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EXECUTIVE SUMMARY 
 
This report describes an Interim Phase of the Coordinating Research Council Project DP-1-03, 
“Diesel Fuel Lubricity Requirements for LDD Vehicles”, conducted by the US Army TARDEC 
Fuels & Lubricants Research Facility at Southwest Research Institute. 
 
The objective of the initial larger project was to employ a test facility at SwRI to perform rig 
tests using two types of commercial injection equipment systems to determine the relationship 
between diesel fuel lubricity and diesel engine injection equipment durability for the current and 
near future light-duty diesel injection equipment used in vehicles in the U.S. Data from these 
tests would be correlated with fuel data form two lubricity instruments; A High Frequency 
Reciprocating Rig (HFRR) and a Scuffing Load Ball-on-cylinder Evaluator (SLBOCLE). 
 
This program would test a set of fuels with varying lubricity levels. An injection equipment 
manufacturer would evaluate each unit after testing and would determine the level of wear in 
each system (equipment rating 1 to 10). Such rating would be correlated with fuel lubricity level 
as represented by HFRR & SLBOCLE lab test results. 
 
Due to many delays related to injection equipment availability and additional concerns expressed 
by some regarding test severity and the ability of the test rig to discriminate among lower and 
higher lubricity fuels, a smaller project was adopted. 
 
The main objective of the smaller program was to determine if the test parameters and the test rig 
at SwRI were sufficient to distinguish wear affects of fuels differentiated by HFRR test results. 
Therefore, the panel agreed to use only one common rail, high-pressure pump type, which was 
considered more sensitive to low-lubricity fuels, and the highest and the lowest lubricity fuels to 
test. The highest lubricity would have a target HFRR wear scar diameter of 400 microns and the 
lowest lubricity fuel would have a target HFRR wear scar diameter of 600 microns. 
 
A test system was conceived, constructed, installed, and configured for testing. The system 
comprises of mounting devices for the test components; mechanical drive components to operate 
the shafts of the injection pumps; a separate plumbing system of reservoir, pump, heater, filter, 
valves, hoses, and pipes to circulate the fuel for each test pump; and instrumentation capable of 
measuring, controlling, and ensuring the safety of the test items, facilities and personnel. 
 
Fuel donated by BP and Chevron, and a fuel lubricity improver additive provided through the 
American Chemical Council, were blended to formulate fuels appropriate for the testing, based 
on lubricity testing conducted at Chevron and two separate labs at SwRI. 
 
Several tests examined the suitability of the test systems for the project objectives. Some tests 
exceeded control limits in short order, less than 6 minutes in one case; others lasted for the full 
500-hours intended duration without apparent performance degradation; others failed at various 
points during the testing. Instrumentation, controls, or procedures were added as needed to 
address failure modes identified during the course of testing. 
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Inspection of seven fuel injection pumps from the three test series revealed thrust bearing wear in 
all pumps and a variety of wear modes in some pumps. The wear observed did not correlate 
strongly with the test variables, specifically fuel type and lubricity, and how the pump performed 
during cyclic endurance testing. 
 
Based on these results, further work would be required before the test system can reliably 
produce data required to address the project objectives. Additional changes to the test apparatus 
and procedures are recommended. 
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1.0  BACKGROUND 
 
In a Request for Proposal issued in August 2004, Coordinating Research Council identified a 
need to correlate the results of two common fuel lubricity laboratory tests, the High Frequency 
Reciprocating Rig (HFRR, ASTM D6079) Wear Scar Diameter (WSD) and the Scuffing Load 
Ball-on-Cylinder Lubricity Evaluator (SLBOCLE, ASTM D6078), to actual wear on diesel fuel 
injection equipment in current and future use. In order to explore this correlation, SwRI proposed 
to perform wear testing with a variety of fuel types on three types of fuel injection equipment, in 
sufficient numbers to establish a statistical correlation between the wear observed and results of 
HFRR and SLBOCLE laboratory tests. 
 
Difficulties in obtaining parts and information from OEMs delayed the progress of the project. 
This report details an interim phase of tests conducted by SwRI to determine whether the test 
method, system, procedures, and conditions are capable of producing the desired results, and to 
demonstrate commitment and progress toward the successful completion of this project. This 
phase seeks to reach a point in the work where CRC can judge the test method’s effectiveness. 
 
 

2.0  PROJECT OBJECTIVES 
 
The objective of this project was to perform injection equipment rig tests under specified 
controlled conditions to create wear on diesel fuel injection equipment used in current and near-
future light-duty diesel engines in the U.S. Each test iteration, consisting of 500 hours of 
durability testing on a specified cycle, was conducted with different fuel injection equipment 
types, and a different batch of fuel from among seven fuel types. 
 
 

3.0  TEST SYSTEM 
 
3.1  Test Apparatus  
 
For the Interim Phase of this project, each series of testing involved two of the same model 
pumps running simultaneously, side-by-side under identical testing conditions in terms of shaft 
speed, fuel pressure, fuel flow rate, and fuel inlet temperature. Pump input shaft speed, fuel 
pressure, and fuel flow rate were based on the pump duty cycle specified in the CRC RFP for 
common-rail fuel systems tested in this project, reproduced below as Figure 1, and information 
from Mercedes describing the engine calibration at these conditions. 
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Figure 1.  Test Cycle for Common-Rail Fuel System Testing 

 
3.1.1  Drive system. The overall system was driven by a large variable-speed AC electric motor. 
The motor controller was commanded by the cell control system. A 112-toothed pulley is 
mounted on the motor shaft, driving a flexible toothed belt, which in turn drove a smaller 32-
toothed pulley at a drive ratio of 1:3.50. This drive ratio limited the effects of the drive motor’s 
rotational inertia on system speed changes by reducing the drive motor speed to enable the test 
system to implement the rapid speed changes required by the cycle. The 32-tooth driven pulley 
was mounted on a shaft with another pulley, driving a separate belt, which in turn drove two 
identical pulleys, one for each injection pump input shaft. This system is shown schematically in 
Figure 2, and Figure 3 is a side-view picture of the secondary drive system. 
 

 
Figure 2.  Drive System Schematic 
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The pulley in the upper-right corner of 
Figure 3 is the 32-tooth driven pulley 
of the primary drive system. Note that 
the primary drive belt has been 
removed for clarity in this picture. It 
rotates on a shaft along with the 
driving pulley of the secondary drive 
system (upper-middle of the picture) 
and a toothed wheel used for shaft 
speed measurement. All shafts in the 
drive arrangement are mounted on two 
rotating-element bearings. The shaft 
and pulley in the middle of Figure 3 
are one of two idlers in the system. The 
shaft toward the bottom of the figure 
mounts one of the two driven pulleys 
in the secondary system, both of which 
are identical to the driving pulley. The 
shaft passes through an oil seal into the 
lubricated aluminum housing on its 
right-hand end, within which the shaft 
couples to the drive tang of the 
injection pump input shaft. 
 
The test pumps are mounted to the 
heavy steel plate on the right of the 
photograph. The white numeral “4” is 
visible, indicating the mounting point 
for a pump on System 4. 

Figure 3.  Secondary Drive System 

 
Within the lubricated housing, the driven shaft ends in a drive flange, the configuration of which 
mimics features of a gear that drives the injection pump in an engine. Figure 4 shows the face of 
the drive flange. For reference, the view in Figure 4 would be looking from the right edge of 
Figure 3. Figure 5 is a similar view, but with the black Mercedes-supplied drive coupling 
installed in the flange. Note that there is space between the coupling and flange, allowing the 
coupling to move along its fingers. Figure 6 is the same coupling, installed on the flat tang at the 
end of the input shaft. Note that there is room for the coupling to move along the length of the 
drive tang. In practice, the pump is bolted to the drive mechanism, with the drive coupling riding 
on the pump’s input shaft and within the drive flange. The drive coupling is free to move, within 
limits, in three directions as needed to transmit drive torque without transmitting any side or end 
load that would be caused if there is any misalignment between the two shafts. The drive 
coupling assembly is lubricated during operation, and the contact surfaces of all three parts are 
hardened. 
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Figure 4.  Drive Flange 

 
Figure 5.  Drive Coupling 
Installed In Drive Flange 

 
Figure 6.  Drive Coupling 
Mounted on Input Shaft 

 
3.1.2  Fuel Systems. Each pump operates a completely separate fuel circulation system, 
comprising one or more fuel reservoirs, low-pressure fuel supply pump, fuel filter, fuel heater, a 
device to control the fuel pressure and flow, instrumentation to measure fuel temperature, flow 
rate and pressure, and appropriate valves, plumbing, controls, and safeties. Fuel temperature is 
maintained at 70°C at the pump inlet. Each system changes to a different batch of fuel every 48 
hours, and the Mercedes fuel filters are changed every second time the fuel was changed, 
approximately every 96 hours. 

