improvod by modifying the intake port to improvo intake air swirl. 

SwRI also recommends that performance tests be conducted with 
vaviable fuel injection timing since the timing was hold constant during Phase I 
and Phase I/ testing. The fuel injection timing should be changed to accommo- 
date the tar sands and 57 percent EDS fuels' longer ignition delays. Changes in 
fuel injection timing may help to reduce the two synfuels' BSNO x and particulate 
emissions. 
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5.  TEST SETUP A N D  P R O C E D U R E S  

5.1 TEST M A~I~P~ 

Four fuels were used in this project. Table 5.1 shows the chemical 
and physical analyses of the test fuels. The control fuel for this program is 
Phi~ips D-2 control fuel, Lot G-075. The three synthetic test fuels were 
supplied to the SwRI Engine and Vehicle Research Division through the SwRI 
Synthetic Fuel Center. 

The tar sands fuel was a result of cooperation between the United 
States Department of Energy and the Canadian National Research Council, 
Department of Energy, Mines and Resources. The tar sands fuel was originally 
anticipated to be a Canadian 1990s diesel fuel. This projection was made during 
the energy crisis in the.late 1970s; however, due to the changing situation with 
world petroleum supplies, the tar sands fuel will probably not appear in the 
Canadian marketplace until several years later than was originally anticipated. 
The fuel contains 78 percent (by volume) of.a diesel fuel cut (PrOduced from a 
50/50 mixture of conventional western. Canadianand tar sands etudes) and 22 
percent (by volume) of a hydrogen-treated, cracked stock. By 1990 the tar 
sands content of the Canadian crude oil pool is predicted to rise from the 
current 12 percent to 23 percent. 

The shale oil-derived fuel ~)riginated from Utah shale oil produced by 
Geokinetics with their in situ retorting process. The crude shale oil was 
partially hydrogenated by Sun Tech, Inc. in their laboratory at Marcus Hook, 
Pennsylvania. About 3200 gallons of the upgraded crude were distilled to 
separate 1700 gallons of diesel fuel. The product is a good quality No. 2-D 
diesel fuel with the unusual characteristic of high (940 ppm) nitrogen content. 

The coal-derived fuel used Exxon Donor Solvent (EDS) middle distil- 
late which was provided to the SwRI Synthetic Fuel Center through the DOE 
Bartlesville Energy Technology Center. The EDS middle distillate was produced 
by the demonstration unit operated by Exxon at Baytown, Texas. The EDS 
pro~ess employed two stages of hydrogenation: the first dissolved the coal via 
noncatalytic digestion, and the second upgraded the coal liquids by conventional 
fixed-bed hydrotreating. The middle distillate and other products were then 
separated by fraetionation. After the middle distillate was received at SwRI, it 
was treated with sodium hydroxide to extract phenols and other polar com- 
pounds. The coal-derived fuel used in the engine tests was a mixture of EDS 
and the Pllillips D-2 control diesel fuel. These two fuels were mixed due to the 
poor fuel quality of the EDS. The coal liquid-diesel fuel blend was the poorest 
quality fuel in the program. 

One of the objectives of the tests wa:~ to determine the maximum 
amount of EDS fraction that could be used without encountering operational 
problems. In Table 5.1, a 57 percent blend is presented. 
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Table 5.1. 

Fuel Identification 
Sample No. 

Test 
Method 

Gravity, *AFI 

Specific Gravity el 6O'F 

Distillation, o p r~-�G 

|BP/$~b Recovered 
10120 
30/40 
59160 
70180 
90195 
PBP 
Recovery, Vg6 
Re:siduc/Loz~ V% 

Cetane Number 1)-613 

Cetane Y~oz I)-976 

ViS~mslty IeSt  at 40°C D-~5 

Pour Point, "F {*C) 

] lydrc~'bon q~Jpe, Y% D-1319 

Saturate:; 
Ole~ins 
Apomat[c~ 

Aromatic Carbon, M% vJY 

Murmcyelie 
Dieyclic 
Trieyelie 

Elemental AnaI~L% M~6 

Carbon I)-3178 
Hydrogen gOD 
-~u] f~P D-2622 
Oxygen (3) 
Nitrogen (4) 

Ifeat o~ Cam 'b~stioa 0-240 

G r o ~  G'~U/lb 
MJ.&G 

Net, BTUI/b 
MJ/kG 

Existent Gum, mG]lO0 mL 1)-381 . 

Unwashed 
Wa.~hecl 

Oxidation StabiRty, rain. I)-525 

Reid Vapor p.'eSmWe, PSI . ~ 2 3  

Cede. Vapor Prcmurc, Pal 
at 5O0"F i)-2899 

Surface Tension, (Fuel Air is) D-971 
Dyne/era MOD 

Chemical and Physimfl Ansl~Jes of the Test Fuels 

PhiLLips D-2 RD5 Middle 57~ EDS Canadian 1990 
Control Fuel Distillate (1) 43~ 1)-2 Diesel Fuel (:2) 
FL-0420-F FL-O'/65-F FL-1068-F pL-OT04-F 

PertlaUy 
Upi~aded Fuel 

P,L-04 i i 

35.1 21.4 25.8 

0.8493 0.925q 0.8938 

27.5 

o.es99 

39.5 

0.8275 

373/400 
4171442 
462/481 
4961516 
5371563 
598/625 

651 
99,0 

l.O/O.O 

46.5 

45.4 

2.50 

l (-71) 

4121424 394/419 
4311440 430/443 
440/461 454/466 
473/489 * 453/501 
509/534 523/550 
5731811 597/624 

649 656 
98.0 99.0 

2.010.0 1.010.0 

23.5 32.9 

22.6 31,1 

2.53 2.51 

-54 (-48) . - 1 7  ( -27)  

338/376 
392/426 
450/499 
517J550 
5841821 
667/700 

763 
99'.0 

1.0/0.0 

34.9 

38.0 

2.91 

-~4 (-42) 

3501397 
4041430 
448/468 
4841502 
522/546 
579/6O6 

640 
99.0 

1.010.0 

61.1 

51.2 
2.44 

0 (-IS) 

06.2 18.3 35.4 32.7' 
l.G 6.5 5.2 O.O 

32.2 75.2 59.4 6?.3 

81.0 
1.2 

17.8 

86.50 
12.95 
0.36 

0.012 

22.46 
G~G 
1.31 

89.50 87.47 
10.90 1 :.6? 
0.01 0.15 
0.32 

0.028 

10.65 
10.18 
2.31 

8 7 . 0 4  
11.75 
0.67 

0.028 

4.12 
1.53 
0.21 

86.03 
]3.80 
0.04 
0.090 
0,004 

19477 18769 19040 19006 
45~04 43.701 44.387 %~4.208 

18295 17794 17975 17934 
£~56  41.388 41.811 41.V15 

19744 
45.996 

1851G 
43.068 

4.3 14.53 - -  300 4.9 
- -  - -  - -  30.1 - -  

158 (70) 199 (93)  - -  144 (62) 157 (69) 

29.8 Z8.5 

34 

96.8 

NOTES: ( I )  Phenolies removed feem EI~ by esusUe extroetlc~s. 
(2) Cer~dian fuel inelud~ enmponents derived from tar 
(3) Oxygen content determined by neutroa ecUvntien. 
(4) Nitrogen content determined by visual chemtdumine~-enee. 
- -  Not determined 

The engine used for this test  was a .John Deere model 6466A.  This is 
a six-cylinder, in-line, direct injection, open chamber, medium swirl turbo- 
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charged and af te rcooled  engine. This engine model is common in John Deere  
applications for agricultural  and construction equipment.  It is also sold on an 
OEM basis for various applications, such as generator  sets and irrigation pumps. 
Further engine specifications are shown in Table 5.2. 

Model: 

Type: 
Induetion System: 

Bore: 

Stroke:  

Displacement= 

Compression Ratio:  

Ra ted  Power:  

Peak Torque: 

Table 5.2 Engine Speeif ieat ior~ 

John Deere 6466A 

In-line, six-cylinder, two valves per cylinder 

Tm'boehnrged and a f te reoo led  

116 mm 

121 mm 

7.6 liters 

17.0:1 

150 kW at 2200 rpm 

900 N-M at 1400 rpm 

Injection System: Bosch in-line, pump with 
11 mm bore x 11 mm s t roke  plungers 

The oil sump was filled with John Deere Torq Gard 15W-40 lubricant. 
The coolant was a mixture of 50 percent water and 50 percent antifreeze. 
Coolant outlet temperature was controlled to 92 ° C. 

5.2 TEST SETUP 

Since several types of testing arc included in this program, tl{e test 
installation was planned to minimize changeover efforts between types of tests. 
The engine is located in a refrigerated test chamber; characteristics of this 
chamber are listed in Table 5.3; Figure 5.1 shows a schematic of the engine in 
the test cell. 

Table 5.3. Refr igerated Tes t  Chamber  Specifications 

Minimum Temperature:  

Insulation. 

Length: 

Width: 

Height: 

S t a r t  System: 

-40oc  

150 mm methane  

3 m e t e r s  

3 meters  

2.7 meters  

Engine s t a r t e r  or external  dynamometer  
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FIGURE 5.1. SCHEMATIC OF THE E~/GINE IN THE TEST CELL 

A driveshaft runs through the wall of the test chamber and connects 
to two dynamometers in series. The regenerative dynamometer is used for 
motoring the engine at a constant speed during cold start testing, whereas the 
eddy-current dynamometer is used as needed [or power absorption in excess of 
the capabilities of the regenerative dynamometer. An exhaust dilution tunnel 
and emissions measurement equipment are Ioeated outside of the test eel], as 
well as fuel supply drums and other necessary equipment. 

Figure 5.2 is a photograph of the test engine installed in the 
refrigerated test chamber. Figure 5.3 shows the dynamometer arrangement 
loeated outside the refrigerated test chamber. 

Since several performance and cold start tests were planned, a 
cooling system was designed to minimize changeover efforts. A sehematie of 
this eoolin~ system is shown in Figure 5.4. The cooling system has two modes of 
operation. First, a shell tube heat exchanger was located outside the refri- 
gerated chamber. This heat exehanger was used [or performance testing. A 
small radiator and [an arrangement were located inside the refrigerated test 
chamber; this arrangement was used between cold start tests. SwRI has found 
that cold start testing is simplified and' accelerated by using an external electric 
pump to circulate coolant through the engine between cold start attempts. This 
system was employed to minimize time required between cold start tests. 

The engine is fully instrumented with Type T thermoeouples for 
temperature measurement, various pressure transducers, a laminar flow element 
for measuring air flow, and a 1'Micro-Motion" mass fuel flow measurement 
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FIGURE 5.2. PHOTOGRAPH OF TEST ENGINE 
INSTALLED IN THE B.EFB.IGERATED TEST CHAMBER 

q ! 
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FIGURE 5.3. DYNAMOMETER ARRANGEMENT 
OUTSIDE REFRIGERATED TEST CELL 

meter. Cylinder pressure and fuel injection pressure are monitored with pressure 
transducers, and injection timing is monitored by a Hall Effect  needle lift sensor. 
A 720 pulse per revolution shaft encoder generates e!ock pulses for computer 
acquisition of engine pressure data. Figure 5.5 shows the transducer pressure 
measurement points. Table 5.4 is a complete instrumentation list. 

5.3 PHASE I TEST PROCEDURE 

The Phase I test  procedure was conducted as follows. First, perform- 
ance data was taken for the control diesel fuel, shale fuel, and tar sands fuel. 
Cold start  tests were then conducted on those fuels. Finally, idle deposits tests 
were run on the fuels. After completion of these tests, the coal liquid blends 
screening test was run and performance da ta  was taken for this fuel. 

Figure 5.6 shows the data points used for performance, combustion, 
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FIGURE 5.4. SCHEMATIC OF THE COOLING SYSTEM 

and emissions analysis. These nine points are those suggested by the Engine 
Manufacturers' Association for alternative fuels testing. The 1[0 percent power 
at rated and at torque peak speeds is the maximum attained for each fuel. The 
50, 25, and 0 percent outputs were set according to the torque values obtained 
with the control diesel fuel. In reality, the l) percent output had to be increased 
to 7 percent as shown in Figure 5.6. The 7 percent load was the minimurn 
required to ensure stable dynamometer operation. 

Temperatures,  pressures, speed, load, air flow, fuel flow, and exhaust  
smoke at  each of t h e t e s t  points were recorded b y e  computer .  A high-speed 
analog-to-digital  data acquisition device in conjunet.ion with our computer  
recorded cylinder pressure, injection pressure, and needle lift for each one-half 
crank angle degree of operation. These data were used for combustion analyses, 
including apparent rate of heat release, eentroid of heat release, maximum 
pressure rise, maximum pressure, and ignition delay which will be presented later 
in this report. 

Gaseous emissions measurements  were made with a 13-Mode emis-  
sions cart .  These emissions included hydrocarbons, carbon monoxide, oxides of  
nitrogen, oxygen, and carbon dioxide. The par t iculate  emissions were measured 
by the use of  an exhaust dilution tunnel. 

Two or three repeti t ions of  each data point were run for each of  the 
tour fuels tes ted.  

Cold s tar t  testing in the laboratory is rather  difficult .  For this 
reason, perhaps, there  is no standardized t e s t  procedure. Some of the  synthet ic  
fuels were ant icipated to cause cold s t a r t  problems due to low octane number.  
Our test ,  therefore,  was designed to i l lustrate these problems while maintaining 
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FIGURE 5.5. TRANSDUCER PRESSURE MEASUREMENT POINTS 

standardized cond i t ions  for accurate comparison. 

One of  the problems of laboratory cold s tar t  tes t ing  is determining 
the  exact  moment  the engine begins running under its own power and is no longer 
being motored by the s ta r te r  or cranking mechanism. For this test ,  we ehose to 
use motoring torque ~ an indication of  engine s tar t .  This motoring torque was 
supplied by the dynamometer .  The torque was recorded by a strip char t  
recorder.  When the  mean motor  and torque went from negat ive  (torque applied 
to the engine) to positive (torque applied to the dynamometer) ,  then the engine 
was deemed to have s tar ted.  The  t ime measured to mean positive torque was 
used to compare cold s tar tabi l i ty  of the tes t  fuels. 

Cold s ta r t  tes t ing was conducted at  0oC and -20°C. Two to three 
a t t e m p t s  were made on each fuel.  The cranking speed was determined by using a 
set  of storage batteries,  eold soaked to ambient  conditions. The engine was 
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cranked with the on-board s t a r t e r  and these storage bat ter ies ,  in order to 
determine a baseline cranking speed. This speed was found to be 182 rpm with 
the particular military model 6TN 500 cold cranking amp bat ter ies  used. The 
motoring dynamometer was then set  to 182 rpm to provide constant  cranking 
speed throughout the test .  

IO0'/Q 

n~ LLI 

- ' ~ 100% 

• , / " 

" Q SO',~ 

/ o o .  
02S% 

O 2s'/,. , ~. , 

/o ° :  , 

• IDLE TORQUE RATED 

PEAK 

SPEED 

FIGURE 5.6. DATA POINTS USED FOR PERFORMANCE, 
COMBUSTION, AND EMISSIONS ANALYSES 

Contihuous idle testing was the final evaluation performed on each 
fuel. The cylinder head and turboeharger were removed for a pretest inspection. 
These were eieaned as necessary. Next, the injection system was f ined with test 
fuel and the engine cooled to room temperature. The engine was then started 
and idled continuously for eight hours. This time period was chosen as the 
maximum duration normally eneountered by an engine of this type and applica- 
tion, such as idling an engine overnight in a truel¢ stop in the northern United 
States.  

FoLlowing the eight-hour idle period, the cylinder head and turbo-. 
charger were removed and inspected. Deposits were examined, and photographs 
were taken within 24 hours of shutdown, The engine was then reassembled 
without cleaning. I t  was starled and operated at rated speed and load for two 
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hours. During this time period, any deposits that could be removed ~ue to 
burnoff should disappear. The cylinder head and turbocharger were again 
removed for inspection. The degree to which the deposits were "burned of P' was 
then examined and the deposits remaining were those anticipated to be a 
problem for the particular test fuel. The engine was then cleaned in preparation 
for the next idle test. Figure 5.7 shows a schematic of the idle deposit test 
sequence. 

PRE-TEST 
INSPECTION 

m 

iDLE ~.~ 
! HRS. 

I CLEAH FOR 
NEXT TEST 

i l l  

INSPECT 
b RATE 

REASSEMBLE 
W/O CLEANING 

RATED POWER 
2 HRS 

FIGURE 5.7. SCHEMATIC OF THE IDLE DEPOSIT TEST SEQUENCE 

Since one of the objectives of this program was to determine the 
maximum amount of coal liquid that could be substituted for a diesel engine 
without encountering operational problems, a simple coat liquid blend screening 
test was devised. Engine performance was evaluated at  100 percent load and 
speed, 50 percent load at torque peak speed, and at  idle. The engine was 
monitored closely for knocking and smoke emissions. After this short perform- 
ante test, cold starting attempts were made at  0°C. Figure 5.8 shows a 
schematic of the coal liquid blend screening test  data points. 

