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1.0  INTRODUCTION 
 
 
 The test results reported herein were generated by the Department of Engine and 
Emissions Research (DEER), Division of Engine, Emissions, and Vehicle Research at Southwest 
Research Institute® (SwRI®), for SFA International, Inc.  This study was performed for SFA 
International, Inc. as sponsored by a grant from the Texas Commission for Environmental 
Quality (TCEQ), New Technology Research and Development Grant, Contract No. 582-5-
70807-M024.  This project was run as SwRI Project 03.11959.  The Principal Investigator and 
Project Leader for SwRI was Mr. E. Robert Fanick, Group Leader in DEER.  SwRI technical 
personnel involved in engine operation, emissions sampling, and emissions analysis included 
Messrs. Kevin P. Hohn and Richard E. Cortez.  Data reduction was performed by Ms. Sylvia G. 
Niño, Ms. Amanda L. Korzekwa, and Ms. Kathleen M. Jack.  The SwRI Project Manager for this 
work was Dr. Lawrence R. Smith, Manager of the Chemistry and Unregulated Emissions 
Section. 
 
 This report contains hot-start transient emission results obtained from a 1991 Detroit 
Diesel Corporation (DDC) Series 60 heavy-duty diesel engine using a reference fuel, Fuel R, and 
a candidate fuel, Fuel C, containing additive SFA® 116-4509 from SFA International, Inc.  Fuel 
R was an ultra-low sulfur No. 2 diesel fuel, and Fuel C was the same fuel blended with the 
SFA® 116-4509 additive.  These fuels were tested following a proof of concept test protocol 
which included six hot-start tests with the reference fuel, a conditioning period of 72 hours of 
engine operation with the candidate fuel, six hot-start tests with the candidate fuel, and a final set 
of two hot-starts with the reference fuel to determine any residual effects of the candidate fuel 
remained when the additive was not included in the fuel. 
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2.0.  EXPERIMENTAL SETUP 
 
 
 For testing, a 1991 DDC Series 60 (Serial No. 06R0038671) heavy-duty diesel engine 
was mounted in a transient-capable test cell.  This engine had an inline, six-cylinder 
configuration rated for 365 hp at 1800 rpm.  It was turbocharged and used a laboratory water-to-
air heat exchanger for a charge air intercooler.  Table 1 lists the engine specifications and 
features.  The exhaust was routed to a full flow constant volume sampler (CVS) that utilizes a 
positive displacement pump (PDP), as illustrated in Figure 1.  Total flow in the tunnel was 
maintained at a nominal flow rate of about 2000 SCFM.  Sample zone probes for total particulate 
(PM), heated oxides of nitrogen (NOx), heated hydrocarbons (HC), carbon monoxide (CO), and 
carbon dioxide (CO2) measurements were connected to the main tunnel.  Probes for background 
gas measurement were connected downstream of the dilution air filter pack, but upstream of the 
mixing section.  The dilution system was equipped with pressure and temperature sensors at 
various locations in order to obtain all necessary information required by the U.S. Code of 
Federal Regulation (CFR 40, Part 86, Subpart N). 

 
TABLE 1.  ENGINE SPECIFICATIONS AND FEATURES 

 
Engine Parameter Comment 

Engine Serial Number 06R0038671 
Make Detroit Diesel 
Model Series 60, 6067GU60 

Engine Displacement and Configuration 12.7 L, I-6 
Emission Family MDD12.7FZAK 

Rated Power 365 bhp at 1800 rpm 
Electronic Control Module DDEC-II 

Aspiration Turbocharged 
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FIGURE 1.  SAMPLING SYSTEM USED FOR TRANSIENT 
EMISSION MEASUREMENTS 
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3.0.  DESCRIPTION OF FUELS TESTED 
 
 
 The reference fuel, Fuel R (SwRI Code EM-5504-F), was a No. 2 ultra-low sulfur 
certification diesel fuel from Chevron Phillips Chemical Company.  This fuel was blended with 
SFA® 116-4509 from SFA International, Inc. to prepare Fuel C (SwRI code EM-5845-F).  No 
analysis was performed on the treated fuel other than a determination of the iron (Fe) and 
magnesium (Mg) content.  These determinations showed an Fe concentration of 51.0 mg/kg, and 
a Mg concentration of 25.5 mg/kg.  Table 2 lists the fuel analysis results for the reference fuel. 
 