 
Figure 7.  Fuel System Schematic Diagram 

 
Figure 7 is a schematic diagram of one of the two fuel system setups. The two fuel reservoirs 
were arranged and plumbed through valves to facilitate the required fuel changes without 
stopping operation, sealed to the extent practical to minimize vapor loss, and mounted on 
secondary containment vessels. The fuel supply pump and filters were parts purchased from a 
local Mercedes dealer, appropriate to the fuel system being tested. Each system included a 
controlled flow heater to bring the fuel to the required 70°C at the pump inlet. One or more of 
four installed fuel injectors controlled pump outlet flow for each pump, but the injectors were not 
test items and were reused for successive tests. The injectors merely served as high-pressure fuel 
flow control devices. 
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 All of the plumbing depicted by thin single lines in Figure 7 is ½-inch (OD) stainless steel 
tubing unless otherwise noted. The two rectangles on the left side labeled “Reservoir A” and 
“Reservoir B” represent epoxy-lined 30-gallon drums used as reservoirs for each system. Each 
reservoir includes a vent, a thermocouple to monitor bulk fuel temperature (labeled TA and TB), 
and a fluid level sensor (labeled LA and LB) to detect fuel leaks. Each pair of reservoirs is served 
by a pair of 3-way valves, labeled “Supply Valve” and “Return Valve” in Figure 7, to select 
which of the two will be used. 
 
Fuel flows from the supply valve, from left to right through the line shown along the lower left 
of the diagram to an electrically-operated low-pressure fuel supply pump (Mercedes part number 
A 001 470 32 94). The pump maintains approximately 4 bar fuel pressure at the injection pump 
inlet port during operation. 
 
Fuel next flows to valves that control flow through the fuel filter (Mercedes part number 
A 646 092 05 01). As shown in Figure 7, the valves are set to flow fuel through the filter, but 
when a filter change is necessary, the valves can be operated to allow flow through a bypass line, 
and isolate the filter connections, allowing a filter change without stopping operation. 
 
The fuel then flows into a horizontally-mounted 3-kilowatt electric fuel heater (Watlow part 
number CBLS747E12). This heater is considerably over-sized to ensure gradual heating, and 
prevent the occurrence of localized “hot spots” that could degrade fuel quality. The heater is 
controlled based on the fuel temperature at the injection pump inlet. Fuel lines between the 
heater and injection pump inlet are 3/8-inch (ID) flexible fuel line, of a type appropriate for hot 
diesel fuel. Fluid temperature and pressure are measured at the pump inlet. 
 
The Mercedes fuel injection pumps (Mercedes part number A 646 070 04 01) are the test items 
for this project. They are individually and specifically identified in the sections detailing each 
test. 
 
Pressurized fuel flows from the pump through a steel high-pressure pipe assembly (Mercedes 
part number A 611 070 10 33) to the fuel rail (Mercedes part number A 613 070 01 95), into 
steel high-pressure pipes (Mercedes part number A 611 070 11 33), into fuel injectors (Mercedes 
part number A 648 N070 02 87). The end of the fuel rail incorporates a high-pressure relief 
valve, which remains closed under normal testing conditions. All of these components were 
supplied by Mercedes to ensure they would be of types and capacity appropriate to this fuel 
system. 
 
All fuel that passes through the injector(s) is captured in a collector, then flows through ¼-inch 
stainless steel tubing to a Micromotion D6 mass flow rate measurement system, before passing 
through the return valve and returning to the fuel reservoir. 
 
Some portion of the fuel that enters the fuel injection pump leaves through low-pressure “case 
drain” lines. The portion depends on the flow available, and how much is needed for 
high-pressure demand. This fuel flow is measured volumetrically (VD in Figure 7) and its 
temperature is measured (TD in Figure 7) before rejoining the injected fuel prior to returning to 
the fuel reservoir. 
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3.1.3  Control Systems. The primary purpose of the control systems is to produce an environment 
in which the tested fuel injection pump can operate as it would if installed on an engine. 
Specifically: 
 
• The pump input shaft must be rotated at gear speeds on an engine 
• Fuel must be supplied to the pump’s fuel inlet port at sufficient pressure 
• The pump must receive electronic signals commanding it to produce the desired pressure 
• Flow of high-pressure fuel must be regulated to simulate that consumed by an engine 
 
Additionally, for the purposes of this test, fuel inlet temperature must be regulated at 70°C. A 
secondary purpose of the control systems is to ensure the test is running correctly and safely. 
 
System monitoring, control, data acquisition, and safety functions were handled by a SwRI-
proprietary Prism® control system. Control functions that required high-speed response were 
performed by an automotive-style National Instruments CompactRIO controller, configured and 
programmed for this function by SwRI controls engineers. 
 
The desired pump input shaft speed (N in Figure 7) depends on the desired engine speed at any 
given time in the cycle presented in Figure 1, and a gear ratio between engine speed and input 
shaft speed. Both of these parameters are engine-specific, as Figure 1 expresses Speed as a 
percentage. The given percentages were interpreted to mean that “0% Speed” was idle speed, and 
“100% Speed” was the engine’s governed top speed. For the Mercedes E320i engine being 
simulated, the idle and top speeds are 700 and 4500 rotations per minute, respectively, and the 
gear drive ratio is 6 engine speed rotations per 5 pump shaft rotations. The actual pump input 
shaft speed is determined by controlling the driving motor at a speed equal to the desired shaft 
speed, divided by the belt drive ratio of 3.50:1 as discussed above in the “Drive System” section. 
 
For example, at second 55 in the cycle, speed should be 70%. 70% of the way from Idle (700 
rpm) to Top Speed (4500 rpm) is: 

700 rpm + 70% x (4500 rpm – 700 rpm) = 3360 rpm desired engine speed 

With the 5/6 gear ratio, the desired pump input shaft speed is: 

5/6 x 3360 rpm = 2800 rpm pump input shaft speed 

To achieve the desired pump input shaft speed, the drive motor must turn 1/3.50 as fast: 

2800 rpm / 3.50 = 800 rpm drive motor speed 

A table of motor speeds indexed to cycle time, reflecting the cycle depicted in Figure 1 and 
calculated as explained above, is the source of “desired” speeds for the test. Actual shaft speed is 
monitored and controlled in closed-loop mode using the frequency generated by a Hall-Effect 
sensor and the toothed wheel visible at the upper-left in Figure 3, above. 
 
Fuel is supplied to each test pump through the system of components and plumbing described in 
the preceding “Fuel Systems” section. The fuel supply pump creates flow and pressure at the 
pump inlet. During testing, the supply pump is simply “on” – it has no other controllability. A 
pressure sensor monitors fuel pressure at the injection pump inlet (PI in Figure 7), and the 
control system is programmed to shut down operation if fuel pressure is not sufficient. The fuel 
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heater heats the fuel as necessary to achieve the desired 70°C. inlet temperature. It is monitored 
and controlled in closed-loop mode based on the output of a thermocouple measuring fuel 
temperature at the injection pump’s inlet port (TI in Figure 7). 
 
The injection pressure created by the test pump is commanded by the control system based on a 
control algorithm shared with SwRI under a confidentiality agreement, so the specifics cannot be 
discussed here. The control electronics transmit appropriate control signals to each test pump 
based on a table of desired pump output pressure values indexed to cycle time, similar to that for 
shaft speeds. The output pressure (PO in Figure 7) is monitored, controlled in closed-loop mode, 
and recorded via a pressure sensor integral to the fuel rail, using a calibration provided by 
Mercedes. 
 
Desired fuel flow rate at each point in the cycle was calculated by Mercedes, based on the 
control calibration for the E320i engine at the speed and load specified. The “% Load” specified 
in Figure 1 was interpreted to be the input to an engine controller of the accelerator pedal 
position. The four fuel injectors installed for each system are used as high-pressure fuel flow 
control devices, and to simulate the resonant characteristics of the fuel system downstream of the 
injection pump. The injectors are not test items and are reused for successive tests. In this testing, 
only one injector per system operates, at an injection frequency independent of pump shaft 
speed, chosen to make the best use of the injector’s available range of injection quantity. Injector 
electrical “on” times were chosen for each injection event based on a calibration map provided 
by Mercedes, for the desired quantity at the fuel pressure at each time interval. The mass flow 
rate of the injected fuel (m&  in Figure 7) is measured by a Micromotion D6 mass flow rate 
measurement system. The total measured flow for each three-minute cycle is used to recalculate 
the desired injection quantities for the next cycle – for instance, a cycle in which measured flow 
is 5% less than the total desired fuel, would be followed by a cycle in which desired flow values 
are increased by 5%. Using this approach iteratively generally results in measured flow values 
agreeing with desired values within 10 cycles. 
 