Three blends of coal liquid/diesel fuel were tested under this 
screening procedure. These were nominally chosen to be 40, SO and 60 percent 
by volume. In actuality, the highest blend was 57 percent. This was the blend 
chosen for further performance, emissions and combustion analysis testing. This 
fuel was then subjected to the previously described test  procedure. 

5.4 PHASE lI TEST PROCEDURE 

Modifications were made to the Phase I test  procedure which were 
the result of Phase I conclusions. No further tests were conducted with the shale 
fuel because its performance and emissions are identical to the control diesel 
fuel performance and emissions. The extended idle deposit tests were not 
performed during the Phase II tests because the engine did not produce excessive 
idle deposits when idling on the synfuels compared to the control diesel fuel. 
Also, cold start tests were only performed on the 57 percent EDS fueI since its 
cold starting performance was unacceptable during the Phase I tests. The cold 
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start test procedure was identical to Phase I test procedure except ether was 
injected for one second blasts every five seconds until the engine reached 
ma::imum speed. 

DATA POINTS 

100% 

IW: 
I L l  

0 

0~  

. ® 60% , 

IDLE TORQUE RATED 
PEAK 

SPEED 

FIGURE 5.8. SCHEMATIC OF THE COAL LIQUID BLEND 
SCREENING TI~T DATA POINTS 

Engine performance and emissions tests were conducted after simu- 
lating air-to-air aftercooling (modification No. I)  for ,the contro! diesel, tar 
sands, and 57 percent EDS fuels. Air-to-air aftercooling was simulated by 
circulating laboratory water through the engineTs stock air-to-water aftercooler. 
This modification reduced the intake air temperature to temperatures between 
40°C and 70°C (depending upon engine speed and load), which were the lowest 
temperatures that could be achieved using this setup, The high pressure fuel 
injection system was then added (modification no. 2) and engine performance and 
emissions tests were repeated on the engine with both modifications for all three 
fuels. The test procedure was identical to the Phase I test procedure except 
repetitions were not performed for each data point. The ether injection system 
was then installed and the cold start tests were performed at 0 and-20°C with 
the 57 percent EDS fuel, 
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6. RESULTS 

Presented here are the results from the Phase I standard engine tests. 
They are presented in the following sequence: 

-- Performance Testing 
-- Cold Start Testing 
-- Idle Deposit Tests 

6.1 PERFORMANCE TESTS 

Results from the performance tests are presented in two sections. 
The first section deals with engine performance in terms of power arid fueI 
economy. Emissions analyses results are also included, with gaseous and particu- 
late data presented. 

The second section presents combust!on analysis data obtained from 
digitized, high-speed, cylinder pressure data. 

6.1.I Performance and Emissions 

Performance testing was conducted at three speeds: rated (2200 
rpm), peak torque (1400 rpm), and idle. There are two graphs for each speed. 
The first of these is titled "Performance" and includes brake thermal efficiency, 
smoke opacity, and particulates versus brake power. The second graph is titled 
"Emissions" and includes brake specific hydrocarbons, brake specific carbon 
monoxide, and brake specific oxides of nitrogen versus brake power. The idle 
test points are shown as bar graphs. 

The data points shown on the graphs represent the numerical average 
of the two-to-three repetitions of each data point run for a given test fuel. 
Complete tabular data for each repetition are shown in Appendices A, B, C and 
D for the control diesel, shale, tar sands, and coal liquid blend fuels, respec- 
tively. Appendix E contains tabular data for the coal liquid blend screening test, 
consisting of 40 percent, 50 percent, and 5V percent EDS by volume. Particulate 
data represents the average weight increase for two particulate sample filters 
for each repetition. 

Figure 6.1 shows performance results at 2200 rpm. All fuels provided 
nearly equivalent thermal efficiency and power. The tar sands gave slightly 
higher peak power, and shale the lowest. Fifty-seven percent EDS produced the 
highest thermal efficiency across the load range. Smoke opacity was higher with 
the aromatic containing fuels (tar sands and coal liquid). Full power particulate 
concentrations also increased dramatically with these two fuels. 

Brake specific emissions at  2200 rpm are shown in Figure 6.2. Light 
load brake specific emissions levels were high for all fuels° High load BSHC and 
BSCO were nearly equal for all four test  fuels. Surprisingly, the control DF-2 
fuel produced the highestBSNOx over most of the load range. 
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Performance at 1400 rpm, Figure 6.3, closely resembled the 2200 rpm 
results. Thermal  efficiency for all o f  the synfuels was slightly higher, particu- 
larly at  the light loads. Smoke opaci ty  increased significantly, as might be 
expected witl~ this turbocharged engine. Particulate concentrations generally 
followed smoke opacity, and were high for  the tar sands and coal liquid blend 
fuels. The 57 percent  EDS blend par t icula te  data point at 138 kW is in question. 
Due to laboratory error, only one sample filter was available for weighing at this 
power level. 

In Figure 6.4, BSCO increases f o r  all fuels at the full power point. 
BSHC and BSNO x levels are similar to the  2200 rpm results. 

Idle tests were conducted at a constant 27 N-M load for consistency 
in results. Figures 6.5 and 6.6 show performance and emissions, respectively, at 
the idle condition. The tar sands fuel appeared to be the poorest performer,  with 
low brake thermal  efficiency, high smoke and p~tie..-.'.ates, and high gaseous 
emissions levels. 

6.1.2 Combustion Analysis Results 

Combustion in a diesel engine is a complex process involving injection 
and a tomizat ion of the fuel, fuel evaporation, fuel-air mixing, autoignition of 
premixed fuel, and diffusion burning of the droplet cloud. Changes in fuel 
properties would be expected to a f fec t  all of these processes. Changes in 
viscosity and specific gravity can lead to changes in the injection a~.d atomiza- 
tion of the fuel. The distillation range would affect fuel evaporation. Differ- 
ences in atomization and evaporation characteristics ean in turn lead to 
differences in the fuel-air mixing. Changes in the chemical composition of l!he 
fuel as well as changes in the fuel-air mixing can affect the ignition and 
combustion processes. Fuel property changes are, therefore, likely to affect the 
heat release rate, the thermal efficiency, and the exhaust emission levels. 

As previously discussed, the 57 percent EDS fuel, with a relatively 
low cetane number of 32.9, actually had a higher thermal efficiency than the 
control D-2 fuel, with a relatively high cetane number of 46.5. This was 
attributed to a longer ignition delay time resulting in a larger portion of the 
energy being released during the prcmixed burning period of combustion. The 
low cetane number fuel, performed as a closer approximation to constant-volume 
combustion and, therefore, had a higher thermal efficiency. 

Fuel  property effects  were also observed in the emissions data as 
presented in the preceding section. In particular the smoke opacity data at high 
loads correlated well with the aromatic content of the fuel. This correlation has 
been reported by other researehers.(ll The fuel with the highest aromatic 
content, the tar sand with 67.3 percent aromatics, had the highest smoke opacity 
at the high load conditions. The 57 percent EDS fuel had the second highest 
aromatic content of 59.0 percent and also had the second highest smoke opacity. 
This trend was similar for the remaining two fuels. 

As mentioned the thermal efficiency data and exhaust emissions have 
been presented in the previous section. In this section the effects of the fuel 
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properties on several eombustion parameters are examined. These parameters 
include the heat release rate, ignition delay, peak cylinder pressures, maximum 
rates of pressure rise and average rates of pressure rise. 

Combustion analysis for this program was based upon the acquisition 
of cylinder pressure data a t  one-half crank angle degree increments for one 
hundred engine cycles.  These cycles were then averaged to obtain a representa-  
tive engine cycle for analysis. An average engine cycle  was obtained for each 
test  fuel a t  each of  nine different  speed-load conditions. The pressure data for 
the average engine cycle was used as input to a computer  program which was 
used to calculate the apparent rate of heat  release, the centroid of the heat  
release ra te  diagram, the cumulative heat  release,  tlle ignition delay, the 
maximum cylinder pressure, the maximum ra te  of pressure rise, and the average 
rate of pressure rise. The heat  release ra te  diagrams and the cumulative heat  
release curves are presented in Appendix ~I for the shale, tar sand, 57 percent  
EDS fuels, and the baseline control D-2 fuel at  each speed-load condition. A 
summary of these data is provided in Table 6.1 for each fuel a t  each speed-load 
condition. A complete  set  of cylinder pressure and fuel injection pressure 
diagrams corresponding to the engine tes t  eonditions (Hsted in Table 6.1) are 
given in Appendix N. 

The heat  release ra te  diagrams for the 140O r p m -  50 percent  load 
test  eonditien are presented in Figures 6.7 through 6.9 for each tes t  fuel as 
compared to the corresponding baseline fuel result.  Figure 6.7 is a plot of  heat 
release ra te  versus crank angle for the shale and control D-2 fuels. As shown in 
the figure, the heat  release rates were essentially identical  for both fuels. Also 
illustrated in Figure 6.7 are the centroids of the areas  under the hea t  release 
rate diagrams. The location of the eentroid for the control  D-2 and shale fuels 
are indicated by a plus sign and an asterisk, respect ively.  The centroid of the 
heat release ra te  diagram, in particular the crank angle a t  which the eentroid 
occurs, has been shown to be correlated with indicated power.(2) Trendwise, as 
the location of the eentroid moves toward TDC for a given amount of total  heat  
released, a higher indicated power is produced. This indicates that the most 
eff icient  manner of  releasing heat  and thus producing the most power would be 
the release of all the energy instantaneously a t  T D C .  

As depicted in Figure 6.7 there is a significant difference in the 
crank angle at  which the eentroids are located for the shale and control D-2 
fuels. Examination of the heat release ra te  diagrams indicates that  this 
d i f ference does not appear to be caused by di f ferences  in the combustion 
character is t ics  but  by what appears to be noise or oscillations in the heat  release 
rate curves well before ignition occurs and also af ter  combustion ends. 

It is anticipated that  the noise problem would a f f ec t  the validity of 
the centroid calculation as well as calculation of the cumulat ive heat  release.  
Therefore,  these parameters  are presented but are not discussed. It is fe l t  that  
eomparison of  the heat  release rate diagrams on a re la t ive basis is still valid as 
wen as comparison of ignition delay times, peak cylinder pressures, and rates  of 
pressure rise. 

As indicated in Figure 6.7, the ra te  of  heat  re lease  for the shale fuel 
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Table 6.1. Summary o f  Combustion and Heat Release Data 

Teac  Ens ine  I n d .  Max. Max. Av 8 .  T o c a l  28. 
Code Speed Power P r e s s .  P r e s s .  P r e s s .  Heac D e l a y  
No. (RPM) (kN) (MPa) Rise Rile Release (des) 

( k P a / d e s )  ( k P a / d e s )  ( J o u l e l )  

111 838. 6.34 5.15 348.85 141.20 462.92 
121 825. 5.68 5.23 373.60 144.75 455.24 
131 835. 5.92 5 .38  488 .60  169.15 4 8 2 . 0 9  
161 846. 6 . 4 6  5.20 428.00 157 .70  4 9 9 . i 0  

112 1403. 143.46 14.61 555 .15  391 .90  3774°2~ 
122 1400. 140.91 14.28 528.75 373.05 3671.0~ 
132 1402. 146.52 15.OO 660.90 407.00 3800.20 
162 1401. 150.21 15,07 635 .75  424 .55  3 9 0 2 . 2 9  

113 1402. 71.04 9 .16 6X3.75 270 .75  ~043 .05  
123 1400. 71.76 9.27 589.90 273,15 1930.71 
133 1400. 67.44 8188 826,50 278.15 1870.16 
163 1401. 63.88 8.44 893.25 306.00 1920.21 

114 1398. 36.13 6.96 688.95 255.20 1080.05 
124 1402.  36.99 7 .02  676 .45  252 .95  1068.17 
134 1402. 37.46 7.15 890.10 325.90 1129.21 
164 1403. 35.45 7.17 1060.00 380.20 1196.38 

115 1398. 17.16 5.50 3 9 7 . 5 5  158.05 619 .07  
125 1397. 17.94 5 .57  3 8 6 . 8 0  157 .40  635 .74  
135 1404. 12.71 5.40 365.35 165.60 547.04 
165 1400. 12.25 5 .28 376 ,70  155 .75  550 ,76  

116 2201. 1 7 7 , ~  12.22 331.80 152.75 3393.62 
!26 2201. 170.88 11.79 326.20 139.15 3203.31  
136 2201. 167.79 11.95 349.65 130.45 3191.12 
166 2200. 182.43 ~ 12.56 3 2 6 . 4 0  167 .45  3259.70 

C e n c r o i d  
Xbar Ybar 
( d e s  ( J / d e 8 )  
ATDC) 

5.80 4,95 10.02 
5.40 6.10 10.45 
7.35 6.40 19.34 
7.50 6.50 15,19 

4.90 10.45 40.59 
4.75 11,50 40.51 
5,50 11.90 43.12 
6.00 12.5o 45.10 

5 .~5  7 .40  25 .80  
5 .30  10.30 27,29 
7 . 2 0  9 .85  31 .53  
7 .40  7 .65  33 .49  

5,60 7.95 26.03 
5.70 6 .40  25.87 
7.70 7.55 39.01 
7 . 4 0  10.30 46,89 

6 .80  8 .45  15.12 
6 .45  8 .75  14.83 
8 ,85  9.70 18.70 
7 .75  10.65 16 .47  

4.50 11.90 31.94 
4.80 15.35 30 .95  
5 .95  15.65 31 .10  
5 .40  14.95 38 .69  

117 2200. 83.37 8.03 232.70 90.83 1759.36 
127 2200. 84.18 7.86 Z29.70 94.94 1694.80 
137 2201. 84.99 8.12 359.90 160.85 1793.58 
167 2188. 86.94 8.27 430.20 218.00 1860.60 

118 2200. 40.88 6.04 183.70 15.97 928.41 
128 2202. 41.92 5.99 185.65 20.66 944.90 
138 2202. 43,18 6.02 235,00 67.07 1029.03 
168 2200. 44.01 5.80 228.45 48,10 1115.22 

119 2200. 22.51 5.30 161.95 - 16 .90  613.11 
129 2200. 21.79 5.30 163.75 - 22 .40  608.35 
139 2200. 22.32 5.27 162.65 - 32 .10  714.93 
169 2198. 14.20 5.11 155.20 -62 .15  494.48 

4.50 15,85 17.50 
5.60 15.50 18.26 
6.75 16,90 20.10 
7.20 17.80 25.63 

5.55 17.05 10,58 
5 . 7 0  16.85 10.31 
8,70 15.90 19.32 
9.60 21.80 22.35 

7.50 1 4 . 9 0  8.86 
7.65 16.10 8,73 
9.85 16.40 13.18 

12.05 16.00 10.80 

Second digit of Test Code indicates fuel type: 
1 - Diesel fuel 
2 - Shale 
3 - Tar sands 
4 - 57% EDS 
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was essentially identical t¢ the rate of heat release for the control D-2 fuel. 
This indicates that the combustion characteristics of these two fuels were 
similar, as would be expected by examining their eetane numbers. The shale and 
control D-2 fuels had c e t a n e  numbers of 51.1 and 46.5, respectively. 
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The heat  release rate diagram of the tar sand fuel is compared to the 
control D-2 fuel in FigL~e 6.8. As demonstrated in the figure, the ignition delay 
of the tar sand fuel was 1.7 crank angle degrees longer than the ignition delay of 
the control D-2 fuel. The longer ~gnition delay allowed more fuel tc evapoarte 
prior to ignition and resulted in an =,nereased initial rate  of heat release for the 
tar sand fue l  The longer ignition delay of the tar sand fuel would be expected 
due to its relatively low cetane number of 34.9. 

The 57 percent EDS fuel blend also had a relatively low cetane 
number of 32.9. Thus, when compared with the control D-2 fuel, the 57 percent 
EDS fuel blend would also be expected to have a longer ignition delay period. 
This e f fec t  is illustrated in Figure 6.9 for the 57 pereent EDS and control D-2 
fuels. The ignition delay of the 57 percent EDS fuel was 1.9 crank angle degrees 
longer than the ignition delay of the control D-2 fuel. The longer ignition delay 
time resulted in more evaporation of the fuel prior to ignition and a 
correspondingly larger portion of the heat being released during the initial 
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p remixed  burning phase o f  combust ion. 
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It would appear that the major difference in the combustion charac- 
teristics of these fuels is in the ignition delay period. For these particular fuels 
the ignition delay trend seems to correlate well with the trend in eetane number. 
Figure 6.10 is a bar chart showiug the ignition delay and total apparent heat  
release for the four test fuels at the idle condition. The tar sand and 57 percent 
EDS fuels had longer ignition delay periods than the control D-2 and shale fuels. 
This trend can be attributed to changes in the eetane number from fuel to fuel. 
Identical trends can be observed for the ignition delay values at 1400 and 2200 
rpm. These data are illustrated in Figures 6.11 and 6.12, respectively. As shown 
in the figures, the tar sand and 57 percent EDS fuels had longer ignition delay 
times at  all load conditions. The longest delay times for each fue~ were observed 
at the light load condition where boost pressure and cylinder temperature were 
lowest. At the high load condition, the increased boost pressure and higher 
cylinder temperatures resulted in shorter delay times for each fuel. 