TABLE 2.  FUEL ANALYSIS RESULTS FOR FUEL R 
 

Fuel Analysis Test Method Results for 
EM-5504-F 

Sulfur, ppm D5453 0.6 
Aromatics, vol % D5186 7.6 
Cetane Number D613 52.6 

API Gravity D1250 38.2 
Viscosity @ 40°C, cSt D445 2.675 

Flash Point, °F D93 180 
IBP, °F  398 
10%, °F 428 
50%, °F 490 
90%, °F 567 
EP, °F 

 
D86 

608 
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 4.0.  TEST PLAN AND TEST PROCEDURES 
 
 
 Table 3 presents the test plan followed for proof of concept heavy-duty engine testing.  
This test plan begins with a six hot-start EPA transient test sequence with the reference fuel (Fuel 
R) to establish baseline emissions for the engine.  The reference fuel was then blended with the 
SFA® 116-4509 additive (Fuel C), and a conditioning period of 72 hours using repetitive EPA 
transient cycles was performed with the candidate fuel.  At the conclusion of the conditioning 
period, a six hot-start EPA transient test sequence was conducted with Fuel C.  The fuel was then 
changed back to the reference fuel, and two additional hot-start tests were conducted to 
determine if the engine emissions and fuel consumption rates returned to their original baseline 
levels.   
 

The EPA transient cycle is described by means of percent of maximum torque and 
percent of rated speed for each one-second interval over a test cycle of 1199 seconds duration.  
To generate a transient cycle, an engine's full power curve is obtained from an engine speed 
below curb idle speed to maximum no-load engine speed.  Data from this "power curve," or 
engine map, are used with the specified speed and load percentages to form a transient cycle.  A 
graphic presentation of the speed and torque commands which constitute a transient cycle is 
given in Figure 2 for illustration purposes.  
 
 In general, a transient test consists of a cold-start transient cycle and a hot-start transient 
cycle.  The same engine command cycle is used in both cases.  For the cold-start, the diesel 
engine is operated over a "prep" cycle, and then allowed to stand overnight in an ambient soak at 
a temperature between 68 and 86°F.  The cold-start transient cycle begins when the engine is 
cranked for cold start-up.  Upon completion of the cold-start transient cycle, the engine is 
stopped and allowed to stand for 20 minutes.  After this hot-soak period, a hot-start cycle begins 
with engine cranking.  In order to determine how well the engine followed the transient 
command cycle, engine performance is compared to engine command, and several statistics are 
computed.  These computed statistics must be within tolerances specified in the CFR.  In 
addition to the statistical parameters, the cycle work actually produced should be between 5 
percent above and 15 percent below the work requested by the command cycle.  The first five 
minutes of the cycle is designated as the New York Non-Freeway (NYNF) portion of the test and 
represents city operation with extensive idle time.  The second five minutes is called the Los 
Angeles Non-Freeway (LANF) portion.  This part of the test also represents city operation, but 
without the excessive idle time.  The third five minute section of the test is called the Los 
Angeles Freeway (LAF) portion.  This part is more representative of higher speed conditions 
indicative of freeway operation.  The final five minutes of the EPA transient cycle is a repeat of 
the NYNF portion.  These four parts are combined to give the EPA transient cycle. 
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TABLE 3.   TEST PLAN FOR PROOF OF CONCEPT TESTING WITH A HEAVY-
DUTY DIESEL ENGINE 

 

Step Description 

1 
Perform emission instrument calibrations as required.  Calibrate torquemeter and check 
signal conditioning systems.  Validate CVS gaseous and particulate sampling systems 
using propane recovery techniques.  

2 Check engine condition using in-house, low sulfur emissions type fuel, and note fault 
codes if any.  Bring engine oil level to "full" with a manufacturer’s recommended oil. 

3 Perform fuel change procedure to operate on Fuel R.  Change filter, purge fuel supply, 
etc. 

4 Warm up engine and operate at rated speed and load, then check performance. 

5 

Conduct transient "full-throttle" torque map from low- to high-idle.  Compute and store 
resulting transient command cycle.  (Note:  This initial transient command cycle with 
Fuel R was used for all subsequent emission tests in this test plan.  Other torque-map 
information generated with either Fuels R or C during this test work was stored for 
documentation purposes.) 

6 
Run two 20-minute practice or conditioning transient cycles without a 20-minute soak 
between cycles, and adjust dynamometer controls to meet statistical limits for transient 
cycle operation 

7 

Soak the engine for 20-minutes.  Run six hot-start transient tests with a 20-minute soak 
between each.  For each individual hot-start test, determine THC, CO, NOx, and PM.  
Measure fuel flow volumetrically in addition to the carbon balance method.  During one 
of the hot-starts, measure particulate-phase Fe and Mg. 

8 Perform fuel change to Fuel C.  Operate the engine for 72 hours using repetitive EPA 
transient cycles to represent normal engine operation. 

9 Repeat Steps 4 through 7 with Fuel C. 

10 Perform fuel change to Fuel R.  Repeat Steps 4 through 6. 

11 Soak the engine for 20 minutes.  Run two hot-start transient tests with a 20-minute soak 
between each.  For each individual hot-start test, determine THC, CO, NOx, and PM. 