As the test regimen requires continuous operation for approximately three weeks at a time, it was 
necessary to implement a range of automatic safety measures to prevent personal injury, property 
damage, or operation that would further harm test specimens which had failed or were failing. 
The system’s response to most safety measures is a complete shut down. These safeties include, 
but are not limited to: 

• A level switch in each fuel reservoir to ensure a correct level is maintained to detect leaks 

• Thermocouples in each fuel reservoir, at the outlet to each fuel heater, on the body of each 
test pump, and in the case drain line of each pump, each with acceptable temperature limits 

• Continuous cell air ventilation, monitored by a separate instrument to ensure actual flow, and 
controlled by the Prism® system to allow shutoff in a fire situation 

• Expanded metal or Lexan guarding to prevent personnel from inadvertent dangerous contact 
with any hot surface or operating machinery 

• Flame detector monitoring the high-pressure area of both systems 

• Safety limits for many process variables, reflecting values expected during normal operation 
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3.1.4  Instrumentation/Data Acquisition. The Prism® system logs data as directed, in addition to 
its control functions. Logged channels were selected with the goals of demonstrating compliance 
with test requirements and gathering sufficient information to enable diagnosis of any failure. It 
was agreed between SwRI and CRC to log data at 1-second intervals during testing. SwRI would 
review the logged data for reporting purposes, and report significant discrepancies for each test. 
Data specific to each test is discussed in the individual test reports. Actual acquired data is not 
included with this report, both because of its sheer volume – 105 variables sampled every second 
for 500 hours results in approximately 189 million data per test – and because disclosure of some 
data would reveal confidential OEM calibration information. 
 
A table of 31 acquired data types is attached to this report as Appendix D. The Appendix also 
describes the instruments used to acquire each channel, units, and calculations where 
appropriate. It does not include variables used exclusively for process control, governor 
constants, or the like. 
 
3.2  Procedures 
 
3.2.1  Fuels. The Interim Phase of this project involved testing two types of diesel fuel, a lower 
viscosity Grade No. 1-D S15 and a Grade No. 2-D S15. An additive would be used to adjust the 
lubricity to provide a high and a low lubricity fuel with an approximate HFRR wear scar 
diameter (WSD) of 400 microns and 600 microns. The intent of this Phase was to demonstrate 
that the test rig could differentiate between a high and a low lubricity fuel in a more sensitive 
injection pump. 
 
The No. 1-D was delivered by BP in May 2006, and the No. 2-D was provided by Chevron in 
December 2005. Upon arrival at SwRI, both shipments were stored in freshly-cleaned 
underground storage tanks, after the tanks had been flushed with a quantity of the fuel. 
 
In order to avoid identifying lubricity additive suppliers, the American Chemical Council agreed 
to provide blind samples and allow the project manager at SwRI to select one randomly. Any 
additive offered was to be in regular commercial use, and could not require a concentration 
exceeding 300 ppm to achieve the desired lubricity levels. 
 
Some eighteen months after arrival of the No. 2-D diesel fuel, and at a time when the project 
progressed to a stage requiring fuel preparation for testing, HFRR results indicated that its 
lubricity had improved to the point that the more severe lubricity levels could not be achieved. 
The reason for this change was not identified and quantities of the same fuel located in California 
continued to exhibit the original lubricity value. SwRI agreed to clay-treat this fuel seeking to 
restore the lubricity level back to near its original value. The clay treatment was only partly 
successful, but with the concurrence of the CRC, a fuel lubricity improver additive treatment rate 
was determined to achieve a lubricity level that would produce a 400µm HFRR wear scar 
diameter. The No. 1-D diesel was found to be close the 600 micron value and could be used as 
the low lubricity (high WSD) fuel without any additive. The lubricity of both fuels as prepared 
for testing was verified through testing by three separate labs. 
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Drums of No. 2-D diesel were additized prior to use in testing, to achieve the verified 
formulation, using a specific fuel preparation procedure. A generalized example of the procedure 
instruction sheet is attached as Appendix B. In this version of the procedure, any information that 
would reveal “blind” quantities has been replaced with asterisks. Each drum was marked with a 
unique identifier consisting of a letter that designated the fuel type and a number to identify each 
individual drum, i.e., “G1” or “V3”. The letters are chosen randomly and are used for record 
keeping, but test personnel were not informed of the formulation or character of the fuel. 
 
Details of fuel handling during testing are provided in the Example Fuel Handling Procedure 
attached as Appendix C. As above, any information that would reveal “blind” quantities has been 
replaced with asterisks. The procedure is summarized as follows: 
 
• Clean, inspect, prepare system 
• Install new fuel filters 
• Set valves 
• Fill one reservoir per system with approximately 50L of fresh fuel of the correct type 
• Fill other reservoir of each system with approximately 15L of fresh high-lubricity fuel 
• Start testing 
• Switch valves at end of “Initial Fill” phase to flow test fuel 
• Sample fuel at the beginning and end of the first, sixth and tenth batches of fuel 
• Change to a fresh 50L batch of fresh fuel of the correct type every 48 hours 
• Stop the system to change fuel filters at every second fuel batch change 
 
The 15L of fresh high-lubricity fuel mentioned above is used only for the "Initial Fill" portion of 
each test. Upon completion of the "Initial Fill" phase, any remaining fuel from the 15L charge is 
removed and disposed of. A complete 500-hour test uses approximately 146 gallons (553 Liters) 
of low-lubricity fuel, 154 gallons (583 Liters) of high-lubricity fuel (including two "Initial Fill" 
fuel charges), and 12 fuel filters. 
 
3.2.2  Testing. During the Interim Phase two pumps were run simultaneously, under identical 
conditions, for 500 hours or until failure. Speed and load conditions were set by the pump duty 
cycle included as Figure 1 in Section 3.1 (“Test Apparatus”) and information from Mercedes 
describing the engine calibration at these conditions. 
 
Some of the procedures used to implement these requirements evolved during testing, as 
indicated in the text. The procedures presented here seek to describe the process, rather than 
provide sufficient detail to operate the test. A detailed procedure for handling the fuel is 
appended. 
 
Test Preparation 
 

• Empty and clean fuel reservoirs 
• Install new fuel filters 
• Set each system’s supply and return valves to use “initial fill” fuel1 
• Fill one reservoir per system with test fuel 
• Fill one reservoir per system with high-lubricity “initial fill” fuel1 
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• Record serial number, part number, and any other pertinent data from each test pump 
• Mark each test pump to uniquely identify it 
• Install each pump on a drive station, aligning drive components 

 
“Initial Fill” Phase1 
 

• Operator starts test machinery via Prism® control system. System runs with unheated 
high-lubricity fuel at minimal pump shaft speed, injection pressure, and fuel flow rate 

• Prism® system automatically continues to next phase after 15 minutes 
• Operator changes valve positions to supply test fuels to the system, then changes return 

valve positions after test fuel completely fills system 
 

Test Phase 
 

• Fuel heaters start to heat fuel, seeking to reach 70°C. at the test pump inlet port 
• Prism® system commands main drive motor, injection pressure, and injector controllers 

to operate per the specified three-minute test cycle 
• The system monitors various pressure, temperatures, flow rates, and safety-specific 

instruments to ensure it is running correctly and safely 
• The system logs pressure, temperatures, flow rates, and process variables each second 
• Operator captures fuel samples as appropriate – from each system, at the beginning and 

end of the first, sixth, and tenth batches of fuel 
• Fuel reservoirs are emptied, cleaned, and refilled as necessary during testing 
• Approximately every two days, the system alerts an operator to perform a running fuel 

batch change 
• Approximately every four days, the system ceases operation2 to allow a fuel filter change 
• System runs until 500 test hours accumulate 
 

Post-Test 
 

• Tested pumps removed from test system, packaged for shipment 
• Pumps shipped to Bosch or as directed 
• Data analyzed for certification and reporting 
• Reservoirs emptied and cleaned, mechanical maintenance performed as required 

 
Notes 

1 The “Initial Fill” phase was added to testing after the second round of testing had 
completed, in an effort to simulate the effect of pumps running initially on a 
high-lubricity fuel installed in new vehicles at the factory per Bosch 

2 For all but the third round of tests, the system did not stop for filter changes. The 
plumbing is configured to allow fuel to bypass the filter connections, continuing to flow 
while filters are removed and installed. 
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3.2.3  Data. Although the system records various types of data from over 100 distinct channels 
during testing, many of these are process variables, for example a data bit (0 or 1) recording 
whether a key is pressed, or whether the exhaust fans are running, etc. The main effect on testing 
of these variables is to trip a safety and stop the test. This has been verified, and in fact did occur 
several times during testing, as detailed in the individual test reports. For analytical purposes, 
therefore, it was assumed that when the test was running, these variables were not of interest in 
determining whether the test was running as required. 
 