In terms of engine durability, change in peak cylinder pressures and 
rates of pressure rise due to changes in fuel properties could lead to decreased 
engine life. Figures 6.13 through 6.15 illustrate the peak cylinder pressure, 
maximum rate of pressure rise, and average rate of pressure rise for the idle, 
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1400 rpm, and 2200 rpm conditions, respectively. Figure 6.13 illustrates that the 
tar sand and 57 percent EDS fuels had higher rates of pressure rise even though 
peak cylinder pressures were similar. The rates of pressure rise correlated well 
with the peak heat release rates observed for these fuels and can be attributed 
to differences in ignition delay. 

The peak cylinder pressures and the rates of pressure rise for each 
fuel are presented in Figure 6.14 for the various load conditions at 1400 rpm. 
Based on visual observation, the peak eyUnder pressures were similar at all loads 
except the 50 percent power condition. At 50 percent power, the 57 percent 
EDS and tar sand fuels appeared to have lower peak pressures than the control 
D-2 fuel. However, these two fuels also had the most variation in the peak 
pressure measurement at this particular eondition. The standard deviation for 
the peak pressures of the control D-2, shale, tar sand, and 57 percent EDS fuels 
were 0.01, 0.06, 0.67, and 1.02 MPa, respectively. I t  w~s not possible to 
conclude whether this variation was actual cylinder pressure variation due to 
heavy knock or variation induced by transducer performance under severe 
combustion conditions. Within the amount of variation observed there was no 
slgnifieant difference in peak pressures at this condition. 

The rate of pressure rise data do indicate differences between the 
test fuels. The rates of pressure rise are defined ;n the following manner. The 
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maximum ra te  of pressure rise is numerically the largest rate of pressure change 
during the entire cycle. The average ra te  of  pressure rise is calcula ted by taking 
the di f ference in the pressure at ignition and the peak pressure, divided by the 
corresponding difference in crank angle. 

As indicated in Figure 6.14 the average and maximum rate of 
pressure rise data fonow similar trends. At the light load condition the ra tes  of 
pressure rise were similar for all fuels. The largest difference between fuels 
occurred a t  the 25 percent load condition. At this point the 57 percent  EDS fuel 
had the highest rate of pressure rise, followed by the tar sand fuel. The rates  of 
pressure rise were similar for the shale and control D-2 fuel. This would appear 
to be in a agreement with the heat  re lease  and ignition delay data. The 57 
percent  EDS and tar sand fuel had longer ignition delays and higher ra tes  of heat 
release indicating more severe combustion, hence, higher rates of pressure rise. 
The differences in the maximum ra tes  of pressure rise decreased from fuel to 
fuel as load was increased to 50 and 100 percent .  The average ra tes  of pressure 
rise appeared to be similar at  the 50 and 100 percent load conditions. 

The peak eylinder pressures and the rates of pressure r i s e  for each 
fuel are presented in Figure 6.15 for the 2200 rpm conditions. As shown in the 
figure there  appeared to be little d i f ference  in peak pressures between fuels at  
the part load conditions. The major d i f ference  in peak pressures occurred a t  the 
full power condition where the 57 percent  EDS fuel had higher peak pressures 
than the base fuel. At this partietdar load the standard deviations of the peak 
pressures for the 57 percent EDS and tar  sand fuels were again higher than those 
of the control  D-2 fuel. The standard deviations were 0.13, 0.04, 0.45, and 0.40 
MPa for the control D-2, shale, tar sand, and 57 percent EDS fuels, respectively.  
Despite the larger variation in peak pressures for the 57 percent EDS fuel it still 
appeared to have a significantly higher peak pressure than the control D-2 fuel. 

As with the 1400 rpm data, the average and maximum ra te  of 
pressure rise data had similar trends, as indicated in Figure 6.15. At the no-load 
and full-load conditions all fuels had similar ra tes  of pressure rise. The major 
differences occurred at t he  50 percent  load condition where the 57 percent  EDS 
and tar sand fuels bad much higher ra tes  of pressure rise than the control D-2 
and shale fuels. 

Sinee the differences in peak pressures were small, the wide variation 
in the maximum ra te  of pressure rise da ta  raises an obvious question. How can 
there be di f ferences  in the maximum ra te  of  pressure rise but  no dif ference in 
peak pressures? The answer to this question comes from the realization that  the 
maximum rate  of  pressure rise occurred a t  a different crank angle, hence 
different eylinder volume, for each fuel and load. 

Figure 6.16 shows the injection timing for each speed-load condition. 
At idle, the injection timing was 15 crank angle degrees before TDC. As speed 
increased the injection timing was re ta rded  toward TDC. For the light load- 
condition the injection timings were 10.8 and 4.3 degrees BTDC for 1400 and 
2200 rpm, respectively. As load was increased, the injection timing was 
advanced. At the maximum power  condition this advance was 3.5 degrees  for 
1400 rpm and 4.7 degrees for 2200 rpm. Thus eaeh speed-load point had a 
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different injection timing. 
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Combine this fac t  with the ignition delay information previously presenfed and 
the result is shown in Figure 6.17, which is a plot of the point of ignition versus 
power for each speed. Examination of Figure 6.17 reveals that the ignition point 
of all fuels at the part load conditions for the 2200 rpm data occurred after 
TDC. At this point in the cycle the piston is moving down and cylinder volume is 
increasing. At the part load conditions the peak heat release rate typically 
occurred during the premixed combustion phase or within about l0 crank angle 
degrees following ignition depending on speed and load. It would typically be 
expected that the maximum rate of pressure rise would occur at the same vrank 
angle as the maximum heat release rate. At the 2200 rpm conditions, ignition 
and hence the maximum heat release rate ,occurred well after TDC for the part 
load conditions. Therefore, any heat released would result in a lower pressure 
rise as a resulB of the increasing combustion chamber volume. 

Given this situation, it is possible that the maximum pressure due to 
combustion can be lower than the peak cylinder pressure due to compression. 
Also, dependent upon the rate of pressure drop due to the increasing volume and 
upon the energy input, it is also possible that the maximum pressure during 
combustion can be lower than the cylinder pressure at ignition. Tllis later case 
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would lead to a negative aveeage rate of  pressure rise due to combustion, a t  
least  based upon the current  definition. 
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With the previous discussion in mind the following points can be made 
concerning Figures 6.14 and 6.15. With regard to the 2200 rpm data  in Figure 
6.15, the late ignition and low energy input a t  the no-load condition did lead to a 
negative average ra tes  of pressure rise for all fuels. This means that  the 
maximum pressure during combustion was lower than the pressure a t  ignition. 
At the other load conditions the energy input and ignition timing was such that  a 
posit ive average ra te  a t  pressure rise was obtained. 

The ignition timing and peak heat  re lease  ra te  would also be expected 
to a f f ec t  the maximum rate  of  pressure rise. At the no-load condition, the 
ignition occurred so la te  in the cyele,  and the heat  release ra te  was so low, tha t  

t h e  maximum rate  of  pressure rise was due solely to compression. The maximum 
pressure rise data for the control D-2 and shale fuels increased nearly linearly 
with power. I ,  n, ight be expeeted tha~ this increase was due to higher energy 
input as load increases. This, however, was not the case. The maximum ra tes  of  
pressure rise for the control D-2 and shale fuels were actual ly due only to 
compression and not combustion. For these two fuels, the maximum ra te  of  
pressure rise increased with power because of  an inerease in turbo boost  pressure 
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and hence, an effective increase in compression ratio at  the higher loads. The 
high energy input at the full load condition would be expected to be sufficient to 
result in a significant amount of pressure rise. However, examination of the 
heat release rate diagrams (Appendix F) indicats that there were relatively low 
peak heat release rates during the premixed combustion and that a significant 
amount of the heat was released during diffusion burning late in the cycle. As a 
result, the maximum rate of pressure rise at  the full power condition occurred 
during compression for all fuels. At the 25 and 50 percent load conditions the 
peak heat release rate during the premixed phase of combustion for the tar sand 
and .'J7 percent EDS fuels were sufficient to result in a rate of pressure rise 
whieh was greater than that occurring during compression. 

It should be noted that since the combustion occurred mainly after 
TDC for the 2200 rpm conditions the rates of pressure rise were significantly 
lower at  2200 rpm than at 1400 rpm. At 1400 rpm ignition occurred before TDC 
for all load conditions. The peak heat release rates occurred mainly before TDC 
while the combustion volume was decreasing, thus resulting in high rates of 
pressure rise. The maximum pressure rise data would therefore be expected to 
correlate well with the peak heat release rate. Examination of the heat release 
diagrams indicates that the 57 percent EDS and tar sand fuels had higher heat 
release rates during the premixed burning and therefore had higher rates of 
pressure rise. Typically, a longer ignition delay for the 57 percent EDS and tar 
sand fuels resulted in the peak heat release rate occurring al?proximately 2 crank 
angle degrees closer to TDC than the control D-2 and she?,e fuels. This would 
also be expected to result in increased rates of pressure rise. The one exception 
to this was at the no-load condition where the peak heat release rate and 
maximum rate of pressure rise for the 57 percent EDS and tar sand fuels 
occurred 2 degrees after TDC while the peak heat release rate and maximum 
rate of pressure rise for the control D-2 and shale fuels occurred 2 degrees 
before TDC. This difference was related to the ignition delay times and resulted 
in similar rates of pressure rise for all fuels at this condition even though the 57 
percent EDS and tar sand fuels had higher peak heat release rates. 

6.1.3 C ~ d ~ i o n s  

The results presented have been somewhat affected by the pressure 
transducer noise problem which was manifested by oscillation in the heat release 
rate diagram prior to, and following the combustion period. Even though the 
heat release rate diagrams were somewhat ragged in appearance due to the 
noise, the overall shape of the diagrams were not believed to have been affected 
to a great extent. Relative comparisons of the heat release rate diagrams, 
therefore, appeared to be appropriate. 

The effects of the pressure oscillations were most pronounced on the 
cumulative heat release calculation and calculations of the centroid of area of 
the heat release rate diagram. Therefore, comparison of these parameters was 
not considered valid. Parameters which were not expected to be affected, 
include: the ignition delay, peak cylinder pressure, and the rates of pressure 
rise. Fuel-to-fuel comparisons were made based on these parameters. Compari- 
sons of the various parameters resulted in the following conclusions: 
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I. The performance of the shale iuel wa~ essentially identieal to 
that of the control D-2. 

. The ignition delay was longer for the 57 percent EDS and tar 
~and fuels than for the control D-2 fuel. The longer delay times 
were due to the poorer ignition quality of the 57 percent EDS 
and tar sand fuels. 

. The longer ignition delay times for the 57 per'cent 'EDS and tar 
sand fuels resulted in more fuel evaporation before ignition and 
hence, higher heat release rates than the control D-2 fuel 
during the premixed combustion phase. 

. The higher peak heat release rates for the 57 percent EDS and 
tar sand fuels typically resulted in higher rates of pressure rise. 
This trend was not observed at  some conditions due to ignition 
and combustion occurring late in the cycle. 

6 . i . 4  

. The major difference in performance of the test fuels can be 
related to the ignition delay times of the various fuels. Injec- 
tion timing also tends to be an important parameter in account- 
ing for differences in fuel performance. 

R e c o m m e n d a t i o n s  

Recommendations for engine modifications are based upon the as- 
sumption that the engine has been optimized for the control D-2 fuel and that it 
is desirable to match the performance of the test  fuels to that of the control D-2 
fuel. The ignition delay period was one of the major differences between fuels. 
The longer ignition delay for the tar sand and 57 percent ED$ fuels resulted in 
higher rates of pressure rise at the intermediate load conditions. The highest 
rates of pressure rise oceurred~at the 1400 rpm, intermediate load condition. At 
these conditions, the ignition delay time can be minimized for the tar sand and 
57 percent EDS fuels by optimizing the injection timing and increasing the 
compression ratio.(4) This should result in lower rates of pressure rise. 

Changes in injection timing and compression ratio would also effect  
the thermal efficiency and exhaust emissions. An increase in compression ratio 
would Hkely result in a slight improvement in thermal efficiency. The effect  of 
any changes on the exhaust emissions would be difficult to estimate. At 2200 
rpm, the injection timing was already significantly retarded from the idle timing 
resulting in ignition and combustion late in the cycle. At the 2200 rpm 
conditions slightly advancing the timing may improve thermal efficiency. This 
however may increase the NO x emissions. 

6 . 2  COLD STARTING TESTS 

The cold starting tests were performed at ambient temperatures of 
0°C and -20°C. The time requ~.red for the engine to register a positive torque 
and reach maximum rpm was recorded two to three times for each fuel and then 
averaged numerically. Full rack fuel setting was used during the starting tests. 
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6.2.1 Cold Star t  Test  a t  O°C 

The results of the cold s ta r t  tes ts  at  0°C are shown in Figure 6.18. 
The bot tom bar graph shows that  the control  diesel and shale fuels s ta r ted  in just  
under 4 seconds while the tar sands fuel s ta r ted  in just under 5 seconds. The 57 
percent  EDS fuel required 20 seconds to s tar t .  This result was expected since 
the tar sands and 57 percent  EDS fuels have poorer ignition quality and thus 
longer ignition delays compared to the shale and control diesel fuels. The top 
bar graph in Figure 6.18 shows that  the control diesel fuel and shale fuel reached 
maximum rpm in about the same amount of  t ime. These two fuels reached 
maximum rpm shortly ~fter start ing (approximately 3 seconds) while the tar 
sands and 57 percent  EDS fuels required much more t ime (approximately 18 and 
I00 seconds, respectively) to reaeh maximum rpm. These poor results for the tar 
sands and 57 percent  EDS fuels were probably due to the large amount of  fuel 
that accumulated in the combustion chamber during the no s ta r t  condition. 
Subsequent misfiring for these two fuels also helps to explain why they inhibited 
the engine from reaching maximum rpm shortly af ter  starting. 

6.2.2 Cold Star t  Test  a t  - 2 ~ ' C  

The results of the cold s ta r t  tests  a t  -20°C are shown in Figure 6.19. 
In general the engine required much more t ime to s t a r t  and reach maximum 
speed at  this lower ambient temperature .  The engine would not s ta r t  at  -20°C 
on the 57 percent  EDS fuel. 

The results of these two cold s t a r t  tests  show that  the start ing 
performance of the shale fuel was as good as the diesel fuel. The start ing 
performance of the tar sands and 57 percent  EDS fuels, however, was less than 
desirable. 

6.3 IDLE DEPOSIT TESTS 

The resul ts  of the idle deposit  tes ts  are presented in the form of 
photographs taken of  each cylinder head and piston af ter  the 8-hotw idle tes t  and 
two-hour burnoff period. Figures 6.20 through 6.27 are photographs of  the 
number four cylinder (considered to be representat ive)  a f te r  the 8-hour idle tes t  
and 2-hour burnoff  period for the eontrol  diesel, shale, tar  sands, and 57 pereent  
EDS fuels, respect ively.  

Figure 6.20 shows that  a f te r  running the engine for 8 hours on the 
control diesel fuel there  was a light coat  of  black soot on the head, valves, and 
piston. The heaviest  coat  of carbon occurred where the fuel plume came in 

• contac t  with the piston. A black tarry substance was also formed on the intake 
valve and piston outer  edge. Figure 6.21 shows the combustion chamber af ter  
the 2-hour burnoff  period. A light coat  of carbon was s t i r  present on the head, 
valves, and piston3. This soot  was easily wiped off.  The black tarry substance 
was consumed during the burnoff period. 

An inspection of Figures 6.22 and 6.23 show that the shale fuel's idle 
tes t  results are  similar to the control diesel fuel results. The shale fuel le f t  a 
lighter coat  of  soot in the combustion chamber with more of the tarry substance 
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FIGURE 6.20. PISTON AND CYLINDER HEAD DEPOSITS 
AFTER 8 HOURS CONTINUOUS IDLE~ CONTROL D-2 FUEL 
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FIGURE 6.21. PISTON AND CYLINDER HEAD DEPOSITS 
AFTER 2 HOURS FULL POWER, CONTROL I)"2 FUEL 
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FIGURE 6.22. PISTON AND CYLINDER HEAD DEPOSITS 
AFTER 8 HOURS CONTINUOUS IDLE, SHALE FUEL 
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FIGURE 6.23. PISTON AND CYLINDER HEAD DEPOSITS 
AFTER 2 HOURS FULL POWER, SHALE FUEL 
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present around the piston edge when compared to the No. 2 diesel fuel results. 
The piston was only coated with soot where the fuel plume contacted the piston, 

Figures 6.24 and 6.25 show that after  running the engine for 8 hours 
on the tar sands fuels there was very little buildup of soot in the combustion 
chamber. A small amount of tar was present after the 8-hour test but, as was 
the ease with the other fuels, this tar disappeared after the 2-hour burnoff 
period. 