12 Summarize data and prepare the final report. 
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FIGURE 2.  GRAPHIC REPRESENTATION OF TORQUE AND SPEED COMMANDS 
FOR THE TRANSIENT CYCLE FOR HEAVY-DUTY DIESEL ENGINES 
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5.  TEST RESULTS 
 
 
 Results for the baseline transient torque map that was generated with Fuel R and used as 
the reference map for all subsequent transient runs are given in Table 4.  Table 4 also contains 
the torque map data for Fuel C and data for the repeat map with Fuel R.  The results indicate that 
engine performance characteristics were consistent throughout the testing.  Figure 3 shows a 
graphical representation of the torque map data for both fuels.  More detailed data on engine 
performance is given in Appendix A. 
 
TABLE 4.  SUMMARY OF TRANSIENT TORQUE MAPS OBTAINED WITH THE 1991 

DETROIT DIESEL SERIES 60 HEAVY-DUTY DIESEL TEST ENGINE 
 

Engine Speed, rpm 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 

Fuel R 

First Map, lb-ft a 616 647 719 856 1019 1213 1390 1340 1261 1203 1166 1120 1049
Repeat Map, lb-ft  610 640 719 866 1044 1191 1398 1334 1259 1195 1159 1108 1044

Fuel C 
First Map, lb-ft  603 637 717 872 1022 1178 1386 1342 1258 1200 1164 1116 1058

Second Map, lb-ft 608 643 724 874 1027 1184 1396 1340 1257 1202 1161 1112 1053
 Idle speed:  600 rpm, rated speed:  1800 rpm. 
 a This map was used as reference for all subsequent transient cycles. 
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 During steady-state performance checks, the 1991 DDC Series 60 engine had a maximum 
power of 362 hp at a rated speed of 1800 rpm on Fuel R for the initial baseline, a maximum 
power of 361 hp and 362 hp on Fuel C, and a maximum power of 358 hp for the final baseline.  
Peak torque at 1200 rpm was 1391 lb-ft on Fuel R for the initial baseline, 1375 lb-ft and 1402 lb-
ft on Fuel C, and 1394 lb-ft for the final baseline.  No operational problems were observed. 
 
 Table 5 gives emission results for HC, CO, NOx, PM, and brake specific fuel 
consumption (BSFC) obtained for each of the tests.  Detailed test results are given in Appendix 
B.  The average, standard deviation, and coefficient of variation for each set of three hot-starts 
(only two for the final tests with Fuel R) are also included in Table 5 for each fuel.  Each set of 
three hot-start averages was then averaged once again to determine an overall average for Fuel R 
and an overall average for Fuel C.  (Please note that while averages, standard deviations, and 
coefficient of variations were calculated for the duplicate hot-start tests with Fuel R that followed 
the Fuel C testing, the data were not utilized in subsequent calculations as these tests were only 
conducted to determine if there was any residual effect from the additive.)  Table 6 presents 
these overall averages, standard deviations, and coefficient of variations for the two fuels. No 
emissions reductions with Fuel C could be observed when the two data sets were compared. No 
residual effects from Fuel C were noted for any of the emissions when the fuel was changed back 
to Fuel R.  As noted in Table 3, the fuel flow was also measured volumetrically for each test, and 
these results are presented in Appendix C along with the carbon balance results.   
 
 In addition to the analyses for the regulated emissions, two filters were analyzed for Fe 
and Mg content.  One filter was collected during the C8 test with the candidate fuel, and the 
second was collected during the R3 test with the reference fuel.  The reference fuel filter was 
analyzed to provide background levels of Fe and Mg.  Table 7 presents the Fe and Mg results 
after background correction.  Based on the particulate mass of each element found on the filter, 
the percent recoveries for the fuel-based Fe and Mg were 67 and 98 percent, respectively. 
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TABLE 5.  SUMMARY OF REGULATED EMISSIONS 
 

Transient Emissions, g/hp-hr Test 
Number 

Test 
Fuel 

Test 
Date HC CO NOx PM 

BSFC, 
lb/hp-hr 

Work, 
hp-hr 

R1 2/16/2006 0.034 2.579 4.579 0.188 0.383 24.13 
R2 2/16/2006 0.026 2.632 4.723 0.184 0.385 23.99 
R3 2/16/2006 0.031 2.595 4.612 0.183 0.379 24.06 

Mean 0.030 2.602 4.638 0.185 0.382 24.06 
Std. Dev 0.004 0.027 0.075 0.003 0.003 0.070 

 
 
 

Reference 

% COV 13.3% 1.0% 1.6% 1.4% 0.8% 0.3% 
R4 2/16/2006 0.077 2.606 4.605 0.172 0.378 24.03 
R5 2/16/2006 0.028 2.628 4.658 0.185 0.382 23.98 
R6 2/16/2006 0.042 2.661 4.730 0.184 0.377 23.93 