Thirty-one of the recorded data channels were analyzed for the full run of each test. These 
channels are detailed in Appendix D. Based on that review, each test report includes details of 
discrepancies noted and a certification that the test otherwise ran as specified. 
 
 

4.0  SUMMARY 
 
Table 1 summarizes the testing conducted during the Interim Phase. Detail regarding each test is 
provided in the appended individual test reports. Unlike the envisioned larger project, wherein all 
tests will be conducted in the same uniform manner with the goal of comparing results among 
tests, each of the tests in the Interim Phase sought to address issues encountered during testing. 
 

Table 1.  Test Summary 

TEST 
NUMBER 

TEST DATES FUEL PUMP 
SOURCE SYSTEM RESULTS START END 

0 
9 Nov 08 18 Feb 08 High-Lubricity 

#2 Diesel Dealer 3 Pumps operated approximately 100 hours 
each at a variety of conditions for the purpose 
of setting up the mechanical and control 
systems of the test apparatus 9 Nov 08 18 Feb 08 High-Lubricity 

#2 Diesel Dealer 4 

3-1 20 Feb 08 22 Feb 08 High-Lubricity 
#2 Diesel Mercedes 3 Test stopped due to high fuel outlet 

temperature after 20 minutes of testing 

4-1 20 Feb 08 20 Feb 08 Low-Lubricity 
#1 Diesel Mercedes 4 Test stopped due to high pump body 

temperature after 5 minutes of testing 

3-2 13 Mar 08 4 Apr 08 High-Lubricity 
#2 Diesel Dealer 3 Pump completed entire 500-hour test cycle 

4-2 13 Mar 08 13 Mar 08 Low-Lubricity 
#1 Diesel Dealer 4 Test stopped due to high fuel outlet 

temperature after 20 minutes of testing 

3-3 20 May 08 2 Jun 08 Low-Lubricity 
#1 Diesel Dealer 3 Test stopped due to high pump body 

temperature after 213 hours of testing 

4-3 20 May 08 11 Jul 08 High-Lubricity 
#2 Diesel Dealer 4 Pump completed entire 500-hour test cycle 

3-3a 24 Jun 08 18 Jul 08 Low-Lubricity 
#1 Diesel Dealer 3 Test stopped due to high pump body 

temperature after 244 hours of testing 
 
Prior to testing, the “0” tests were attempted to find and correct all such problems, and succeeded 
to a great degree. All safety systems were validated, and prior to beginning the first tests, the 
setup pumps operated at test conditions continuously for nearly two days. 
 
The first set of “official” tests began only when it appeared the test system was completely ready 
for testing as defined in SwRI’s proposal for the project. Actual testing in the first set was quite 
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brief: both pumps exceeded temperature limits in less than one hour. Bosch’s inspection report 
indicted pump input shaft axial loading and inadequate lubrication. The second set of testing was 
already underway before the report was received, so those issues were not addressed until that set 
had finished. 
 
The second set of testing used pumps from a local Mercedes dealer, with the supposition that the 
use of such pumps for setup, and of pumps manufactured two to three years prior for testing, 
could have been a contributing cause of the different results between rounds “0” and “1”. The 
pumps used in round “2” of testing had thermocouples bonded to the pump body with epoxy to 
monitor and react to heat build-up there. The pump running with low-lubricity fuel exceeded a 
temperature limit approximately 20 minutes after testing began. The other pump completed the 
entire 500-hour testing period on high-lubricity fuel. 
 
Round “3” of tests included additional instrumentation to monitor the fuel supply to the pumps, 
and a procedure conceived to let the pumps “break in” under moderate conditions with high-
lubricity fuel. The fuels were switched between the two test systems, to control for any 
sensitivity to one set of pump drive, valves and injectors. One pump, running on low lubricity 
fuel, exceeded a temperature limit after more than 212 hours. The pump was removed and testing 
continued with the other pump and high-lubricity fuel until a filter change interval occurred in 
the test regimen. At that point, a new pump was installed, and testing continued with two pumps 
running the different fuel. The pump running on high-lubricity fuel again reached the full 500 
hours and was removed. The newer pump running low-lubricity fuel continued testing, and again 
exceeded a temperature limit after approximately 244 hours of test time. 
 
In order to address ongoing concerns about alignment of the mechanism driving the pumps to the 
driven end of the pump shafts, an alignment tool was created for use in setting up the 
mechanism. This tool is shown at the left of Figure 8, below. 
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Figure 8.  Pump Drive Mechanism Alignment Tool 

 
In the upper-right of the Figure is a pump drive flange, which would be mounted on the end of 
the driving shaft, and hold one of the Bosch OEM drive couplings shown at the lower-right of 
Figure 8. The features of this tool are arranged and sized to mimic the space occupied by a pump, 
enlarged by necessary clearances. To perform its alignment function, the tool is mounted on the 
pump mounting plate using three mounting bolts, just as a pump would be. Refer to Figures 4, 5 
and 6. The center feature of the tool fits exactly within the center of the drive flange, and 
correctly locates it in all three alignment axes relative to the pump mounting surface. Once this 
flange, mounted on the driving shaft, is aligned correctly (both radially and axially relative to the 
pump input shaft), the tool is removed, a drive coupler is installed in the flange, and the test 
pump is bolted on to the pump mounting plate, engaged with the drive mechanism. 
 
This alignment tool was created during the third round of testing, and was used every time a 
pump was installed on the drive mechanism, or the mechanism was disassembled for any reason, 
after mid-June 2008. It was used on pump B from test time 213:13 onward, and was used every 
time pump C was installed. Nevertheless, these pumps evinced the same thrust bearing wear as 
all others previously inspected. The cause of this wear is therefore unknown and is apparently 
not caused by axial load on the pump input shafts. 
 
 

5.0  CONCLUSIONS 
 
Restating the objective of the interim phase: 
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“Reach a point in the progress of the larger project where CRC can judge whether the test 
method, system, procedures, and conditions are capable of producing results correlating 
the observed wear to fuel lubricity.” 

 
By that criterion, it was concluded that can be drawn from the data presented herein is that the 
goal has not been achieved. The test systems are significantly developed, but inspection results 
from the tested pumps indicated that wear mechanisms do not strongly correlate with what is 
expected from fuel lubricity effects. 
 
These recommended actions would improve the likelihood of the test to achieve its objective: 
 
1.  Determine, possibly eliminate the root cause of the observed thrust bearing wear. Every pump 
inspected displayed thrust bearing wear, without regard to the age of the pump, what fuel it 
tested, whether it was broken in with the “Initial Fill” procedure, how long it ran, whether it 
otherwise ran correctly, which system it ran on, or how the drive system was aligned.  The wear 
observed is possibly not relevant to the testing at all, but if the wear exceeds that seen in pumps 
in normal service, no pump with such wear could be judged to have experienced fuel of 
sufficient lubricity. A review and possible redesign of the driving mechanism, with guidance 
from Bosch, is warranted. 
 
2.  Review implementation of the “Initial Fill” procedure. This procedure, first used in the third 
round of testing, was likely responsible for pumps surviving the first hour of operation when 
running with low-lubricity fuel. There remains some question of whether this procedure should 
be conducted only upon a new pump’s first fifteen minutes of operation (this is the current 
implementation), or any time a pump starts from any interruption of testing. 
 
3.  Review the propriety of temperature limits used for testing. Several of the tests were stopped 
when temperature limits were exceeded, yet post-test inspections found these pumps to be fully 
functional. It is possible that the temperature limits are simply too low to accurately predict 
failure; or that stopping the test upon exceeding the limit stops damaging conditions so soon that 
the damage done is less than can be discerned in post-test inspection; or that the inspection does 
not reveal the condition causing the temperature observed. If it is desirable to test a pump until it 
reaches a condition where the wear causing a detectable problem can be observed in a post-test 
inspection, the testing would be improved by using different criteria to determine when a test 
should be stopped. 
 