Figures 6.26 and 6.27 show that the 57 percent EDS fuel also left a 
light coat of soot on the head, valves, and piston. The major difference between 
this fuel's results when compared to .the other fuels is that there was a reddish 
carbon present on the head before and after the 2-hour burnoff period. 

In summary, the engine did not seem to suffer from excessive soot 
deposits when idling on the synfuels compared to the control diesel fuel. The tar 
sands fuel appeared to leave the least amount of soot deposits in the combustion 
chamber'. • 

6.4 PHASE II RESULTS 

The Phase II performance results are presented in three sections. 
The first section covers the performance, emissions and combustion analysis 
results after making the first engine modification (simulating air-to-air after- 
cooling). The second section covers these same results after making the first 
and second engine modifications (simulating air-to-air aftercooling, and adding 
the high pressure fuel injection system). The third section covers the cold 
starting resuits. The results will be discussed by first comparing the synfuels' 
performance relative to the control diesel fuel's performance with the given 
engine modification(s), All three fuels I performance wilt then be compared with 
the Phase I results. 

As in Phase I, performance testing was done at three speeds: rated 
(2200 rpm), peak torque (1400 rpm), and idle. There are two graphs for. each 
speed. The first of these is titled "Performance" and includes brake thermal 
efficiency, smoke opacity, and particulates versus brake power. The second 
graph is titled "Emissions" and includes brake specific hydrocarbons, brake 
specific carbon monoxide, and brake specific oxides of nitrogen versus brake 
power. The idle test points are shown ss bar graphs. Complete tabular data for 
the control diesel, tar sands, and 57 percent EDS fuels are given in Appendices I, 
J, and K, respectively. 

6.4.1 Performanee and Emissions Results, 
SimuIated Air-to-Air Aftereooling 

Figure 6.28 shows the performance results at 2200 rpm af ter  simu- 
lating engine air-to-air aftereooling. The tar sands and 57 percent EDS fuels 
showed a slightly higher brake thermal efficiency compared to the diesel fuel at 
the 25 percent and 50 percent load conditions, The two Synfuels produced more 
smoke at full load compared to the control diesel fuel. All three fuels have 
nearly equal full load particulate emissions. Redueing the intake air 
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FIGURE 6.24. PISTON AND CYLINDER HEAD DEPOSITS 
AFTER 8 HOURS CONTINUOUS IDLE, TAR SANDS FUEL 
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FIGURE 6.25. PISTON AND CYLINDER HEAD DEPOSITS 
AFTER 2 HOURS FULL POWER, TAR SANDS FUEL 
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FIGURE 6.26. PISTON AND CYLINDER HEAD DEPOSITS 
AFTER 8 HOURS CONTINUOUS IDLE, 

$Y PERCENT EDS FUEL 
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FIGURE 6.27. PISTON AND CYLINDER HEAD DEPOSITS 
AFTER 2 HOURS FULL POWER, 

57 PERCENT EDS FUEL 
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temperature  to 140°F at  2200 rpm reduced the brake specif ie  fuel consumption 
slightly as compared to the Phase I results. 

The brake specific emissions a t  2200 rpm are shown in Figure 6.29. 
The BSHC, BSCO, and BSNO x emissions were nearly identical for all three fuels 
at  the 50 percent and 100 perce, nt load conditions. The tar sands and 57 percent  
EDS [uels' BSHC and BSCO emissions increased signif icantly at the lowest load 
condition while these same diesel fuel emissions remained equal to the Phase I 
results. The tar sands and 57 percent EDS fuels' BSNO x emissions were identical 
over the entire toad range and higher than'the diesel fuel emissions. In Phase I 
the synfuel BSNO x emissions were lower than the control diesel fuel's over the 
entire load range, Reducing the intake air temperature to  140°F cut the BSNO x 
emissions in half for sit three fuels at the lowest load condit ion compared to the 
Phase I results. The BSNO x emissions were not signif icantly reduced at ful l  toad 
since the reduction in intake air temperature is relat ively small compared to the 
combustion temperatures produced at full load. 

Figure 6,30 shows the engine performance results at 1400 rpm for the 
simulated air-to-air aftereooled engine. A~ three fuels exhibited identical 
thermal efficiency curves. The cooler intake air caused a slightly higher brake 
thermal efficiency across the entire load range compared to the Phase I results. 
This increase is attributed to the longer ignition delays caused by the lower 
intake air temperature. The longer igl,ition delays caused more constant volume 
combustion and thus higher thermal efficiency. The two synfuels also produced a 
higher maximum power compared to the eontrol diesel fuel. The tar sands and 
57 percent EDS fuels' smoke and particulate emissions were identical to the 
diesel fuel emissions at low load. The two synfuels caused higher smoke and 
particulates emissions at full load compared to the diesel fuel which" is identical 
to the Phase I result. Reducing the intake air temperature to 140°F slightly 
reduced the full load smoke and particulate emissions and brake specific fuel 
consumption compared to Phase I performance results. 

The brake specific emissions at 1400 rpm are shown in Figur e 6.31 for 
the simulated air-to-air aftercooled engine. The BSHC, BSCO, and BSNO x 
emissions were identical for all three fuels at tim 50 percent and 100 percent 
load conditions. The tar sands and 57 percent EDS fuels' gaseous emissions were 
higher than the diesel fuel emissions at the lowest load condition. The BSHC 
emissions were almost identical to the Phase I results. The BSCO full load 
emissions were cut in half and the BSNO x emissions were reduced at l ight loads 
compared to the Phase I results. 

The engine performance results at idle for the 140°F intake air 
temperature are shown in Figure 6.32. The tar sands fuel had the highest brake 
thermal efficiency, smoke, and particulate emissions compared to the 57 percent 
EDS and control diesel fuels. The two synfuels also had higher brake thermal 
efficiency, smoke opacity, and particulate emissions compared to the Phase I 
tests. The control diesel fuel's performance remained about the same. 

Figure 6.33 shows the gaseous emissions at idle for the reduced 
intake air temperature. The two synfuels have slightly higher BSI-IC, BSCO, and 
BSNO x emissions compared to the control diesel fuel. Reducing the intake air 
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temperature slightly reduced the BSHC and increased BSCO emissions for all 
three fuels, while greatly reducing the synfuels' BSNO x emissions compared to 
Phase I results. 

6.4.2 Combustion Analysis Results, 
Simulated Air-to-Air Aftercooler 

As in Phase I, the effects that the synfuels have on diesel engine 
combustion were determined by calculating the heat release rate,  cumulative 
heat release, ignition delay, maximum and average rates of pressure rise, and the 
peak cylinder pressure for each fuel .  The combustion analysis data at 1400 rpm, 
50 percent load is presented because, based on the Phase I results, this data is a 
good indicator of the effects that the synfuels have on diesel engine combustion. 
The combustion and heat release data at 1400 rpm, 50 percent load is presented 
in Table 6.2 for the engine with simulated air-to-air aftercooling. A complete 
set of cylinder and fuel injection pressure diagrams corresponding to the 
simulated air-to-air aftercooled engine are given in Appendix O. 

Table 6.2. Summary of Combustion mid Heat Release Da ta  
at  1400 RPM~ 50 Percent  Load 

Simulated Air-to-Air Aftercooler 

Maximum Average 
Rate of Rate of 

Maximum Pressure Pressure Total Heat Ignition 
Pressure Rise Rise Release D~isy 

Fuel Type (MPa) (kPa/deg) (kPa/deg) . {joules) (deg) 

DF-2 8 .50  833 .8  2 6 7 . 8  1840.10 6 . 0  

Tar Sand 8 .86  1206.0 377 .5  i889 .77  7 . 6  

5V% E I ~  8 . 9 3  1180.0 361 .7  1896.83 7 . 3  

The heat release rate diagrams for the 1400 rpm, 50 percent load 
condition are presented in Figures 6.34 and 6.35 for each synfuel compared to 
the corresponding control diesel fuel result. Figure 6.34 is a plot of heat release 
rate versus -.rank angle degrees for the tar sand and control diesel fuels. The 
figure shows that the peak heat release rate of the tar sand fuel is greater  than 
the diesel fuel. This greater initial heat release rate is due to the longer ignition 
delay of tar sand fuel. As shown in Figure 6.34 and Table 6.2, the tar sand fuel 
had an ignition delay 1.6 degrees longer than the control diesel fuel. The longer 
ignition delay allowed more o[ the tar sand fuel to evaporate prior to ignition, 
which resulted in i~  higher initial heat release rate compared to the control 
diesel fuel. The longer ignition delay of the tar sand fuel is due to its relatively 
low cetane number of 34.9 compared to the diesel fuel's cetane number of 51.1. 
Despite the higher initial heat release rate of the tar sand fuel, the two fuels had 
similar total heat releases as shown in Table 6.2. The greater initial heat release 
rate of the tar sand ~uel, however, did result in higher maximum and average 
rates of pressure rise compared to the control diesel fuel. Both fuels produced 
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about the same maximum cylinder pressure. 
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The heat release rate of the 57 percent EDS fuei is compared with 
the control diesel fuel in Figure 6.35. The ignition delay of the 57 percent EDS 
fuel is 1.3 degrees longer than the control diesel fuel. This increased ignition 
delay allowed more o£ the 57 percent EDS fuel to accumulate and vaporize in the 
combustion chamber before autoignition. The result was a higher initial heat 
release ra te  and higher maximum and average rates of pressure rise for the 57 
percent EDS fuel compared to the control diesel fuel. The 57 percent EDS fuel's 
longer ignition delay was due to its low eetane number of 32.9. By comparing 
these combu3tion analysis results with the Phase I results, it can be seen that the 
ignition delay increased slightly for all three fuels by simulating air-to-air 
aftercooling. 

Simulating air-to-air aftereooling on the engine had the effect  of 
increasing the ignition delay and maximum and average rates of pressure rise for 
all three fuels. The ignition delays increased due to the lower intake air 
temperature.  The total heat release and maximum cylinder pressure for all 
three fuels remained about the same as the Phase I results. 
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Thus, the major difference in the combustion characteristics between 
the two synfuels and the control diesel fuel is aztributed to the synfuel's longer 
ignition delay period. Reducing the intalce air temperature to 140°F by 
simulating air- to-air  aftereoo]ing 'did not improve the synfuePs combustion 
performance relat!ve to the diesel fuel. In fact, lowering the intake air 
temperature reduced the combustion performance of all three fuels relative to 
Phase I results by increasing the maximum and average rates of cylinder pressure 
rise. Excessive rates of cylinder pressure rise can cause diesel engine knock, 
although no audible knock was detected during these tests. 

6.4.3 Performance  and Emissions Results ,  
Simulated Air-to-Air Aftereool~r and High Pressure 
Fuel  Injection System 

Figures 6.36 through 6.37 correspond to engine performance and 
emissions plots at 7.200, 1400, and idle speed after adding the high pressure fuel 
injection system to the engine (modification No. 2). These results also include 
the effects of the simulated air-to-air afte~cooler (modification No. I). 
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Figure 8.36 shows engine t .~formance results at 2200 rpm. The tar 
sands and 57 percent EDS fuels' maximum power were about equal and slightly 
higher than the diesel fuel's maximum power. The two synfuels had higher brake 
thermal efficiency across the entire load range compared to the diesel fuel with 
the tar sands fuel yielding the highest brake thermal efficiency. All three fuels 
showed a slight improvement in brake thermal efficiency which resulted in a 
significant increase in maximum output power compared to the Phase I results. 

All three fuels produced about the same amount of smoke over the 
entire load range. The smoke proddeed at full load was about half the amount 
produced during Phase I. 

The two synfuels showed a significant reduction in part load particu- 
late emissions compared to the diesel fuel. However, at full load, the tar sands 
and 57 percent EDS fuels yielded higher particulate emissions than the diesel 
fuel. All three fuels showed a reduction in particulate emissions compared with 
the Phase I results. 

The improved performance results at 2200 rpm can be attributed to 
better fuel/air mixing produced by the high pressure fuel injection system. 
Increased output power and brake thermal efficiency along with reduced smoke 
and particulate emissions suggests better air utilization through improved 
fuel/air mixing. 

The gaseous emissions at 2200 rpm for the two engine modifieations 
are shown in Figure 6.37. All three fuels produeed the same amount of gaseous 
emissions over the entire load range. The one exeeption was the two synfuels 
which produced higher BSCO at  the lowest load condition. • Compared to the 
Phase I results, all three fuels produced the same amount of BSHC, the two 
synfuels produced more BSCO at the lowest load condition, and all three fuels 
produced less BSNOx at  the lowest load condition. 

The performance results at 1400 rpm af ter  the two engine modifica- 
tions are shown in Figure 6.38. The two synfuels produced slightly higher 
maximum power compared to the control diesel fuel. This same result was 
observed at the 2200 rpm condition. The brake thermal efficiency of the tar 
sands fuel was higher than the other two fuels at  low load conditions. The two 
synfuels produced less smoke than the control diesel fuel over the load range. 
The tar sands fuel produced more particulates and the 57 percent EDS fuel 
produced less particulates than the control diesel fuel. All three fuels showed a 
great  reduction in smoke and particulate emissions compared to the Phase I 
results. 

Figure 6.39 shows the 1400 rpm gaseous emissions results after  the 
two engine modifications. All three fuels produced the same amount of gaseous 
emissions with the exception of the synfuels which produced slightly higher 
BSNO x compared to the diesel fuel. Compared to the Phase I results, all three 
fuels produeed the same amount of BSHC, reduced BSCO at high load, and 
reduced BSNO x at the lowest load condition. 

The engine performance at idle after the two engine modifications is 
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shown in Figure 6.40. The tar sands fuel has the highest bral~e thermal 
efficiency, lowest smoke opacity, and the highest particulate emissions. The 57 
percent EDS fuel's performance was equivalent to the control diesel fuePs except 
for a slight increase in particulate emissions. Compared to Phase I results, the 
tar sands fuel showed a significant increase in brake thermal efficiency and a 
reduction in smoke opacity. The control diesel fuel produced more smoke 
compared to the Phase I result. 

Figure 6.41 shows the gaseous emissions results a t  idle. All three 
fuels had nearly equivalent gaseous emissions except for the 57 percent  EDS fuel 
which had higher BSCO emissions compared to the other two fuels. The major 
difference between these results and the Phase I results was a significant 
.-eduction in BSNOx for the two synfuels. 

In general, the effect of the two engine modifications can be sum- 
marized as follows. Reducing the intake air temperature to 140°F by simulating 
air-to-air  aftereooling had little e f f ec t  on engine performance but greatly 
reduced the low load BSNO x emissions for all three fuels. Adding the high 
pressure fuel injection system cut  the full load smoke and particulate emissions 
in half while slightly increasing the BSNO x emissions over the entire load range. 

These results suggest that NO x emissions are more sensitive to intake 
air temperature while smoke and particulate emissions are a function of fuel/air 
mixing. 

There were two instances where engine modifications were able to 
improve tile synfuel's performance relative to the control diesel fuel's perform- 
ance. After adding the high pressure fuel injection system at 1400 and 2200 rpm, 
the two synfue]s produced about the same amount of smoke as the control diesel 
fuel. The tar sands fuel consistently produced the least amount of smoke. This 
is a great improvement over t te Phase I results where these two synfuels 
produced more smoke than the control diesel fuel. Thus, adding the high 
pressure fuel system alleviated the Phase I problem of increased synfueI smoke 
emissions. Adding the high pressure fuel injection system not only improved the 
performance of the synfuels relative to the diesel fuel, but also greatly reduced 
the smoke emissions from all three fuels compared to the Phase I results. The 
second instance also occurred at 1400 and 2200 rpm, where adding the high 
pressure fuel injection system was succe~ful in reducing the 57 percent EDS 
fuel's particulate emissions to a point where they were equal to or less *.hen the 
diesel fuel particulate emissions. The tar sands fuel particulate emissions still 
remained higher than the diesel fuol particulate emissions. 