Mean 0.049 2.632 4.664 0.180 0.379 23.98 
Std. Dev 0.025 0.028 0.063 0.007 0.003 0.050 

 
 
 

Reference 

% COV 51.5% 1.1% 1.3% 4.0% 0.7% 0.2% 
Engine Operation for 72 Hours with Additive 

C7 2/20/2006 0.058 2.931 4.631 0.213 0.391 23.18 
C8 2/20/2006 0.056 2.891 4.661 0.227 0.389 23.15 
C9 2/20/2006 0.059 2.945 4.697 0.219 0.390 23.17 

Mean 0.058 2.922 4.663 0.220 0.390 23.17 
Std. Dev 0.002 0.028 0.033 0.007 0.001 0.015 

 
 
 

Candidate 

% COV 2.6% 1.0% 0.7% 3.2% 0.3% 0.1% 
C10 2/20/2006 0.058 2.936 4.616 0.221 0.389 23.09 
C11 2/20/2006 0.042 2.843 4.689 0.217 0.390 23.14 
C12 2/20/2006 0.050 2.898 4.549 0.214 0.390 23.17 

Mean 0.050 2.892 4.618 0.217 0.390 23.13 
Std. Dev 0.008 0.047 0.070 0.004 0.001 0.040 

 
 
 

Candidate 

% COV 16.0% 1.6% 1.5% 1.6% 0.1% 0.2% 
R13 2/21/2006 0.053 2.701 4.674 0.195 0.384 23.13 
R14 2/21/2006 0.058 2.587 4.642 0.198 0.377 23.11 

Mean 0.056 2.644 4.658 0.197 0.381 23.12 
Std. Dev 0.004 0.081 0.023 0.002 0.005 0.014 

 
 
 

Reference 

% COV 6.4% 3.0% 0.5% 1.1% 1.3% 0.1% 
 

TABLE 6.  SUMMARY OF THE AVERAGE VALUES FOR HC, CO, NOx, PM, AND 
BSFC 

 

Fuel Type NOx, 
g/hp-hr 

PM, 
g/hp-hr 

HC,  
g/hp-hr 

CO,  
g/hp-hr 

BSFC, lb/hp-hr 

Average 4.65 0.18 0.04 2.62 0.381 
Std. Dev 0.07 0.01 0.02 0.03 0.003 R 
% COV 1.5 2.7 36.9 1.0 0.7 
Average 4.64 0.22 0.05 2.91 0.390 
Std. Dev 0.05 0.01 0.01 0.04 0.001 C 
% COV 1.1 2.4 8.8 1.3 0.2 
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TABLE 7.  PARTICULATE-PHASE IRON AND MAGNESIUM RESULTS 
 

Test 
Number Element Brake Specific Emissions, 

mg/bhp-hr 
Brake Specific Additive 

Consumption, mg/bhp-hr 
Percent 

Recovery 
Fe 6.0 9.0 66.7 C8 
Mg 4.4 4.5 97.8 
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 6.0.  SUMMARY 
 
 
 This test program was conducted for SFA International, Inc. by the DEER at SwRI.  
Emission results from six hot-start transient tests run on a 1991, DDC Series 60 heavy-duty 
diesel were compared for a reference fuel (Fuel R) and for the same fuel blended with the SFA® 
116-4509 additive (Fuel C).  Averages and standard deviations were calculated from averages for 
two sets of three hot-start tests for the reference fuel and the additized fuel.  When these 
averaged values were compared, no emission reductions with Fuel C could be discerned. 
 



















































 

 

 
 
 
 
 
 

 
 

APPENDIX C 
 
 
 
 

COMPARISON OF VOLUMETRIC AND CARBON BALANCE FUEL 
FLOW MEASUREMENTS 

 



 

 

 
 

 
 

COMPARISON OF VOLUMETIC AND CARBON BALANCE FUEL 
FLOW MEASUREMENTS 

Test Number Volumetric, lbs Carbon Balance, lbs 
Prep 1 8.71 NDa 

Prep 2 8.73 ND 
R1 8.89 9.24 
R2 8.88 9.23 
R3 8.87 9.13 
R4 8.80 9.07 
R5 8.82 9.16 
R6 8.78 9.03 

Average of Six Tests 8.84 9.14 
C7 8.93 9.05 
C8 8.93 9.01 
C9 8.94 9.03 
C10 8.89 8.98 
C11 8.91 9.02 
C12 8.88 9.04 

Average of Six Tests 8.91 9.02 
R13 8.73 8.89 
R14 8.77 8.71 

Average of Two Tests 8.75 8.80 
aND – not determined for this test 
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