4.  Review test pass/fail criteria. CRC has indicated an expectation that post-test inspection of 
tested pumps would solely determine whether the lubricity of a fuel is sufficient. Although the 
quantity of pumps tested in this phase limits the available data, there is indication that this 
approach may not be optimal. Wear and performance results from the inspections did not reliably 
discriminate between pumps tested with fuels of greatly different lubricity, nor between those 
that had successfully completed the duration of the test, and those that had not. Greater numbers 
of test items could produce a stronger correlation, but a review of this approach is warranted. 
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Test Method Diesel No. 1 Diesel No. 2 Diesel No. 1 Diesel No. 2
API Gravity, 60°F Calculated from density 41.7 36.1 41.7 36.1

Density, 15°C D4052 or hydrometer 0.8169 0.8444 0.8166 0.8438
Viscosity @40°C, cSt D445 1.608 2.228 1.612 2.228

Sulfur, ppm D 5453 or D 7039 as an alternative 4 14 4.65 14.78
Nitrogen, ppm D 4629 or D 5762 <2 <2 0.61 3
Flash Point, °C D 93 55.5 62.5 55 63
Cloud Point, °C D 2500, D 5771, D 5772, or D 5773 -46 -20 -47 -19
Pour Point, °C D97, D5949, D5950, D5985, or D6749 -45 -21 -47 -25

Karl Fischer Water, ppm D 6304 71.0 43 19 48
Acid No., mg KOH/g D 664 <0.1 <0.1  <0.05  <0.05

CFPP, °C D 6371 -45 -20 -47 -21
SFC Aromatics, wt % D 5186 19.5 36.2 18.8 34.4

SFC PNA'S, wt % D 5186 1.77 11.1 0.8 7.4
Cetane Number D 613 48.1 44.1

Cetane Index D 4737 (B) 46.1 41.4 47.9 43.1
Derived Cetane Number by IQT D 6890 46.2 44 43.4 43.2

SLBOCLE SLC, g D 6078 1800 2950 1400 2300
HFRR WSD, µm D 6079 664 567 641 552

Heat of Combustion, Btu/lb gross D 4868 18361 18343
Copper Strip Corrosion D 130 1A 1A
Distillation, °C         IBP D 86 154.8 157.4 175.3 168.2

10% 187.8 190.8 196.2 197.8
50% 218.8 255.3 222.5 258.7
90% 256.7 310.5 256.9 310.1
95% 266.2 326.4 265.8 323.3
EPT 275.6 337.9 280.5 348.5

Thermal Stability @150 °C, % Reflectance D 6468
1.5 Hours 99.9 98.0 99.6 96.3
3 Hours 99.9 98.4 99.7 96.0

Please Specify the method if there is more than one option Lab B

CRC Diesel Performance Group
Lubricity Panel

Injection Equipment Testing at SwRI
Fuel Properties

Lab A
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Test Method Diesel No. 1 Diesel No. 2 Diesel No. 1 Diesel No. 2
API Gravity, 60°F Calculated from density 41.7 36.0 41.7 36.2

Density, 15°C D4052 or hydrometer 0.8162 0.8437 0.8164 0.8432
Viscosity @40°C, cSt D445 1.622 2.234 1.622 2.24

Sulfur, ppm D 5453 or D 7039 as an alternative 3.6 12 6 16
Nitrogen, ppm D 4629 or D 5762 1 2
Flash Point, °C D 93 57 62 60 68
Cloud Point, °C D 2500, D 5771, D 5772, or D 5773 -44.3 -21.3 -30 -19.8
Pour Point, °C D97, D5949, D5950, D5985, or D6749 -56.1 -26.1 <-54 -48

Karl Fischer Water, ppm D 6304 32.2 35.6
Acid No., mg KOH/g D 664 <0.05 <0.05 <0.05 <0.05

CFPP, °C D 6371 -46.7 -20 -46 -20
SFC Aromatics, wt % D 5186 20.9 37.3 19.2 35

SFC PNA'S, wt % D 5186 1.1 8.8 1.1 8.1
Cetane Number D 613 46.8 45.4 47 44.4

Cetane Index D 4737 (B) 46.7 42.4 47.3 43.1
Derived Cetane Number by IQT D 6890 43.4 42.4 43.18 42.24

SLBOCLE SLC, g D 6078
HFRR WSD, µm D 6079 652 574 630 574

Heat of Combustion, Btu/lb gross D 4868 19884 19664 19700 19593
Copper Strip Corrosion D 130 1a 1a 1B 1B
Distillation, °C         IBP D 86 167.8 166.7 165.4 169.8

10% 190.0 193.9 192.5 196.1
50% 220.0 258.3 222.0 259.2
90% 256.1 311.1 257.8 311.3
95% 266.1 328.9 267.2 326.2
EPT 279.4 347.2 278.9 342.9

Thermal Stability @150 °C, % Reflectance D 6468
1.5 Hours 99.7 95.8 99.0 96.0
3 Hours 99.6 95.2 98.8 95.7

Please Specify the method if there is more than one option Lab DLab C

CRC Diesel Performance Group
Lubricity Panel

Injection Equipment Testing at SwRI
Fuel Properties
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Test Method Diesel No. 1 Diesel No. 2 
API Gravity, 60°F Calculated from density 41.7 36.1

Density, 15°C D4052 or hydrometer 0.8165 0.8438
Viscosity @40°C, cSt D445 1.62 2.23

Sulfur, ppm D 5453 or D 7039 as an alternative 4.6 14.2
Nitrogen, ppm D 4629 or D 5762 0.8 2.5
Flash Point, °C D 93 56.9 63.9
Cloud Point, °C D 2500, D 5771, D 5772, or D 5773 -41.8 -20.0
Pour Point, °C D97, D5949, D5950, D5985, or D6749 -50.5 -30.0

Karl Fischer Water, ppm D 6304 40.7 42.2
Acid No., mg KOH/g D 664 <0.05 <0.05

CFPP, °C D 6371 -46.2 -20.3
SFC Aromatics, wt % D 5186 19.6 35.7

SFC PNA'S, wt % D 5186 1.2 8.9
Cetane Number D 613 47.3 44.6

Cetane Index D 4737 (B) 47.0 42.5
Derived Cetane Number by IQT D 6890 44.0 43.0

SLBOCLE SLC, g D 6078 1600 2625
HFRR WSD, µm D 6079 647 567

Heat of Combustion, Btu/lb gross D 4868 19315 19200
Copper Strip Corrosion D 130 1a 1a
Distillation, °C         IBP D 86 165.8 165.5

10% 191.6 194.6
50% 220.8 257.9
90% 256.9 310.7
95% 266.3 326.2
EPT 278.6 344.1

Thermal Stability @150 °C, % Reflectance D 6468
1.5 Hours 99.6 96.5
3 Hours 99.5 96.3

Please Specify the method if there is more than one option Average of 4 Labs

CRC Diesel Performance Group
Lubricity Panel

Injection Equipment Testing at SwRI
Fuel Properties

A-3
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Fuel Preparation Procedure for CRC Fuel Lubricity Project Interim Phase 
 

1. Obtain ****** additive AL-27500. 
 

2. Locate the three drums marked “*4”, “*5” and “*6”. Verify mass in kilograms of each drum. 
Record result in table below. 

 
3. Subtract mass of empty drum, 18.9 kg, from each drum to determine mass of fuel. Record result 

in table below. 
 

4. Multiply mass of fuel in each drum by 0.** to determine mass of additive in grams. Record 
result in table below. 

 
Drum 

Designation 
Mass of Filled 

Drum 
Minus Mass of 
Empty Drum Mass of Fuel Multiply by 0.** Mass of Additive

 kg kg kg  g 

example 187.2 -18.9 168.3 x 0.** **.** 
*4  -18.9  x 0.**  

*5  -18.9  x 0.**  

*6  -18.9  x 0.**  
 

5. Carefully measure out the quantity of additive determined in step 4 for drum *4. Add the 
additive to the fuel in drum *4.  Use a clean pipette to draw fuel from the drum to rinse out the 
measuring container, and pour the rinsing fuel back into drum *4. 

 
6. Reseal drum *4, and roll it overnight to ensure complete mixing. 

 
7. Obtain sample from drum *4.  Sample is to go to HFRR testing. 

 
8. HFRR testing results on the sample will go to Matt Schulman for approval. 

 
9. Upon approval, follow steps 5 and 6 for drums *5 and *6. 
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Fuel Handling Procedure for CRC Fuel Lubricity Project Interim Phase 
 
 
The following materials must be on hand prior to start of testing: 

12 Mercedes Fuel Filter, Part # A 646 092 05 01 

3 drums * fuel, at least 150 gallons total 

3 drums * fuel, at least 160 gallons total 

24 fuel sample container, one liter capacity 

 paint marker(s) 
 
The following equipment must be on hand prior to start of testing: 

3 rolling barrel container 

1 empty barrel for waste fuel, properly labeled 

2 fuel dispenser with calibrated totalizing flow meter 

1 vacuum device for extracting used fuel 
 
Prepare for Testing 
1. Install waste fuel barrel in a rolling barrel container. 