6.4.4 Combustion Analysis Result.% 
Simulated Air- to-Air  Aftereooler and 
High Pressure Fuel Injection System 

The combustion and heat release data at 1400 rpm, 50 percent load is 
presented in Table 6.3 for the engine with both engine modifications. A 
complete set of cylinder and fuel injection pressure diagrams corresponding to 
the simulated air-to-air aftercooled and high pressure fuel-injected engine are 
given in Appendix P. 
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The heat release rate diagrams are presented in Figures 6.42 and 6.43 
for each synfuet compared to the corresponding control diesel fuel result. 
Figures 6.42, 6.43 and Table 6.3 show thst the two synfuels have longer ignition 
delays and thus higher corresponding heat release rates and maximum and 
average rates of pressure rise compared to the control diesel fuel. All fuels have 
similar total heat releases and maximum cylinder pressures. Adding the high 
pressure fuel injection system slightly improved the synfuePs combustion per- 
formance by reducing the tar sands and 57 percent EDS fuePs ignition delays 
relative to the control diesel fuel's ignition delay. This ~.mprovement can be 
attributed to the high pressure fuel injection system's ability to better atomize 
the more dense and viscous synfuels. This improved spray atomization increased 
the rate of fuel-air mixing and reduced the synfuePs physical ignition delay 
period. 
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Fuel Type 

DF-2 
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Table ~.3. Summary of  Combustion and Heat Release D a t a  
at 1400 RPM, 50 Percent  Load, Simulated Air-to-Air Aftercooler 

and High Pressure Fuel In jecUon System 

Maximum Average 
Rate of Rate of 

Maximum Pressure Pressure Total Heat Ignition 
Pressure Rise Rise Release Delay 
(MPa) ._(kPaldeg) (kPa/deg) _ (joules), (deg) 

9.63 959.8 340.4 1902 5 .2  

9.82 1229.0 395.7 1815 5.6 

10.0,5 1318.0 417.8 1855 6.2 

Compared to the Phase I combustion analysis results, the three fuels 
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have slightly lower ignition delay periods and similar total amounts of heat 
release. However, the maximum cylinder pressure and maximum and average 
pressure rise rates are higher for the engine with the simulated air-to-air 
aftereooler and high pressure fuel injection system. It would be expected that 
the maximum pressure and pressure rise rates would be the same for two 
operating conditions where the ignition delays and total heat released (quantity 
of fuel injected) were the'same. This can be explained by realizing that the high 
pressure fuel injection system can inject more fuel into the combustion chamber 
per crank angle degree. This increased fuel injection rate ,allows more fuel to 
accumulate in the combustion chamber prior to autoignition and is responsible 
for the higher maximum cylinder pressure and higher rates of  pressure rise 
compared to the Phase I results. 

The greatest  variation in the combustion characteristics between the 
three fuels is still attributed to the increased ignition delay period of the tar 
sands and 57 percent EDS fuels relative to the control diesel fuel. Adding the 
high pressure fuel injection system reduced the synfuel's ignition delay period by 
reducing the physical delay. Unfortunately~ this modification caused the maxi- 
mum cylinder pressure and pressure rise rates to increase due to the high fuel 
injection ra te  which can seriously af fec t  engine durability. 

The ignition delay period is primarily governed by the chemical delay 
period which is a function of the fuers chemical properties. Engine modifica- 
tions can be made which win reduce the synfuels' physical delay period. 
However, i t  is unlikely that engine modifications can be made which will make 
the combustion characteristics of the synfuels identical to the control diesel fuel 
since the combustion of a fuel is more a function of its chemical composition 
than the particular engine configuration used. 

Thus, af ter  adding the two engine modifications (simulating air-to-air 
aftereooling and high pressure fuel injection system), the tar sands and 57 
percent EDS fuels' engine performance were as good as or bet ter  than the 
control diesel fuel's performance with the following exceptions. The two 
synfuels had higher low load BSCO emissions in all instances except at engine 
idle where the tar sands fuel had the same BSCO emissions as the control diesel 
fuel. The two synfuels had higher full load particulate emissions a t  2290 rpm and 
higher BSNO x emissions across the entire load range at 1490 rpm. The tar sands 
fuel also had higher full load particulate emissions at 1400 rpm and at engine 
idle. 

6.5 PHASE H COLD START RESUL'I~ AT 0°C AND -20°C 

Cold star t  tests were repeated at 0 and -20°C using an ether 
injection system and the 57 percent EDS fuel. The cold start  data is presented in 
Ap[Jendices L and M. The cold start tests were repeated to reduce this fuePs 
starting t ime at  0°C and to verify that the engine would start  a t -20°C where it 
failed to s tar t  during Phase I tests. Figures 6.44 and 6.45 are plots which show 
the Phase H results using an ether injection system with the 57 percent EDS fuel. 
Also shown on these plots for comparison are the 57 percent EDS fuel's Phase I 
cold starting times. Figure 6.44 shows that at 0°C the engine started in 9.4 
seconds and reached maximum speed in 33.2 seconds using the 5V percent EDS 
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fuel. This is a significant improvement over the Phase I times of 20.5 and 122.5 
seconds, respectively. 

Figure 6.45 shows that  adding the ether injection system enabled the 
engine to s tar t  at -20°C in 25 seconds and reach maximum speed in 67 seconds. 
Thus adding an ether injection system solved the synfuel cold starting problem 
encountered during Phase I. 
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'~-~ SYPz"UEL PRO3ECT 03-8538 

BAS"ELZHE CO}~TROL ~-2 

It~ ~UH~.R ! 
TEST CD])E 11 1 1 
)AY (julzan) 528I 
TIE (n41itary) 101520 
PHASE ! 
"rIPE FIEL [:OH~F2 
EHG~E HOURS 46.1 

E)iGI~ PARASiTeS 
EHGI~E SPEE~ 835 

(IM) 1,4 
~FC (g/ku-hP} 1~6. 
9~P (bar) ,3 
OIl (%) 6,~ 

EHGIXE P"'LOIl P~AHEERS 
FU~ Ia..W ~xglnr) 189,4 Am re.m+ !.k~+~r>. 1.8 
AIR File ~ATIO 107,8 
C~IC~ AI~ ~ RATIO II?,4 
~ l E  OPACITY (Z) ,7 

TEMPERATURE P~AH~S (dl4,c) 
COOLANT ~ 84 
mOl.~T (PIT 06 
OIL 51~ ?! 
OIL GALLERY 88 
IHT~E AIR 23 

Nt~I~T 45 
~OST B4 ImIER COOLEq 46 
~60~T AF I.~ER COOLE~ 71 

IH 
E~OtAUST 01 138 
~AU~T 12 114 

EX]~OST ~5 147 
F3HAUST 16 150 
E~AUST STAC~ 141 

PRESSURE PARAHETERG 
OIL (kPa~. 268,7 
FUEL (kpa~ 154.4 
E~4AUST 84 TUR)O (kpa) ~ , l w  
FILT~ RESTRICTIOH (pa) 79,5 
BOOST AF l~E]tCOOL/~R(kpa). 
E~L4UST STACK (kpa,~ 1.+ 

BISIOH PARA~'TEqS 
BOHC (~k~-hr) 16,211 
~C0 (g/ku-hr) ~8,770 
BSHOz t~/ku-hr} 84.137 
CgZ (Z) 1,7 
02 (Z) 18,1 

i~i~IEIIT PARA~FERS 
BAqO,PRESSURE (ma-Xo) 740,4 
/~Sc.OLUTE HU~IOII~ (gn/15) 114,7 
IELAT~E HUHI~ITY (%) 65.7 

IHDICAT~ PM~P.RS 
IKM 8.2 
I~FC (kg/ikw-hr} 214,1 
IPEP (bay) 1.5 
lTE,ictlal (Z) 39,5 
ITE,theorexicaZ (2) 62.? 
RATIO+ Ictualltheore~i~al . ~28 

• "rEST RESULT£ ~*.. 

2 3 4 5 
1121 1131 1141 1151 

5281 5291 5281 5281 
11 ?55 13173~ 143741 15 548 

1 1 1 1 
COH~F2 C 0 ~  COH~F2 CO.F2 
47,1 48.5 49.5 50,0 

7 8 
116.1 1171 1181 1191 

153126 155634 !61~18 1~4186 
521  

1 1 1 1 
COHDF2 ~1¢F2 COH~'~ C0~'~2 

50.4 50,0 51.2 51.~ 

, m  13, 1,,+ , +  , 1 ,  +n.+ 31,+ , , ,  
+, .0  33?.,+ 43.2 2,4.+, ~ . +  ,,,+.+ ~ , . 8  1 , . ,  
1=.;  +.6 ,2.7 31.4 1~3 114.+ 755 ++,.7 
~7, • 22~, 235. 2~. 23I, ?.3?, ~8, 316, 
14.0 10.5 7,0 3.5 11.0 9,2 5,5 2.8 
35,7 37,2 36.0 31,8 36.6 ~.4 "~,8 26,8 

+ . s  .,,1.3 14.8 , .3 ++.+ o~,+ ,?.7 I+..2 
5?,.5 431.2 4 , . 3  + . 0  ,~?.5 +.,+.'. 712.8 ,,1.4 

, . 4  ~..1 27.1 41.7 + . ,  3,|.5 33,.+ 49.2 
1+.+ 21.I 2+.3 , . 8  ~,.0 3,.5 33.i 47.3 
15.8 ?.o 8.+ 3.+ +.+ 5.7 5.5 +.? 

89 84 B? 8B 8? 91 92 91 
96 91 91 ?0 ?3 ?4 ~ 

110 107 103 103 112 112 109 I r l  
106 103 100 100 108 108 I16 104 
31 ~2 33 ' ~ ~ 36 36 

5? 54 52 60 58 5"7 50 
133 103 80 65 155 I ~  105 6I 
101 91 83 80 112 103 94 
34 3] 34 " 35 38 39 39 3? 

617 5EP 443 ~.? 541 504 436 341 
~i7 51~ 428 295 5~4 483 415 ]35 
607 534 453 ~ I  55~ 486 41~ 333 
534 5'76 490 ~6 588 530 455 364 
5~ 538 451 313 566 510 4~ 342 
~38 5?2 446 355 

3, .+  307.7 309.5 319.5 ~38.? :37.3 ~4o.~ 1~:~ 
iI~IIIFI IIHHII IaNl l l  ]illH~ii W]IW,')II~' | l l d l t  ~1|III~ NM,HN~ 
,'T'~. + 88.+ ++.+ + . 1  771,4 6"~7.0 522.6 4+3.0 
,5.5 ~ . ,  30.3 '12.5 |18.0 ~ . |  ~4.1 
4.? 20.  2.4 2.4 2.7 4.1 ,.1 ~:~ 

,6617 
4.2144 
10,249 

IO,Z 
6.6 

,7329 
~. 0.420 
41.~2 

8.2 
9.6 

1.2963 
3,7171 
12.249 

5,2 
13,7 

,4~9 
12.15"5 
8,7073 

11,4 
4,9 

,7796 ,9094 1,1821 1,92~2 
1,8~6 2.0172 2,6141 4,0530 
6",1363 7.4361 5,3567 ~,529~ 

6.0 7,0 5,9 4,3 
9.9 11,2 12.7 14,8 

137.5 108.2 77.6 46.3 195.0 146.2 11B.2 7|.I 
212.3 176,7 170,2 180.4 191.7 187,4 102,2 (74.3 
15,7 12,1 8.7 5.2 13,2 10,4 7.7 5.0 
3?,8 43,0 ~,S 46,9 44.1 45,1 46,4 48.5 
56,0 56.? 58.2 60.4 58.2 58.9 57.7 61.0 
,711 .755 .764 .776 ,758 .767 .777 .T?5 

740.4 740,4 740,4 740.4 740.4 740.4 740,4 740.4 
114,7 Ii2,3 112,3 112,3 112,3 113,5 413,5 113,5 
65,7 54.9 54,9 54,9 54,9 ~0,4 S0,4 50,4 
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. , .  SYHFLT.L PRO,TECT 03-85313 

~AS~IHE: CI31'*ITROL D-~ 

RLm HUH~ 
TEST COP~ 
DAT 

TYPE FL~ 
f]~G]KE HOUXq 

TEST RESULTS , - - ,  

10 It  12 13 14 15 16 17 !13 
1112 1122 !132  1142 I 1 5 t  1162 1172 ! 1 8 2  1191 

• (Julian) 5303 5303 5103 5~03 5303 5~|4 04 
(nil i tary) 101345 1210 4 1420 4 144513 151852 I1, ~ 1,~h ,oN~ . N I  

1 1 1 1 1 1 1 1 I 
C0~F2 C~F2 C0~F2 C0~F2 C0~C2 C0~F2 CO~F2 COND~ C~F2 

64.4 ~5.4 66.5 ~6.? 67.5 69.2 70.5 ~2.B 73.3 

~ I I E  PAflt~ET~G 
De]HE SPEED • (rpn) 8~2 1402 13gB 1400 t399 2200 219"/ .'~01 2202 • 

(If~) 3~.7 916,6 457,2 2L~,7 ~.3 670.7 ~ . 6  168.2 45,5 
~ ' ~  ,,,, :,.2 ,:,4.,. ,+., +,.7 4'+,4. '+]t +, ;,-,.2 11~. ~. DSFC (qik~hr) 258. 217. 228. 253. ~ .  
9H~P (bard .6 15.1 7.5 3.8 1.1 11.0 5.5 2.6 ,7 
B1~ {%) 32,7 39,~ ]?.1 33,4 20.9 35.6 ~.0 ~',7 13,3 

~GIHE FLOW P~AHETi~5 
FUEL FL~ (kg/hr), .8 29.2 15.~ 0.5 3.9 35.7 19.13 11.6 6.7 
AIR F'LOH (kglhr~ 191,6 609.5 4113.4 ~5.6 330.3 1012.4 7~.1 621.5 549.6 
AIR FI~ RATIO 231.7 20.~ 27.4 41.7 13~.2 26.4 37.7 52.5 82.2 
CRBZCAL AIR ~ RATIO I07,3 19,13 2~.1 40,1 ~ .6  2~.9 37.6 50.4 78,5 
$H01£ OPACITY (1) 

I"~GATL~ PAgAflET~13 (dug,c) 
C09LAI]T IH 
COOLANT OUT 
13I!. SlJ~P 

CEIL mmIm'r 
BOOST D4 INI~ C601.~ 

E~u~JST 12 
190,IALISI" 13 
I~OJ, I~T 14 
mOmlJST ~ 
E~IJST 1,6 

STACK 

PR F..m~E PA~'rmls 
OIL (ltpa) 
FU (kpa) 
E ~ " T  34 11J~30 (kpa) 
FILTr~ RESTRIC110H (pa) 
B~OST ~F IH~.RCOt)L~(tpa) 
ER~L~T ~T~ (kpaJ 

EIII~ION PAEAH~'EQS 

.5 14.1 7.? 3,1 .9 5.6 4.9 3.B 3.| 

89 93 97 91 
90 91 91 94 
g~ 119 104 104 

104 tot 101 
211 22 ?.3 23 
41 ~ 52 50 
47 1~ 75 57 
74 97 03 80 

31 31 32. 
I49 ~9 452 336 
129 ~4 441 330 
159 59| 450 3~ 
15t+ ~ 492 35a 
158 &It 4~8 326 
168 638 .~4 321 
17~ 582 4.'~ 32b 

92 B8 90 91 92 
?3 93 93 94 

24 22 23 20 20 
44 59 54 48 41 
49 713 lo~ P, ~ g 
33 34 34 ~2 33 

211 5313 440 ~42 246 
188 ~ m N ~ 
205 532 407 
223 5"71 451 ]62 274 
196 548 427 3"32 244 
216 590 416 32~ 29 86 
214 472 386 ]15 247 

am.+ 411.4:31:~.2 313,+, 314,4:34~.7 ~5,4 :m.7 
t~.+ ;14.? m . ?  I+,7  i44,+ m.+ +.1 ?:+.4 +~,+ 

41.6 

I I H H  H i t l l  l l l l t l  Ht r . . l i  t H H +  l l q l H  H I H I  l~Vlt4 H H f l  
124.4 423.9 273,7 224.0 ~4.0 7~.5 572,3 447.9 ~ . I  

1D2,1 13,9 1:~ 26 ~]:~ 1~ ?:~ 1~:~ ~:~ ~L~ '~:~ 

4 2 
]~_P .~g/..kv-~.r.) 5.~z?~ ?,0713 2.7074 
~5~ox tg/x,-nrJ 19.428 9.~21 13.647 14./a65 19.3"/0 10,414 9.2337 B.0178 31,904 
CU3 (Z) I,? 10.8 8.2 5.3 2,5 7.4 5.7 4.2 2,6 
02 (Z) 19.8 5.3 8,9 13,| 16.9 10.5 13,3 14.7 17.1 

~ I ~ T  P t ~ S  

]]I:,~ATI~E ~H]91TY ( % )  5B.2 58,2 52,1 52.0 52,1 713.0 78.0 6~.~ ~5.? 