2. Install one * fuel barrel in a rolling barrel container. 

3. Install one * fuel barrel in a rolling barrel container. 

4. Inspect each fuel dispenser for calibration, cleanliness and function. Correct any deficiencies noted. 
Install one fuel dispenser in the barrel of * fuel. Install the other dispenser in the barrel of * fuel. 
Mark each dispenser with a label, a tag or paint indicating the fuel letter so that it will be obvious 
which dispenser is to be used with each fuel when the dispensers are moved to other barrels of the 
same fuel. 

5. Remove rubber bung from fuel tank marked 3A. 

6. Use the vacuum device to empty all fuel, water and debris from the fuel tank into the waste fuel 
barrel. Tip the tank to the extent possible to remove as much fluid as possible. 

7. Use a flashlight to look through the hole and visually inspect the inside of the tank for cleanliness. A 
small amount of residual fuel is acceptable. If any debris or water is observed, remove the lid from 
the tank and clean thoroughly. Avoid use of water, detergent, solvent or any cleaning media that 
could leave debris. Replace tank lid when tank is clean. 

8. Replace the rubber bung in tank 3A. 

9. Repeat steps 5 through 8 for the tanks marked 3B, 4A and 4B. 

10. Disconnect and remove one fuel filter. Inspect hoses and fittings for internal cleanliness, function 
and serviceability. Correct any deficiencies noted. 

11. Obtain a new fuel filter. Use a paint marker to label the filter with the system number (3 or 4), and 
the approximate test hours, i.e., “48” is acceptable; detail such as “48:03” or “48.1” is not necessary. 
Install the filter and tighten the fittings sufficiently to ensure sealing, but do not over-tighten.
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12. Repeat steps 10 and 11 for other filter. 

13. Drain and discard the used filters according to procedure for used fuel filters. 

14. Use vacuum device to empty any fluid build-up in secondary containment vessels under fuel tanks 
and test apparatus. 

15. Return the waste fuel barrel to the storage area. Check to ensure the waste fuel barrel is less than half 
full. If the barrel is more than half full, arrange to dispose of its contents. 
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Initial Fill and Start of Testing 
Refer to Figure 1 below, showing the supply, return, sampling, and shutoff valves for systems 3 and 4. 
Tanks 4A and 4B are visible in the foreground and are labeled in Figure 1. Tanks 3A and 3B are mostly 
hidden in the background – 3A is to the left, behind 4A; 3B is to the right, behind 4B. 

 

 
Figure 1.  Fuel Tanks and Flow Valves 

 

1. Check the four tank shutoff valves to ensure all are in the 
open position (valve handle parallel to valve body & piping). 
In Figure 1, the shutoff valve on the left is in the open 
position; the shutoff valve on the right is in the closed 
position. The two tank shutoff valves for system 3 are not 
visible in Figure 1. 

Checklist 
Tank 3A Shutoff Valve Open 
Tank 3B Shutoff Valve Open 
Tank 4A Shutoff Valve Open 
Tank 4B Shutoff Valve Open 

 

2. Ensure both fuel sampling valves are closed. 
System 3 Sample Valve Closed 
System 4 Sample Valve Closed 

Note: As shown in Figure 1, when a supply or return control valve handle is aligned vertically, that valve is open 
to the “B” tank. When a valve handle is horizontal and pointed to the left, that valve is open to the “A” tank. 

3. Position the system 3 supply valve to access tank 3B.  
Position the system 4 supply valve to access tank 4B. 

System 3 Supply Valve to 3B 
System 4 Supply Valve to 4B 

4. Position the system 3 return valve to access tank 3B.  
Position the system 4 return valve to access tank 4B. 

System 3 Return Valve to 3B 
System 4 Return Valve to 4B 

SYSTEM 4 SUPPLY 
CONTROL VALVE 

SYSTEM 3 RETURN 
CONTROL VALVE 

SYSTEM 4 RETURN 
CONTROL VALVE 

SYSTEM 3 SUPPLY 
CONTROL VALVE 

TANK SHUTOFF 
VALVES 

SYSTEM 4 FUEL 
SAMPLE VALVE 

SYSTEM 3 FUEL 
SAMPLE VALVE 

TANK 4A

TANK 4B 
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5. Locate the barrel container holding a barrel of * fuel, and roll it near the fuel tanks. Wipe the 
dispensing nozzle with a clean cloth to ensure it is clean. Correct any deficiencies noted. Connect a 
hand nozzle to the shop air hose and blow out air until it is clear and dry. 

Refer to Figure 2 below, showing the features of the fuel dispenser: 

 

 
Figure 2.  Fuel Dispensing Device 

 

6. Close the air control valve and the fuel control valve on the dispenser. Connect the air hose to the 
air line attachment and ensure the air pressure gauge reads no pressure. 

7. Remove bung from tank 3A. Look through the hole using a flashlight and visually inspect tank to 
ensure it is clean and empty. Correct any deficiencies noted. 

8. Insert the dispensing nozzle through the hole in the top of tank 3A. Zero out the flow meter 
display. 

9. Open the air control valve fully. The air pressure regulator gauge should read 10 psi. Open the fuel 
control valve to start fuel flowing through the dispenser. Adjust the fuel control valve as necessary 
to control the fuel flow rate. Dispense 52 L into tank 3A. Close the fuel control valve fully. 

10. Remove the dispensing nozzle and replace the bung to seal tank 3A. 

11. Close the air control valve, and then disconnect the air hose from the dispenser. 

12. Return the barrel container holding the barrel of * fuel to the storage area. 

13. Repeat steps 5 through 11 to fill tank 4A with * fuel. 

14. Repeat steps 7 through 10 to dispense 15 L of * fuel into tank 3B. 

FLOW 
METER 

AIR CONTROL 
VALVE 

FUEL CONTROL 
VALVE 

AIR LINE 
ATTACHMENT 

AIR PRESSURE 
REGULATOR

AIR PRESSURE 
GAUGE

DISPENSING 
HOSE 
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15. Repeat steps 7 through 10 to dispense 15 L of * fuel into tank 4B. 

16. Return the barrel container holding the barrel of * fuel to the storage area. 

Perform the following at least one minute after the fuel supply pumps start to operate during test’s initial 
fill period (fuel supply pumps running, main drive motor not running): 

17. Switch the system 3 supply control valve from 3B to 3A. Count to three, and then switch it back to 
its previous position. 

18. Switch the system 4 supply control valve from 4B to 4A. Count to three, and then switch it back to 
its previous position. 

Perform the following when the Phase shown on the control screen changes from “Initial Fill” to “Test” 
(approximately 15 minutes after main drive motor starts to turn): 

19. Quickly switch the two supply control valves from 3B to 3A, and 4B to 4A. 

20. Wait until the run time reaches 2 minutes, and then switch the two return valves from 3B to 3A, 
and 4B to 4A. 
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Fuel Sampling During Testing 
Fuel will be sampled from each system six times during a 500-hour test. A one-liter (approximate) 
sample is to be drawn and retained from the first, sixth, and tenth fuel batch, shortly after each of those 
batches starts to run, and again shortly before each completes its 48-hour run. 

All samples are to be drawn into clean epoxy-lined metal cans. Each can should have the appropriate 
hazardous material sticker affixed. Sample containers are to be labeled prior to use with the following 
information. Use a marker, tag or label that will not be destroyed with exposure to fuel: 

• date and approximate time of day 
• system number (3 or 4) 
• approximate test hours – i.e., “48” is acceptable; “48:03” or “48.1” is not necessary 
• fuel batch number (1, 6 or 10) 
• the word START or the word END 

The fuel type (* or *) is NOT to be noted on the sample container. 
 
BE PREPARED TO USE PROPER PERSONAL PROTECTIVE EQUIPMENT DURING 
SAMPLING.  THE FUEL TO BE SAMPLED IS VERY HOT AND CAN BURN YOUR SKIN 
UPON CONTACT.  INSULATED NON-POROUS GLOVES, A NON-POROUS APRON AND A 
FACE SHIELD ARE RECOMMENDED. 
 
“START” samples are to be complete within the first ten minutes after fuel recirculation starts by 
switching the fuel return valves soon after a fuel change. “END” samples are to be drawn starting no 
sooner than fifteen minutes before switching the fuel supply valves to change batches of fuel.  

Complete this procedure for the first, sixth, and tenth batches of fuel, on each system. 

1. Prepare for sampling by labeling at least the first two sample containers as described above. If pre-
labeled, check or complete the information marked on the can to ensure it is complete and correct. 

2. Use a clean towel to wipe any debris from the sample valve nozzle for system 3. 

3. Remove the cap from the container marked for system 3. Place the cap within reach on a clean 
towel with the rim downward. 

4. Position the sample container under the sample valve and open the valve to start fuel flowing. 

5. Dispense approximately one liter of fuel into the sample container, then close the sample valve. 

6. Replace the cap on the sample container and seal tightly. Use a clean cloth to wipe away any 
spilled fuel. 

7. Recheck the condition of the sample information marked on the can. If the information is illegible 
or incomplete, remark the sample with a complete set of information. 

8. Repeat steps 2 through 7 with a second sample container to draw a similar sample from system 4. 

9. Store filled and sealed sample containers in a cool, dry location prior to shipping for analysis. 
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Fuel Changes During Testing 
Fuel changes are to occur approximately every 48 hours of test run time. The system is arranged to 
allow these fuel changes to occur while the test is running by alternating between two fuel tanks on each 
system. This will occur ten times during each 500-hour test. 
 
BE PREPARED TO USE PROPER PERSONAL PROTECTIVE EQUIPMENT DURING THIS 
OPERATION.  THE FUEL AND SOME OF THE EQUIPMENT MAY BE VERY HOT AND 
CAN BURN YOUR SKIN UPON CONTACT.  INSULATED NON-POROUS GLOVES, A NON-
POROUS APRON AND A FACE SHIELD ARE RECOMMENDED. 
 
Perform the following at any time as convenient prior to changing from one batch of fuel to another: 

1. If the fuel batch currently running is the first, sixth or tenth of this test, prepare to take an “END” 
sample before the fuel change per the procedure described in the previous section titled “Fuel 
Sampling During Testing”. 

2. If the fuel batch currently running is the fifth or ninth of this test, prepare to take a “START” sample 
immediately after the fuel change per the procedure described in the previous section titled “Fuel 
Sampling During Testing”. 

3. If the fuel batch currently running is an even-numbered batch (2, 4, 6, etc.), prepare for a fuel filter 
change per the procedure described in the following section titled “Fuel Filter Changes During 
Testing” after the fuel change. 

4. Roll the waste fuel barrel close to the fuel tanks. 

5. Examine the flow control valves and/or log sheets to determine which of the system 3 fuel tanks is 
currently in use. Remove the rubber bung from the system 3 tank that is not in use. 

6. Use a flashlight to look through the hole and visually inspect the inside of the tank. If any fuel, water 
or debris is observed, use the vacuum device to empty the tank to the extent possible. A small 
amount of residual fuel is acceptable. If any water or debris is apparent in the tank after vacuuming, 
remove the lid from the tank and clean thoroughly. Avoid use of water, detergent, solvent or any 
cleaning media that could leave debris. Replace tank lid when tank is clean. 

7. Replace rubber bung. 

8. Repeat steps 5 through 7 for system 4. 

9. Return the waste fuel barrel to the storage area. 

Perform the following no sooner than one hour prior to changing from one batch of fuel to another: 

10. Locate the barrel container holding a barrel of * fuel, and roll it near the fuel tanks. Wipe the 
dispensing nozzle with a clean cloth to ensure it is clean. Correct any deficiencies noted. Connect a 
hand nozzle to the shop air hose and blow out air until it is clear and dry. 

Refer to Figure 2 above if necessary to determine the features of the fuel dispenser. 

11. Close the air control valve and the fuel control valve on the dispenser. Connect the air hose to the air 
line attachment and ensure the air pressure gauge reads no pressure. 

12. Remove the rubber bung from the empty tank of system 3 – 3A or 3B. 

13. Insert the dispensing nozzle through the hole in the top of the tank. Zero out the flow meter display. 
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14. Open the air control valve fully. The air pressure regulator gauge should read 10 psi. Open the fuel 
control valve to start fuel flowing through the dispenser. Adjust the fuel control valve as necessary to 
control the fuel flow rate. Dispense 51 L into the tank for all fuel changes except the 6th and 10th. 
For the 6th and 10th changes, dispense 52 L. Close the fuel control valve fully. 

15. Remove the dispensing nozzle and replace the bung to seal the tank. 

16. Close the air control valve, and then disconnect the air hose from the dispenser. 

17. Return the barrel container holding the barrel of * fuel to the storage area. 

18. Ensure the tank shutoff valve for that tank is in the open position (handle parallel with the piping). 

19. Repeat steps 10 through 18 to fill the empty tank in system 4 with * fuel. 

20. Draw an “END” sample of the fuel per step 1 above if required. 

Refer to Figure 1 above if necessary to determine which are the supply and return valves. 

Perform the following when prompted by the PRISM system to perform a fuel change: 

21. Quickly switch the fuel supply control valves for both systems to draw “new” fuel from the tank last 
filled. 

22. Wait approximately two minutes. 

23. Quickly switch the fuel return control valves for both systems to recirculate the “new” fuel into the 
tank last filled. 

24. Draw a “START” sample of the fuel per step 2 above if required. 

25. Perform a fuel filter change per step 3 above if required. 

Perform the following at any time as convenient after changing from one batch of fuel to another: 

26. Roll the waste fuel barrel close to the fuel tanks. 

27. Examine the flow control valves and/or log sheets to make certain which of the system 3 fuel tanks 
is currently in use. Remove the rubber bung from the system 3 tank that is not in use. 

28. Use the vacuum device to empty the tank to the extent possible. Use a flashlight to look through the 
hole and visually inspect the inside of the tank. A small amount of residual fuel is acceptable. If any 
water or debris is apparent in the tank after vacuuming, remove the lid from the tank and clean 
thoroughly. Avoid use of water, detergent, solvent or any cleaning media that could leave debris. 
Replace tank lid when tank is clean. 

29. Replace rubber bung. 

30. Repeat steps 27 through 29 for system 4. 

31. Return the waste fuel barrel to the storage area. Check to ensure the waste fuel barrel is less than half 
full. If the barrel is more than half full, arrange to dispose of its contents. 
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Fuel Filter Changes During Testing 
Fuel filters on each system are to be changed approximately every 96 hours of test run time, a total of 
five times during each 500-hour test. Piping is arranged to allow these filter changes to occur while the 
test is running by alternating between two parallel fuel circuits on each system. Filter changes will take 
place immediately following odd-numbered fuel batch changes, i.e., the filters will be changed as soon 
as the third batch of fuel has started to recirculate. 
 
BE PREPARED TO USE PROPER PERSONAL PROTECTIVE EQUIPMENT DURING THIS 
OPERATION.  THE FUEL, THE FILTER BODY AND SOME OF THE EQUIPMENT MAY BE 
VERY HOT AND CAN BURN YOUR SKIN UPON CONTACT.  INSULATED NON-POROUS 
GLOVES, A NON-POROUS APRON AND A FACE SHIELD ARE RECOMMENDED. 
 
Refer to Figure 3 below, showing the fuel filters and associated valves and plumbing. In Figure 3, the 
fuel filter and associated valves and plumbing for system 3 are on the left, and the corresponding 
components on the right are part of system 4. The valves for system 3 (on the left) are set for fuel to 
bypass the filter. The valves for system 4 are set to flow fuel through the filter. 

 

 
Figure 3.  Fuel Filters and Plumbing 

SYSTEM 3 
FUEL FILTER 

BYPASS 
LINE

SYSTEM 4 
FUEL FILTER 

SYSTEM 3 
VALVES SHOWN IN 
BYPASS POSITION 

SYSTEM 4 
VALVES SHOWN IN 
FILTER POSITION 
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As needed, change fuel filters using the following procedure: 

1. Obtain two new fuel filters. Use a paint marker to label each filter with the system number (3 or 4), 
and the approximate test hours, i.e., “48” is acceptable; detail such as “48:03” or “48.1” is not 
necessary. 

2. Examine Figure 3 to familiarize yourself with how the valve handles turn. 

3. Grasp each of the two valve handles for the system 3 filter, and switch both quickly and together to 
the opposite position to bypass the filter. 

4. Disconnect and remove the fuel filter. Check hoses and fittings for internal cleanliness, serviceability 
and function. 

5. Install the filter marked for system 3. Tighten the fittings sufficiently to ensure sealing, but do not 
over-tighten. 

6. Switch the two valve handles for the system 3 filter to a position half-way between the two stops. 

7. Wait one minute. 

8. Switch the two valve handles quickly and together to flow fuel through the filter, as shown for the 
right-hand system in Figure 3. 

9. Repeat steps 2 through 8 for other filter. 

10. Drain and discard the used filters according to procedure for used fuel filters. 
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Completion of Testing 
1. Remove rubber bung from fuel tank marked 3A. 