I#~ICAIEI) P~AR'TE~S 
IKII 9.7 149,2 92.1 413.5 23.9 19t+.5 108.9 70,9 4~.5 
I~C (|g/ik~-hr) 85.2 195.5 186,1 175,8 160.6 191.4 191.5 167.2 1~7,3 
I I~  (bar) 1,9 16,7 ~.2 5,4 2.6 13.3 7.7 5.0 3,0 
ITE,ac?~al (Z) 99.2 43.3 45.4 48.1 52.7 44.2 4~.6 50.6 ~ .8  
ITE;~hetre?~cal (Z) 63.7 56.5 56.~ ~0.4 62.5 58.5 59.g 61.2 62.4 
RAT'ZO~ actual/theoretical 1.557 .7~5 .76U .797 .642 .255 .778 .62~ .8~1 



BAS~I~ COHTROL 0-2 

RUN N~..R 19 
TEST C00E 11 I 3 
DAY (julian) ~0~ 
TliIE (~ilitary) 1138 4 
PF,~SE I 
TYPE FUEl. Cg~F2 
ENGINE .~OU~S 74.4 

EI~IHE SPEED (ro~) 041 
TORQUE (~(-H) ~.7 
PO~ (XQ) 3.3 
~SFC {g/kv-hrl qBO, 
B~ffP (bar) ,0 
BTE (Z) 17J, 

~GIH[ FIOH P~A~'T~RS 
FUEL FLO~ (kg/hr ~. l,~ 
AIR FI.P, kl (kglhrJ 192.4 
AIR FUEL RATID 121,8 
CH~'--C~t. AIR FUEL RATIO ?'/,3 
S~I[E OPACITY (%) 1, l 

TE~. ~ATL~E P~A~CTE]~S (~eg,,') 
CODLAHT IN ~1 
COOL~T OOT 
0IL SU~P 96 
OIL G~U.E2Y 94 
IHT~(E AIR 21 
C~]J. AH~I~T 39 
DOOST ~4 IgqE~ CO0~'~ 44 

~UST t l  159 
D~JST #2 144 
I~d..'ST 13 167 
EXHP~ST 1:4 165 
~HAUST #5 165 

t6 171 
EXHAUST STACK IM 

PRIE!~E PARAIIE'I'EIS 
OIL (kpa) 2~4.6 
FUEL (kpi~ 123.6 
E~J~T B4 TURBO (|pa) Hw,e~ 
FILTER RESTRICTION (pa)  124.4 
~DO~T ~F l?lt'~COOLE~Ckpa) !.3 
EXHAUST 5"I'A~K (kpa) 1.7 

~IOH PAR~.TOS 
BS~ (qlku-hr) 7.08~ 
~SCO !g/ku%hr,) 9,|189 
B~Ox ~g/k~-nr) ~,817 
C r~ 1%1 2.I 
02 (%) 

~i~IE:~IT P~qAH~L~S 
~D.PRESSURE L.,~Hq) 
ABSOLUTE ~UHIDtT( (~n/~ 1 
RE3.ATIUEHU~IDI~ 

DmICAT~ P~R~ETF.R8 
IKW 
ISFC (kl/i~-hr) 
1]I~ (bar) 
ITE,acI~al (I) 
ITE.theoreTical (Z) 
RATIO, actu~lltheoret~cal 

SYHFUEL PR03ECI 03-8538 

17.9 

TEST XESULT5 H*N 

20 21 22 23 
I 1 2 3  1133 1143 11~2 

5305 ~05 ~05 5305 
123030 13 ~44 132813 135140 

1 1 1 1 
CDH~F2 Ct:~F2 COHDF2 CDH~2 

75.3 75,8 76,3 76.7 

1399 1402 1394 1394 
99~J, 4~9.7 229.6 M,5 

. . 388. 
14,7 7.5 3,8 1.1 
37.5 37.~ 34.0 21.8 

~9.6 15.2 9.3 3.7 
/.08.3 41!~.1 355,0 32?.2 
20.6 27,8 42,~ 90.1 
19.4 25,9 39.3 60.5 
14.3 8,3 3.9 1.5 

85 87 91 
93 91 94 9~ 

110 116 L|4 
105 112 101 98 
22 21 21 21 
63 53 49 47 

127 75 ~6 46 
98 ~ 79 7? 
32 33 ;33 33 

598 463 3~4 209 
59O 450 330 185 
596 4~1 ~1  205 
637 484 3~ ~ 
613 ,l~5 327 2|~. 
6~6 ~ 324 224 
5?2 454 328 214 

304.7 306,7 307.4 309.1 
107.5 1~.2 132.3 136.~ 

iamimt z-z~z~, mmmzel, e l i ,  m, 
447.9 ~ , 6  246.8 21!4.0 
101.5 3%4 14.3 5.7 

2.4 2.0 1.7 1.7 

.7271 1.1561 1,4150 4,7053 
?,3683 2.6~8 3.3345 6,85"55 
9,7076 12.t~6 14.119 I8.111 

11.1 6.3 5,4 2.6 
5J, 9.5 13.5 16.9 

732.8 732,8 732,8 732.8 ?3"2,8 
74.2 74,2 74.2 74.2 74.2 
61.1 61.I 61.1 61.1 61.1 

11.4 146.2 ~.1 48.5 23.9 
152.5 2114 I85.4 1~1.9 153,0 

1.9 16.4 9.2 5,4 2,7 
~,4 41 ,B 45,6 49.2 ~ . ]  
63.1 

24 ~ 26 27 
11h3 1173 1163 1192 

5305 5305 5399 ~¢9 
14~45 152719 10121~ 14 ~6 

1 1 I 1 
COI~F2 COI~FP CON~Z COHIF2 

77,3 7~,2 BL) 63.1 

2283 2200 2198 ~01 
67Z.7 337.2 166.5 45.3 
155.4 77.7 3B,B 10,4 
229. 250. 311. ~ .  
II.1 5,5 2.B .7 
36.? ~,? ~.~ 1~.4 

35.6 19.4 12,0 5,6 
1028.3 755.4 634.3 5-=,9.7 

29.6 38,9 52,7 84,9 
2B.4 ]7,7 ~1,7 80.2 
~.0 5,1 3.1 2.3 

89 90 91 92 
93 94 93 93 

1.12 10~, lob 194 
108 103 103 102 
21 20 21 ')6 
55 52. 43 51 

lqt, 91 70 62 
109 90 94 B: ~ 
35 34 31 34 

5"34 433 33? ~1 
5 ~  407 3!9 ~1 
530 411 :F~ 243 
~1,9 444 360 283 
550 425 3,14 P.48 

33Le 340.4 347.4 348,9 
6|.1 679. 95,6 10i.6 

I ~ . 4  f,0.3 32.9 17.3 
:~.? ~).4 .~.1 2.4 

1.2534 1.6~7 2 2953 13.177 
t,9117 2.~633 4'.4365 11.279 
9.7951 9.1037 9,2fl69 13.33~ 

7.5 5,6 4,1 2.6 
10.4 12.8 14.8 t7,1 

7'32.8 732.8 745.7 745.7 
74.2 74,2 43.3 50,,! 
61.1 /,I,I 31,9 35.9 

187.2 10.o,7 70.9 442.5 
191.4 196.? 169.? I~.2 
136 , e  50 30 
444 476 496 $46 
5s5 , i  613 62_5.87.  
.759 .796 .813 
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. x=  SYNF~L PRO3ECT 93-853B 

SH~J.E PERFORmanCE T[ST 

RUN HUH~ER 
TEST ~OE 
DAY 
TI~ 
PHASE 
TYPE FUEL 
F.N=]E HOURS 

TEST RESULTS x,~= 

29 3, 31 32 33 14 35 3~ 
1211 1 2 2  1 1 2 3 1  121. 1 I 2 5  1 125  1 1 2 7  I 1 2 9 1  I 2 9  1 

(lulian) 531, 531, 5310 5319 5310 5310 ~3~9 
(military) 94216 103644 11 859 113319 115651 131017 13~!I 5310 1356 9 14,.523 

I I l 1 I t 1 I l 
SHALE SHALE SHALE SHALE E~LE SHALE SHALE SI;~LE SHALE 
65.9 85.9" 85.4 96.8 87.2 88.4 89.9 89.2 89.7 

E~GI~ FARAET'EP.S 
ENGINE SPEEI} Crp~) 325 1403 1409 139~ 1393 220~ 2196 2197 2191 
TORQUE (:~-H) 37.4 683.3 459.3 230,Z 55.4 6~, 9 335,8 156.4 45, ~. 

~FC (g/tu-hrl 5c7. ~3 . . . .  
~HEP (bar) ,6 14.5 7.6 3.8 l . I  1,.7 5.5 2.9 .7 
BE (2) 1~.9 37.5 ]~.9 23.9 ~ . ,  3~.: ~ .~ 27.1 L3'.~ 

F2ICTH£ FLOH P~A~ErERS 
FUEL FLOW (kq/hr! 1.7 28.9 15.2 3.3 3,5 34.7 19.6 t1.9 6,~ 
AIR FLOH (kglhr~ I91.0 612.1 424.0 ~.~ ~.6 ~6.e 747.3 624.5 552.6 
AIR FUEL RATIO I12.4 21.Z ~.8 43.1 91.9 29.7 ~ 2  52.3 94.4 
CP.~..ICAL AIR FUEL RATIO :09.6 20.2 26.5 40.2 82.9 28.8 .,o.O 50.6 79.6 
S]'~E OPACITY (%) ,6 11,1 9.0 3.1 .7 5.1 4.6 3.6 3.3 

TE~F.RATURE PARAttETE~S (d~).c) 
COOt~HT IH 91 63 
EOOLNtl OUT ~ 91 
OIL SU~ 94 111 

T~,- AIR 19 21 
Crd.L, A,~ IF.NT 43 5"3 
SOOST D4 IH~ COOLER 48 123 
BOOST A~ I~ CIIOL~ 75 76 
FUEL IN 2? 31 
EXH.~JST i t  153 594 
EXIWJST t2 1~ 573 
EX~UST 13 168 585 
EXIL~ST 14 171 52? 

162 601 
~ T  ,~ 150 6)7 
EXHAUST STACK 179 584 

PRESSURE PAR~IETI~.S 
OIL (kpa) 
FUEL (kpi~ 
~FkqUST 34 TIL~BO (kpa) 
FILT~ RESTRETTU~ [po) 
BOOST AF IH,=ERCOOLEE(kpa) 
EI]~ALIST STALK (kpa) 

EIII~ION PA['AJ~..RS 

90 91 
94 94 

106 103 
1,3 tot 
22 24 
56 51 

83 9, 
22 

4?3 345 
455 333 
448 3"32 
468 354 
46: ~ 329 
4,56 3"35 
457 331 

?2 88 90 91 92 
93 92 93 ?3 94 
99 112 108 106 .104 
?B 106 TO5 103 102 
23 30 30 30 30 
50 52 49 48 47 
49 1;0 1|0 76 65 
78 110 92 L~ I~ 
23 34 35 35 3~ 

212 53~ 442 ~'~ ~6 

221 574 459 36~ 
2112 ~ 431 3~ . 259 

~4 

2.~.7 31~.~ 314,| 315,~ 31~.9 4~.~ ~.9~:~4 34,7.2 
104,5 

I I ! ! ! !  I ! 1 1 t t  H U l l  .~111111 !!!11.1 I l l a l  !~;~111 l l l l l l  i l l ,  t i t  
~4,, 4..7 ~.4 ~..~ ~ .71o¢1 7~.5 ~.,~ =.~ 

~'~,.0 ""=., 31~. 1~.~. ,.,:., 11,.$4., ~'~. ~: i  11:, 

,s,: ( ~ . . :  . . 2 . . ~ ,  . , ,  L,]~0 t : ]~  L~fi Lfl~ ~ : ~  t ! :~  
coz (:) a.o , . ~  6.0 ~.2 z. ,  7.4 , . ,  4., 2.[ 

~JlENT PAINIEERS 
'~O.,ES~RE (~ 740.7 740.7 7:0.7 740.7 7,.7 74,.~ ~,., ~,., ~',9., 

~ ~  ':) ~.~ ~.6 ~0.~ ~6.~ ~.~ ~.~ ,~.~ 4~.' 4~., 

~, 9.7 ,44.~ 6~.i 46.~ ~ "  ~"~'0 '" '~ 17~''7~:~ 14'~:~ 
I S F C  (kQliku-hr) 1~.3 1919 1~.~ 171.3 152.0 190,8 ~77,6 
IH[P (bar) 1.8 15.2 9.2 .~.4 2,7 13,0 7,7 5.0 3,| 
ITE,ac~w.l (21 47.7 41 .B 45.0 46.8 55.1 43.8 45.5 49.1 53.3 
lTE.theorel~cal (:) 63.1 56,& ~.4 60.5 62.? 58.5 60,| 61.2 62.5 
RATIO, act~al/~helret$cal .757, .738 .7/1 ,80~ .877 ,748 375 ,8|Z .85] 
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.~o SYI~UEL FRO~EL'T 03-8538 

SHALE PE~FORiIN~CE TEST 

R~ ~ T; 38 
T~T CO~ 1212 1222 
~AY (],li~m) 5"311 5Z11 
TI~ (nil itar~) ?3840 1045 9 
PHASE I 1 
Tree ~EL SIL,~.E SX~U.E 
EI~]HE ~LL~S 92,2 933 

OGlE PA~ET~S 
E~G~E ~E~ (rpn) 

98~C Igtku-hr) 
)~HEP ( bar ) 
9TE (Z) 

BCI~ FI.0~ P~AHET~8 
FUEL R.~J (.k~hr ! 1.7 ~.5 
AIR FLOH (kglhr~ 192.8 600.8 
AIR FLEL ~T]O 115.4 21.1 
12.~ICAL AIR FiZ]. RATIO l la . ]  ZI.! 
5"HBE I ~ I T f  (2) h i  12,4 

TEItPEIAT',JRE P~A,'ETE~ (deg.c) 
CBOLAHT 111 ~ 81 
COOL.ANT OUT ?3 8? 

OIL ~ALLEBY 
II~TAKE AIR 18 23 

EM~d.tST 11 169 ~8~ 
EMLqlST t2 1~ 5"73 
EXIiAUST 13 !~  ~66 
E ~  t4 169 128 
DHAUST t5 165 5T3 

EXHAUST STAC~ 159 592 

PRESSURE PARAJ~G 
D~L (kpa) 2~,1 312.b 

(kpi.J 131,6 !10.8 
B4 TLIRIO (tpa~ ! t l l t l  I H l l l  

FILT~ ~E~TltICTIOfl (pa.) 149.3 1~2.1 24 , p  
~OWJST 5"TA~ (kp~J 1,0 . 

~ISSI~ P~fERG 
DSHC (glku-br) 9,7490 .6046 
~ x  (~l~whr.} 11.125 9.~P76 

(~/ku-hrp 45.807 9.B~7 
O~ (Z) 2,1 11,6 

IX) 16.8 5.4 

~J~iZE~T PA~ArE(OS. 
~O.PKESSURE (m-H~)  743.7 ?43.7 
~SOLUTE ~i~IDZTY (on/15) ~0.8 50.8 
~EI~.TIVE HUfiI1)ITlr (Z) ~6,2 55,2 

IHDICAT~ P~EER$ 

t ~:: lkgliku-hr) 
(bar) 

IT(,ac~.l (Z) 
ITE,thearetical (Z) 
RATIO, act,al/theorezicaZ 

TEST RES',.!LTS nnowa 

39 40 41 42 4Z 
1232 1242 12~2 1262 1272 

5"311 ~11 ~11 5"311 5311 
1112 1 1138 9 12 029 124944 1216 4 

1 1 1 1 1 
SHAE S~LE SHALE S~LE 

~,8 94.2 94./, 95.4 95.8 

44 4S 
1262 1292 

5311 5311 
134P ~ 14 54~ 

1 1 
SHALE SHALE 
96.2 96.6 

623 1396 898 1405 " 1293 2199 3202 ~01 2199 
~.4 860.8 458.1 230.2 64.1 649.7 3~5.6 L68.3 45.5 

, . 23 , 

10.5 

.6 14.3 7.5 ~ .8  1.1 I0.7 5.5 2.8 7 
16.1 ~7.2 ]6.3 ~.1 2L9 ~.8 ~2.5 25.Z 12: 

15,4 8,6 ) . 7  
4~,7 3~.1 T3~.5 
273 42.7 90.I 
Zb,5 40,6 83.1 
g,l 3,5 1.2 

343 19.9 12.4 7.0 
1016.3 7~8.2 6T~.I 561.Z 

29.8 38.2 ~1.2 90.7 
~ .  0 ~8.0 50 ./~ 79.0 
5.1 4.9 33 2.9 

97 90 91 92 
?2 93 93 93 

27 ~ 27 27 
38 36 3~ 33 

14~ 98 75 68 
108 91 85 81 
35 36 34 34 

5"30 4~8 349 ~9 
525 419 333 ~ 
529 412 340 255 
569 456 368 280 

• 548 430 ~52 2~6 
596 437 341 275 
474 390 325. 

69 91 92 
92 ?3 ?3 

24 23 
33 ~I1 29 

31 3~- 32 
~35 210 

448 325 191 
4~! 331 198 
486 352 229 
463 338 208 
455 322 231 
451 323 214 

314.6 316,4 317.3 342.3 34~J, 345.9 347.4 
125.? 135.2 142.3 84.7 ~.9 97.8 103.6 

I H H !  1114111 t l t H I  l l l t l l  l l i l i i  l i l l l l l  I l l t l l  
447.? 398.1 3"/3.3 1318.? 971.5 7%.3 721.6 

t:; 51: i;:,4 

1.1927 1.6960 6.2977 1.3442 1.7599 3.Q~76 1 1 . ~  
2.7671 3.11~ 6.6406 1.9B22 2.6012 4.2918 12,.63 
12.932 12.69h 17.333 9.3117 7.6203 8.0434 13.690 

B.O 5,2 2.5 7,4 5.5 4.1 2.6 
9.1 13.3 17.0 10.2 12.9 14.9 16.8 

743,7 743,7 746,5 746,5 746;5 746,5 7~.6.5 
5|,8 5t,8, ~ . 6  53,6 ~,~ 5,6 B,6 
56.2 56,2 40.8 40,9 4 0 , 9 4 0 . 8  40,8 

9,7 141,7 .82.1 48.5 ~ .9  181,3 108,9 
172,3 211.3 107,9 176.4 156.9 192.7 18Z,4 

1.8 15.Y 9,2 5.4 2.7 12,~ 7.7 

6 .0 5 N ,o.,  o.o 
.769 . .7B3 ,741 ,764 

709 
174.6 

5.0 3.0 
47.9 51.1 
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H~ STNPJEL PROJECT 03-8538 

TARSAHO PF.RFORfl~CE TEST 

RUN NUHBER 
~ ST CODE 
AT 

TItlE 
PHASE 
TYPE FUEL 
E~GIhE HOURS 

TEST RESULT8 :~*z 

4~ 47 48 49 50 51 52 53 54 
133t 1321 1331 13~ 1 1351 1361 1371 1381 1191 

53121 ~ ]25055312 37 53121531244150 (julian) 5312 5312 5312 5312 12 135"312 

TARS~H I~S~( T"RS~ T~SAH T~RSA" TARSA~ I~SAR TARSI~ TEqSA" 
. . ,  . , 9  1 . .3  , . . o  IO,.4 ,o3.o . 3 . ,  ,o4,o 

BGI~E P~AflU[qS 
o31 14oR 1 . o  14o4 1 .7  2 . 4   2oo 

TORGU[ tiP") ]b.8 921,1 457.2 230.9 45.5 6~.Z 33~.4 1~7.5 45.7 
34,o 1 o,3 1o.5 

BSFC (~l~w~r) ~7, . 232, 2~0. ~20, 731, 261, .~6D, 
B~EP (bar) .6 15,2 7,5 3,9 .7 11.4 5.5 2.9 .8 
BTE (%) 15.5 38,1 ~.2 ~3.2 I6.b 37,3 ~.1 ~.1 13.1 

ENGINE FLOW P~A~L~T~S 
FUEL FLOW (kg/hr! l.e 30,5 15.b 9,8 3.5 37.1 20.2 12,3 = 6.9 
AIR FLO~ (kg/hr~ !94.1 616.~ 419.9 359,3 335,810~.2 763.1 624.3 ~56.1 
AIR FUEL RATIO lOB.7 20.1 27.0 40,7 96.4 27.6 37.7 50.9 SO, 1 
CHEmICaL AIR FUEL RATIO 94,6 t8,B ~.2 ~7.5 88.9 Z?,O 36.7 49,6 78,3 
SH~XE OPACITY (Z) 1.3 20,9 8,5 2,2 1.4 8,4 6.9 4,1 1.7 

T~PERATURE P~'TERS [deg,c} 
COOLANT IH 91 8~ 68 91 
COOLJINT O~T ~ 93 93 94 
OIL SL,'RP % 119 10~ 103 
OIL GALLERY 94 105 102 101 
INTAKE AIR 21 24 24 24 25 
CELL AHBI~T 25 3B 32 30 29 
BOOST 54 IN~R COOL~ 51 129 75 58 ~6 
BOOST ~ IHNF.q COOLER 75 97 62 78 76 
FUT.L IH ~ ~ 32 33 33 
E~.AU~ ~1 I~  6]6 4~2 332 194 
EX?IAUST 42 145 589 444 3~ 179 
~XHA~ST 13 176 607 456 ~ IB5 
F3J~ST t4 IB2 651 493 351 215 
EXHAUST ~ 159 ~27 454 3~ 177. 
EXHAUST ~6 1~8 546 464 321 199 
EXHAUST ~ACK 197 602 452 320 195 

PRESSURE PARA~TE~S 

90 97 9O 92 g2 
92 92 93 94 94 
98 110 1 ~ 8 :06103 102104 96 :0~ h5 

27 2B 29 27 
37 Z~ ~3 33 

151 100 74 ~2 
110 92 84 B2 
34 36 35 35 

~47" 443 342 ~0 

593 453 36Q 252 
559 442 3A9 262 
~06 ~ 2 ~9 

OIL CEpa) 257,4 311.4 312.7 313.B 315.9 341.. m 342.3 34~.4 3453 
FUEL ('Sa) 169.8 94.3 119.9 130.2 134.1 81.b 92.5 .~.. 183"I 

E!LTERRESTRICTIO, (pa),99.1 821.2 5,7.4 323.5 423.| 15,2.6 ,11,.S 8,5.8 7,(:.3 
BCOSTAFTP,ERCOOLER(kpa) 2,8 IOl.~ 311 14.L 5,8 126,2 6O,Y 302 16,2 
EXHAUST STACK (~pa) 1 . 3 . .  : 2.0 2 . 0  5.1 ' 3 . 4  3.4 3.0 

EMI~ION PAR~ETERS 
BSHC (.¥..kw-hr! B.9295 .b3nl  .92B9 1.5290 8.5700 1.1730 1.4644 2.762b 10.376 
BSCO sQ~zw-nr~ 11.250 10300 3.0133 2.9389 1t.126 1.8249 2.6102 4.4574 .4.209 
BSHOx (q/kw-hr) b1.653 9.2246 12.905 14.618 26.599 8.9348 7.54~2 Y.0674 16.139 
C02 (%) 2.2 11.5 8.6 5.7 2.3 8.1 5.9 4.3 217 
0 .° (%) 17.0 4.9 B.~ I2.g 17.2 9.4 12.9 14.9 17.0 

A~IE~T P~UERS 
BARO.PRESSURE (ee-Hq) 745.0 745.0 745.0 745.0 745.0 745.5 745.5 745.5 745.5 
ABSOLUTE HU~IlI)ITY (qn/15) 74.4 74.4 7~.4 74.4 74.4 125.2 125.2 ;25.2 12~.2 
RELATIVE HUHIDITY (Z) 64.4 64.4 64.4 64.4 64.4 79.4 79.4 79.4 79.4 

INDICAIE~ PARAHEIER5 
IKQ 9.7 149.9 B2.1 48.5 ~1.6 192,~ 109.7 70.1 42.5 
I ~ F C  (kg/i~w-hr) 184,2 204,4 '89.6 182,0 I~1.0 192,, 184.6 1743 163.3 
IflEP (bar) l.B 16,8 9,2 5.4 2,4 I3.7 7.8 5,0 3.0 
I~,ac~ual (Z) 4~.9 42,2 45.5 47,4 ~,6 44,8 ~.8 49.Z 52.8 
!TE.theoretical (Z) ~3.0 55.3 58,2 &0.3 62.8 58.3 59.9 61,1 62.4 
RATXO, acxual/lheoreti~al ,744 ,750 ,782 J97 .854 .769 .780 ,B07 .947 
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mnen SYl~-'t,]. PROJECT I3-S~B 

T~S~ P~FORH~E TEST 

RUg AUGER 
TEST CODE 
DAY 
TI~ 
P~ 
TYPE FUEl. 
~I~ HOURS 

E~GI~ P.~h~-f'ER S 
E~I~  SPEE~ (vp,) 
TOR~ (H-H) 
POQE9 (IW) 
~FC (g/k~-hr) 
~PE? (bar) 
STE 

TEST RESULTS xez, 

ENGI]E FLOg PAR~HE'IERS 

t~ 57 58 5? 60 61 ~2 63 64 
1 3 t 2  1322 1332 1342 1353 1362 1372 ,382 1372 

(Julian) ~15 5315 
( , i l i ,ar , )  13836 13~053 lq5~91~ 1 4 ~  I4~.~ 53t-~ 

1 1 ! + 1 1 I I I 
T#,RS~ T~RS&'+ TARSAli T~S~ T.qRS~ TfiItSAH TARSN! T~fil~l T~S~N 
1136.4 107,I  107.4 107,8 108.2 108.5 108,9 109.2 109.6 

837 1395 13~7 1413 1393 2195 2194 ~0.I 2196 
36.6 905.~ q611.2 231.0 H.O 678.1 331~:2 1 44.? 

~,~. ~0. ~3,. ~1. + .  ~ .  m.. 3~1. ++7. 
.+ , . ,  7.6 3., 1.1 11.+ 5.+ +,+ .++ 

,z} !4.+ +.+ 33., +30 I?., ~ o  -+.4 ++.? 1,.6 

FUEL FLOg ( kq/~r! 
AIR F~V (~g/hr+ 
~IE FOE1. RATIO 
CZ.~IC~L AI~ ~ R~TIO 
SHO~E ~ I T Y  (%) 

TE~ERfiTURE P~E' IE~ (deg.c) 
COOLANT IH 
COOLANT ~JT 
OIL SII~Z 

~I~ 
CELL &~IBIT 
800ST ~4 I H ~  COOLEi 
F ~ I ~  IMa C ~  

~lP~ST 12 

E~HAUST 1~ 
E.XI~T Im 
E~t4~ S1"~Ot 

PIn.RE P m z m , ~ s  

1.9 30.5 1~.7 8.9 4.1 36,4 21.g 12.5 7.1 
194.3 601.0 417,4 ~4,7 329.8 1012,0 749.1 624.? 549.7 
101.2 19.7 26,5 40.2 80,4 27.8 37.5 513,t 77,5 
95.4 18.8 25,1 38.4 76.9 ~7.~ 36.8 47,3 77.1 
1.5 21.9 8.7 2.4 1.5 8,7 6.1 4.0 1 .? 

. ,3 ,2 93 ?3 ?2 ~ . ~4 
?4 110 10~ 1o3 ,~ 11~ 10, 108 ~8~ 
++ 100 102 1,0 , ,  , .?  108 1 ,  
24 26 26 25 24 ~) 25 23 n 
26 3'2 33 30 _~ 35 32 ~ 31 
43 J~ ~ 5? 47 149 96 21 58 
73 98 83 76 70 110 90 84 81 
31 Za 33 33 33 35 D ~ 34 

1~ ~18 ~Z ~S 214 ~ 435 3~ ~.~ 
139 5~7 449 318 192 541 409 331 
158 013 457 3213 t~r/ 536 410 Zqt 244 
, .  ~1 4,+ 343 2,+ ++ 433 ++6 2+1 
. ?  . ~  m 3+, 20~ ~ 432 341 23? 

nt,. c+,) 2~,.8 ++]'t ~'~'~ 3:+.b 317.+ ++.~ +~'I 33.+ Fro. m,,+ ~37.8 . 11~,.1 126.a I+I,, +,+., ~ : +  
~ O ~ T ~ +  TURBO (~paJ I I I I I I  14klllE l l l l t l  I I I I I I  l i l i i l  qmllmm IEl l l l  l l l i l l  l l t l ; l  
FILTBIRES"fliICTION (pa) 748.8 89~.8 5P7.2 4~/.7 47L8 1741,? 1281,2 1045.1 921.7 
8 ~ + , , m c o m m , = , , )  1.o , . +  m.8 lZ:l ~., 124.8 ,,.9 31: t 1~.~ 
E~ST STACK (kp+) .3 2.0 ,7 ,3 4,4 2,0 . 

I~ISSION P~ETEIS 
651¢ (~.ku-hr). t0.344 .73,48 B2ZZ 1.4768 S,1911 1.0~82 +.2454 2.n84 9,3~37 
JSL'~ z xq/k,-hz'~ 13.462 10.834 3'.0630 2.s268 8.15~1 1.8128 2.++8 4.4417. 14.7fi? 

(q/k,-nr+ 57.56| ?.1030 10.326 14.131 22.401 7.863r.. 7.3698 6.77'.8 12.780 
C02 (Z) 2,2 11,5 8,7 5,6 2.7 7.9 5,? 4.3 2.7 
02 ~)  17.7 5.1 ?,2 13.Q 16.? 10.0 12.8 14,f 16.? 

~IBil" PARA,'ETBIS 
BARO.PRE~URE (e.e.-~) 743.5 743.5 ?43.5 743.5 743.5 741.9 741.? 741.9 741.9 
~OI.UT( ltiJHDITY (qn/15) 98,7 . , 7  98.7 98,7 98.7 93,3 93.3 93.3 93,3 
RELATIVE(Z)mHIDITY 74.1 74.1 74.1 74.1 74.1 7?.4 T].4 ?7.4 77.4 

thZCkTE.~ P~q~rrE]iS 
_ J  31.4 147.0 ~ . I  48.5 23.? 187.2 108,9 70.? 41.8 
ZKJ..SF.C <kg/iku-hr) 183.7 207.3 1?1.+ : ..+ 171.8 1?4.3 tin.3 I75.8 1+?.+ 
[1"~' (bar) 1.9 16.5 9.~ ..4 2.? 13.4 ?.B 5.1 3.0 ~ TE+actzaI (Z) 47,0 41,6 45,0 ~/.4 5Q.2 44.4 47,1 47.1 50.8 
]E,~neire~ical : (Z) 62.8 56.1 58.I 6Q,2 62.4 58.4 59,9 61.1 

-8Io, ,=, , , , , ,m~,, ,=,1 .747 741 m .~e . m  .731 .733 . m  !~t~ 



-~*  SYNFIJEI. PROIECT 03-B536 

TARSAN~ PERFORHA~E TEST 

RUH I~L~E~ 55 
TEST CO~E 13 5 2 
~AY (julian) 5315 
TI~ (~iIi~ary) I23439 
PHASE I 
TYPE FU~ l~S~fl 

E~GI~ PAR~,HET~S 
E~GI~ S~EE9 (rpa) 1394 

~SFC (g/ku-hr) 43"3. 
~E~ (bar) 1.I 
BTE El) 1% 9 

EHGI~ FLn~ P~q~ETERS 
FU~ F'L09 (kg~r! ~,1 
AIR A.OB (kq/hr, ~ , ~  
AI9 ~ RATIO 
CHE~CAL AIR Fl]~ RATIO 80.5 
S]'t~E OPACITY (Z) t,~ 

TE~BATI~E PARAI'~'I'E~S (dog,c:) 
COOLANT IH 92 
COOLANT OLq" 
OIL ~ 99 
OIL GALleY 2~ 
]]4TAKE AIX 
CELL A~I~T 3~ 
B~_~B4 I ~  COOLER 51 

~'III#JST ~1 2Fl 
DHALIST 42 193 
+ 13 m5 

14 218 
EXIW.IST 15 205 

STAC~ 214 

P RESb"URE PAKAHETE~S" 
OIL (kpa! 317.3 
FUEL (-~pa~ 130.4 
~ ~ TLqBQ (kpz) nnuHnm 
FILLER RES11~ICT~ (pa) 4~. 0 
most i coo ¢,p ! 
E~MST STACX (kpaJ .7 

EHISSION P~ql~:'l'DS 
~HC (~tv-.hr! 5,6265 

BSxOs ~gnu-nrp 24.135 
C02 (l) 2.6 
02 (%) 17. I 

~BIENT P~AI~:'I'ERS 
~O.PRESSL~E (nn-Hq) 743,5 
AgSOLUTE h~JMI~ITY (gnll.~! ~.7  
RELATI~ I~IDITY (zj )'4.1 

INdiCATED PA~JETDB 
IIH ~ . 9  
ISFC (kg/tku-hr] 171.9 
XI~ (harp 2.7 
ITE~actual IZ) 50.5 
ITE. lhelretica! (Z) ~ .  4 
RATIO, acleaL/~hHreTica! .809 

TEST RESULTS mm 



APPENDIX D 

COAL LIQUID BLEND PERFORMANCE DATA 
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- . -  S~UEI. PROJET 03-95"38 TE~T II~'Vt.TS m .  

PDFORHAHC[ TrOT 5? % E~ 

~L8t HUPmED 1224 I225 
TEST C~DE 16 1 1 16 2 
i~Y (.+,uSi~n) ~030 60~0 
T]l~ (~1i1~r,2) 112354 121657 
Pi~E I 1 

EHGtI~ BOL~S 1~8,9 IPP,B 

~GI~ P A g A n S  
E~G]H~ EP IF.]) (Ppn) 
TORQUE (~M) 
P I ~  (XW) 
~ C  (g/k .l~hr.) 

~nar~ ~ [  (Z) 

~ N  PA~fl~E~S 
~l.OU (kq~r). !,7 30.4 

AIR F'I.(~ (kglflrJ I~ .9  ~0~.3 
AZR FUE~ RATIO 115.3 19.? 
L'~ICN. A~ ~a.  RATIO 97,0 19.5 

T~PDATLSLE P~ETE~S (dog,c) 
C~LANT IN 91 85 
CO~LTr OUT 93 ?3 
OIL ~U~ 94 I19 
09. ~/.L.~Y 93 H4 
INTAKE AIR 18 21 
~ t  ~ l ~ f  21 37 
BOOST 04 l i ~ t  CGOLE~ 45 143 
900ST ~ I 1 ~  COOL£R 72 
FLEL l,'i ' 29 31 
I~OIALIST ,It 177 613 
E~41.mT #2 146 607 

13 168 596 
~<XAI.IST.I.4 

~OIAUST t6 146 ~1 
EXMUST STAC~ 153 5~1 

PRE.~IAIE PA~PTEgr 
OIL (.lpa) 25"7,8 3133 
FUEL (kpa) 158,4 8?,3 
E~AL~T ~4 TU+DO (|p~! 
F, .m R~m,m',m (., ~:]' :~ :~  

• BOOST ~f TH~COP,.E~(kpa! 1,4 107.5 
I~AUST ST~t( Ckpa; ,3 2,0 

EHImIOH P~A~RG 
(o~+Phr) 11,485 ,80|8 

D~C9 !o/k~P'hr) 13,499 9,4149 
m e ,  :~,k~:) ~2.p~ 1o .m 
I]2 +z; ,.,, 11,1 
02 iX) 17,1 5,4 

B~40,PRESSUE • ( ~ )  748,1 748.1 
AO~LUTE i]~IDITY (9n/_]5) 4~,4 46,4 
Ri~.ATI~E Hi.qtlDI'i'f (%) 51.7 51,7 

1H~ICATi~) P~I~E~iS 
IKM I1.4 
I~C (kg/ik~+hr) 161.1 
l ~  (bar) 1,9 
ITE,actaal (1) ~ ,7  
IT[,~heore?ical (Z) 63,1 
RATIO~, ac1.1/~he,~re:i.aI ,053 

1223 1227 1229 1229 1230 1231 12-32 
16 3 1 16 + ! l& 5 1 15 5 I 16 ? t 16 8 1 l& 9 1 

6030 5030 6030 ~030 5030 ~030 6030 
125"512 141624 15228 1~-~46 1~514 163259 54711 

I 1 1 1 I 1 1 
5"72E~ 57Z~S ~ 5"72~S ~-?2~S 572[~ 572~9 

1~0,5 P,t.O IL~,5 163,1 1~3,~ 164,1 1~,2  

841 1~9 13P8 1399 1;394 2199 2194 2191 2392 
37,2 9~1.4 459,| 230,6 /+3.6 67,9.6 334,6 157,B 45.6 
3,3 13L~ 67,2 ~3,9 9.3 155.3 76.? 3B,5 10,7 

510. 222. 231, 246, 378, 22'7, P.349, 303. 5?0, 
,6 1 5 . 4  7,5 3,0 t.0 11.1 + 5.5 2,e ,8 

16,? 39,7 3%3 34.7 22.7 37,9 34.5 26.4 14,6 

15.5 8,4 3.5 
40%8 347,1 327.9 
26.4 41,4 ~3.4 
24.8 30,4 63.1 
9.4 1.4 t.5 

9? 

lot+ 102 98 
102 99 ?? 
23 23 24 
3I 29 38 

58 ~0 
81 7~ 

:447 317 197 
452 323 210 

457 298 192. 
447 3C5 199 

~5.2 19,I 
1000.6 ?'~.T 

2B,4 ~B,~ 
28.8 38.2 
7.7 5,2 

.,6 +,.3 
61~,t 549,8 
5L? el,,~ 
5o.+ P...2 
3,o 1,+ 

98 
93 

109 
106 

152 • 
109 

9O 
9;+ 

107 
104 

99 
9O 

399 
1|7 

411 

105 102 
102 I00 

83 79 

330 238 
334 ~9  

319 213 
312 ~15 

151.4 82,1 48.5 23.9 192.2 10B,2 ?0,1 42,5 
200.9 188,8 1~,9 HT,O 188.1 176,~P 161,,1 148,5 
,7,6 9,2 5.4 2,, 13.4 7 ,~  5,1 
,+'.e .35.5 ,9.? 50.5 + .7  .,.o. 5,.+ ~:~ 
53., . . 1  6o.3 +,.7 ,+.+ +,,o 31.+ 32.6 
.761 ,784 ,824 ,933 .782 309 ,845 ,~'~ 

74B.I 748.1 7~.~ 746.5 746.5 24~.5 746.5 
316,4 46,4 2'1,3 ?'1,3 ?7.3 77.3 ??,3 
51,7 51,7 5B,5 .5B.5 5B.5 58.P 58,5 

, .++  I.m6 +.+319 1.13 1.m1 2.,+++ l+,m+ 
2.,,+ +.9,,.3 e .m, , . , m  2.,,31 4.,I,, ,.0,:,+ 
I,.L~ ,6.p. x m.+~ , . %  o.,]!~ ,.+p.] " L +  

,.+ ,3.3 ,,,.9 10., 13., 13.1 1,.+ 

.+m. ,  313.0 +,7.:, 3,+.+ 343,,, m . ,  m . +  
. , . +  12.,.4 m.+ + . I  8?,4 ,. ,9 ~,.+ 
23.o , ,2 +,,+ "~ 9 ~:++ 

m+.+ , , . ,  I?,.+, ~ : +  +:+  69~:1 
+,,,.2 ,+., ..+.3 ,+.+ +e., 3o.1 13.+ 
1 . ,  ,7 .7 4.1. ,.? ,.3 , . ,  
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mint .cYHFLTL PROJECT °3-9539 TEST RESULTS a,u 

P-V.fF(NHAH~ TEST 57 Z E}S 

|UH HUi~ 123) 1234 1235 1236 i~T/ 1239 ~39_ 1240 4 
T E S T C t ~  1 6 1 2 1 5 2 2 1 5 3 2 1 6 4 2  , 6 5 2 1 6 6 2  161, 1~62 151~ 
DAY ~ (julian) 5131 6031 6031 ~031 6031 5031 6032 5031 6031 

(nil~lary) 2141 6 223419 11 227 112852 121648 125149 131514 1336 3 135~8 
PHN~ 1 1 1 1 

~ ~  1~., I67.5 ,67., 1,.4 ,6,., ,59.7 m. ,  170.~ 17,.~ 
'I1~ PAJiA~L~ 

Spm:n (rpn) 941 1379 1397 1413 1399 2198 2194 2191 ~02 
T01tGt~ (Eft) 37.5 941.1 459.9 23?.2 ~4.1 662.1 3~5.2 .1~8.f 45.4 
pa~  (Ig) 3.3 137.7 67.3 34.1 9.4 152.4 77.| 39.7 10.5 

(9/ku-.hr) 464. 222. 228. 250. 385. 22~. 

]fiE 1%) 19,5 ~8.7 37.7 34.4 :~,3 ~B.O 34.7 ~8.~, 14.1 
E](GI)~ FLOW P~AI~ClT~ 

FLOV (kg~r! 1.5 30.5 15.4 8.5 3.6 34.5 19.1 II.7 6.4 
ATe FLOM (kg/nr) 196.1 61~.5 410.1 348.? 330.7 95~.7 741.1 615.3 553.5 
ATe FUEL RATIO 127.9 21.1 2~.7 41.0 91.4 29.9 38,8 52.9 96.4 
I~ICAL AIR ~ RATIO ?&.3 17.5 25.3 3"7.B 77.3 2?.2 37.? 50.2 81.1 
SHOKE DPACITY (Z) 1.I la.e e.5 1.8 1.4 7.9 5.4 3.2 1.5 

~ A T U R E  P~MEI~IS (deg.c) 
CODLAMT IH 8~ 94 88 90 fib 

OIL ~ 89 t f f  105 I02 99 11| 107 104 I03 
OIL GALLERY 68 184 101 tnO . ?~ 1i6 104 102 tOO 
IHT~E ATe 

~ m ~  c ~  41 145 , 62 48 151 , .  7~ 
DtX]ST AF | ~  Cgi]LJ~ 67 ~98 81 76 74 119 90 83" lid 
FIJB. IN 31 33 33 35 37 
EIIWJST 11 II58 615 454 3~ 33 ~ 213 527 424 ~ :  
F-.~WJST 12 IN 662 447 311 191 50? 411 332 2"47 
E0'tALIS? 13 ! .  m 45"3 3;9 204 512 494 323 
E~(I~ST. 15/ ,C1 461 346 222 .11 
E ~ 0 5  144 612 454 324 178 ~? 44J~9 ~ 
EXHWST 4~ 148 643 457 3~3 181 557 411 319 213 
EOW/ST STAC~ 14S 587 447 312 1,6 45, 379 31~ 24I 
PR~RStgiE P ~ I S  
OZL _ _  (Ipa). 37,1.8313.1314.7316.4317.8344.5345,2347.7349.7 
PLkS. (kpaa t~.7 
~LTEE ,ES11ffCTIoHEXiWJ91' 84 TLIHSO (,p,).(p,, ~ : i  ~a,~.'~ 112.317.31~;.,B.113324.7103.577"3 B L 7 9 4 , '  " . 6  

~ 4 ,  1 , 1  197.1 ,,1.4 ~ : !  ~ : I  ~:~ 
~_]it~COOLER(kpa! 2;~ 109.8 35,1 13.4 6.t 126.3 

~ ~  ok,, 2.t 1.~ 1.0 1.1 4.4 6 . ,  
30.8 16.8 

1.7 1.7 
E ~ O H  PA~A~TOS 

(~kb--hr) 9.4128 ,6?VZ ,5'7")8 1,1722 ~,8051 1.3614 2.9871 9.5982 
1]SI:O (~.kv-hr] 11.287 9,13~ 3,1361 2,f712 8.4939 L~6 2,7,99 4.91~ 15.2M 
BSAOz tg/kv-he, 47.6659.22D111,316 I4.~.~ 24.~.~ 9,1~.~ 7 . 8 ~  9o1.~ 
~ ,,1 2.2 , . 1  +.6 . '+'~.o 
o~ m 17.7 ~.+ ,.3 13.~ ,+.+ , .7  1~.2 1~., 17.~ 
~tLUENT PA~M~BtS 
]~dO.PRES~gE (Ivt-Hq) 744.7 744.7 744.7 744.7 745.0 745.0 745.1 745.0 745.1 
A I ~  I+UfllDITY (gn/15) 70.5 71.5 70.5 70.~ 6|.1 50.0 60.1 6|.1 68.0 
IE).ATI~ HU~IDI'ff (%) 75.1 75.1 75.1 75. t 47.1 47.1 47.1 47.1 47.1 

IH~ICA~ PARNETERS 
~ ,  1,0 I-,,.2 ~ i  49~ ~ 9  104~ 1 , ,  701 425 
' ~  < w ~ , ,  m . ,  2 . ,  1~ .1  172., 151.+ 1~.1 1~.4 1~.~ , , .7  
_ (him) ,,~..:,.., ,,, ~: ]  1~:[ 45.,"2 ,~:~ ~.72'5 ,3.1,,., ~:1 ~ : I  
m ; , , . , , i , 1  ~z) ~.2 ~.2 m., 6o.~ ~.~ 59.5 61.1 91.~ .~i~ 
RATIO, aCllal/TheJrttical .92.5 .7~. .?90 .824 .915 .785 .815 .844 



APPENDIX E 

COAL LIQUID BLEND SCREENING TEST DATA 



zo~/I 0~ 

E~8 SCREE~i~iG TEST 

RUN HUP, BE~ 
TEST CODE 
DAY (]glian) 
TI,~ (~ilizar~) 
PHraSE 
TYPE FUEL 

~ G I ~  PARAH,_-'T~S 
ENGINE S~E~J (rp.) 
TORQUE (H-H) 

~FC ( q / ~ r )  
8HE~ (b~r) 
8TE (Z) 

ENGINE FLOg ~ei~AHE~r~RS 
FUEL FL~J (~/hr) 
AIR FLOW (k~/hr) 
A9 ~ ,  R~TIO 
O~tIC~ AIN r"U~. N~TIO 
Sl'i~E O~ACITY (X) 

1t~E~ATURE P~AHETEgS (deg.c) 
CODLk~T IN 
COOL~T Oh'l" 
OIL SL~ 
OIL ;ALL~Y 
INT~E AIR 
CEIL Aa~L~I ~iT 
800ST B4 iNN~ CnOL~ 
800ST ~ IN~  COOLER 
FUE IN 
E~(HAUST 11 
E ~ S T  12 

~ S T  #4 
EXHAUST 15 
EXiW~T ~6 
EX~JST 5T~C~ 

PRESSURE PAR.P~.[~5 
OIL (kpa! 

BOOST ~ ]~CDOLER(kpa) 
EXHAUST STA~ (kpa~ 

~ISSION P~A}ETER5 
BS~ (g/kw-hr ! 
BSCO (g/kw-hr 
~Oz (q/kw-hr) 
CO,?. (Z) 
02 (Z) 

A~IE]fT PARAHETERS 
e~O.eRESSURE ~..,~-~" g! 
~uF~.~ ~NIDZ~ tgn/io~ 
REIJWI~ ~hI~ITY (%) 

IN~ICATE~ PARAHE'TER~ 
lKiJ 
I S F C  (tg/iiu-hr) 
IHE~ (bar) 
l~,a~wal (Z) 
ITE,theure~ic~l (Z) 
RATIO, ac~uaL/zheorezical 

TEHT EESULTS ~ 

743 744 745 746 747 748 749 750 75' 
1411 1431 1461 1511 1531 1561 1611 1631 166 1 

6017 6017 6017 6017 60!7 6017 6021 60~1 6021 
101-~ 9 I059~ II 646 1420~ 1435~3 144739 151635 153814 1~.4~36 

1 1 I 1 ~ I I I 1 
40ZEUS 40ZE~5 4g~S 50~E~S 50ZF.~ 50)Z~S 57.~-~S 57ZE05 ~.~..~5 
149.1 149.7 149,9 151.4 151.7 1~1.9 153,8 154.2 154.3 

928 1391 2198 833 1391 2179 8~ 13R5 21.~ 
38,0 459,9 673,9 37.2 458.9 672.9 ~ .7  ~,58.4 ~79.2 
3,3 67,0 155.1 3.2 66,9 154.9 3.4 66.5 15,J:.3 

513, 231, 27.1. 515, 231, ~9. 466. .°34, ~?. 
. ,6 7,6 11,1 ,6 "7,5 11,I .6 7.5 1!,2 
16.7 37.0 39.~ 16,/: 37.1 37,4 18.4 ~6.g ~ .5  

1.7 15.~ 34,1 1.7 15.5 Z5.5 1.6 !5.5 ~ .8  
189.7 489.3 1013,~ 191.2 409.1 1011,6 188.! 397.5 99~.6 
111.9 26,4 ~ ,8  1!4.3 .P/C,5 ~8.5 I!9,7 25./: ~7.7 

0.0 :3.0 0,N ~.0 0.0 O,~ I , |  i.O 8,0 
2,2 10.7 8,0 3.1 10.6 R,2 1.1 9,1 9.{ 

93 94 94 93 93 
~5 105 II° 94 105 111 94 IG6 I10 
94 I°R 166 93 I01 167 93 1~2 106 
18 19 19 21 

5, . . 3  ~ ,o 1 .  61 9, , ~  

14~ 4 ,  ~6 147 4~ ~0 1~4 4~° ~40 
1~ 493 ~9 168 489 569 17.~ 497 
155 4~;6 5"30 159 460 540 16/ ~',~. 
175_ 4~ 5"75 167 435 579 I79 4[)7 596 
173 ~4 4~ ,~I 4~ ~6/: I~ 460 4~° 

254,3 312,7 3.14,1 262.1 313.2 343,3 261,2 313,4 3~ l 
1 ~ . |  98,9 81,1 169.0 98,7 81,B 161./: 124.5 '. 
~:I  ,,~:Y 114.5 ~ , ,  

696,8 74.7 1741~. 113.7 
1.~ 3/:.~ 1~.° 1.5 ~:~ 131.8 1.4 34.4 13~.~ 
O.u .7 4.4 .3 4,7 .3 1.0 . 

0.°000 0,0000 0,110~]0 0,0000 0.0000 ~.000~ 0.0~00 0,~00~ 0°0000 
0,|00| |.0000 0.°00° °.0000 ~.0000 0o~|00 0.||00 0.~0~| 0,0|00 
~.,o0.~ 0.,0.~ 0.,0.] o o0!~ 0.0oo.] o . , ! ]  o . , ! I  0.,o t. o. , ,~ 

- . I  .2 .1 .1 -°1 .2 -.0 -.0 -,0 

744,5 744,5 744,5 740.5 748,5 748,5 741.2 741.2 741,2 
84,4 84,4 84,4 R5,5 05,5 85,5 81.4 81.4 81,4 
817 80.7 86,7 76,7 7~.,7 76.7 65.3 ~.3  65,3 

9.7 81.3 IB7.2 9.7 81.3 I86.5 1|,4 81.3 189,0 
173.9 190.6 101.9 122.5 190.1 19|,5 t51.5 191,2 190.4 

/:~0 59! 587 6~.0 5.~ 5,.~ 6~.i , ,  ~ ,  
.,,1 . ~  . ,1 .709 .~0 90~ .7~ .,74 