2. Use the vacuum device to empty the tank to the extent possible. Remove the lid from the tank and 
clean thoroughly. Avoid use of water, detergent, solvent or any cleaning media that could leave 
debris. Replace tank lid when tank is clean. 

3. Replace the rubber bung in tank 3A. 

4. Use a compressed air jet to blow air through the tank vent to ensure it is clear. 

5. Repeat steps 1 through 4 for the tanks marked 3B, 4A and 4B. 

6. Use vacuum device to empty any fluid build-up in secondary containment vessels under fuel tanks 
and test apparatus. 

7. Return the waste fuel barrel to the storage area. Check to ensure the waste fuel barrel is less than half 
full. If the barrel is more than half full, arrange to dispose of its contents. 
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Critical Fuel Handling Events for CRC Fuel Lubricity Project Interim Phase 

Hours Initials Task 
Prepare For Testing 

Pre  Clean / Inspect Tank 3A 
Pre  Clean / Inspect Tank 3B 
Pre  Clean / Inspect Tank 4A 
Pre  Clean / Inspect Tank 4B 
Pre  Label, Install System 3 Fuel Filter 
Pre  Label, Install System 4 Fuel Filter 

Initial Fill & Start Test 
Pre  Tank 3A Shutoff Valve Open 
Pre  Tank 3B Shutoff Valve Open 
Pre  Tank 4A Shutoff Valve Open 
Pre  Tank 4B Shutoff Valve Open 
Pre  System 3 Sample Valve Closed 
Pre  System 4 Sample Valve Closed 
Pre  System 3 Supply Valve To 3B 
Pre  System 4 Supply Valve To 4B 
Pre  System 3 Return Valve To 3B 
Pre  System 4 Return Valve To 4B 
Pre  Dispense _____  Liters from Barrel *___ to Tank 3A (Target: 52L) 1
Pre  Dispense _____  Liters from Barrel *___ to Tank 4A (Target: 52L) 1
Pre  Dispense _____  Liters from Barrel *___ to Tank 3B (Target: 15L) 
Pre  Dispense _____  Liters from Barrel *___ to Tank 4B (Target: 15L) 
Pre  Quickly toggle System 3 Supply Valve, return after 3 seconds 
Pre  Quickly toggle System 4 Supply Valve, return after 3 seconds 

Testing 
0:00  Switch Supply Valves 
0:02  Switch Return Valves 
0:04  “START” sample from System 3 
0:06  “START” sample from System 4 

0< <47  Clean / Inspect Tank 3B 
0< <47  Clean / Inspect Tank 4B 

47-48  Dispense _____  Liters from Barrel *___ to Tank 3B (Target: 51L) 2
47-48  Dispense _____  Liters from Barrel *___ to Tank 4B (Target: 51L) 2
47:45  “END” sample from System 3 
47:50  “END” sample from System 4 
48:00  Switch Supply Valves 
48:02  Switch Return Valves 
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Hours Initials Task 
48< <95  Clean / Inspect Tank 3A 
48< <95  Clean / Inspect Tank 4A 

95-96  Dispense _____  Liters from Barrel *___ to Tank 3A (Target: 51L) 3
95-96  Dispense _____  Liters from Barrel *___ to Tank 4A (Target: 51L) 3
96:00  Switch Supply Valves 
96:02  Switch Return Valves 
96:05  Replace System 3 Fuel Filter 
96:10  Replace System 4 Fuel Filter 

96< <143  Clean / Inspect Tank 3B 
96< <143  Clean / Inspect Tank 4B 

143-144  Dispense _____  Liters from Barrel *___ to Tank 3B (Target: 51L) 4
143-144  Dispense _____  Liters from Barrel *___ to Tank 4B (Target: 51L) 4
144:00  Switch Supply Valves 
144:02  Switch Return Valves 

144< <191  Clean / Inspect Tank 3A 
144< <191  Clean / Inspect Tank 4A 

191-192  Dispense _____  Liters from Barrel *___ to Tank 3A (Target: 51L) 5
191-192  Dispense _____  Liters from Barrel *___ to Tank 4A (Target: 51L) 5
192:00  Switch Supply Valves 
192:02  Switch Return Valves 
192:05  Replace System 3 Fuel Filter 
192:10  Replace System 4 Fuel Filter 

192< <239  Clean / Inspect Tank 3B 
192< <239  Clean / Inspect Tank 4B 

239-240  Dispense _____  Liters from Barrel *___ to Tank 3B (Target: 52L) 6
239-240  Dispense _____  Liters from Barrel *___ to Tank 4B (Target: 52L) 6
240:00  Switch Supply Valves 
240:02  Switch Return Valves 
240:04  “START” sample from System 3 
240:06  “START” sample from System 4 

240< <287  Clean / Inspect Tank 3A 
240< <287  Clean / Inspect Tank 4A 

287-288  Dispense _____  Liters from Barrel *___ to Tank 3A (Target: 51L) 7
287-288  Dispense _____  Liters from Barrel *___ to Tank 4A (Target: 51L) 7
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Hours Initials Task 
287:45  “END” sample from System 3 
287:50  “END” sample from System 4 
288:00  Switch Supply Valves 
288:02  Switch Return Valves 
288:05  Replace System 3 Fuel Filter 
288:10  Replace System 4 Fuel Filter 

288< <335  Clean / Inspect Tank 3B 
288< <335  Clean / Inspect Tank 4B 

335-336  Dispense _____  Liters from Barrel *___ to Tank 3B (Target: 51L) 8
335-336  Dispense _____  Liters from Barrel *___ to Tank 4B (Target: 51L) 8
336:00  Switch Supply Valves 
336:02  Switch Return Valves 

336< <383  Clean / Inspect Tank 3A 
336< <383  Clean / Inspect Tank 4A 

383-384  Dispense _____  Liters from Barrel *___ to Tank 3A (Target: 51L) 9
383-384  Dispense _____  Liters from Barrel *___ to Tank 4A (Target: 51L) 9
384:00  Switch Supply Valves 
384:02  Switch Return Valves 
384:05  Replace System 3 Fuel Filter 
384:10  Replace System 4 Fuel Filter 

384< <431  Clean / Inspect Tank 3B 
384< <431  Clean / Inspect Tank 4B 

431-432  Dispense _____  Liters from Barrel *___ to Tank 3B (Target: 52L) 10
431-432  Dispense _____  Liters from Barrel *___ to Tank 4B (Target: 52L) 10
432:00  Switch Supply Valves 
432:02  Switch Return Valves 
432:04  “START” sample from System 3 
432:06  “START” sample from System 4 

432< <479  Clean / Inspect Tank 3A 
432< <479  Clean / Inspect Tank 4A 

479-288  Dispense _____  Liters from Barrel *___ to Tank 3A (Target: 51L) 11
479-288  Dispense _____  Liters from Barrel *___ to Tank 4A (Target: 51L) 11
479:45  “END” sample from System 3 
479:50  “END” sample from System 4 
480:00  Switch Supply Valves 
480:02  Switch Return Valves 
480:05  Replace System 3 Fuel Filter 
480:10  Replace System 4 Fuel Filter 
500:00  System Shutdown 

 



 

 

APPENDIX D 
 
 

Acquired Data Types



 

D-1 

Acquired Data Types 
 

The following is a list of acquired data channels pertinent to testing for the CRC Fuel Lubricity 
Project. It does not include variables used exclusively for process control, governor constants, or 
the like. 

 
Channel 
Name Description Units Source Notes

DRV1_SPD Primary Driven / Secondary 
Driving Shaft Rotation Speed rpm Hall Effect Sensor, Toothed 

Wheel  

ELPSDTMED Accumulated Time (s) since 
test initiated h:mm:ss.sss System Generated  

F_FLOW_3 System 3 High-Pressure Fuel 
Flow Rate g/min Micromotion D6 Mass 

Flow Measurement System  

F_FLOW_4 System 4 High-Pressure Fuel 
Flow Rate g/min Micromotion D6 Mass 

Flow Measurement System  

F3_TOTAL System 3 Cycle Total Injected 
Volume L Calculated:  = FUELTOT3 / 

830 1 

F4_TOTAL System 4 Cycle Total Injected 
Volume L Calculated:  = FUELTOT4 / 

830 1 

FHTR_3$P System 3 Fuel Heater 
Temperature, Measured °C Type K Thermocouple  

FHTR_3$S System 3 Fuel Heater 
Temperature, Set Point °C Programmed  

FHTR_4$P System 4 Fuel Heater 
Temperature, Measured °C Type K Thermocouple  

FHTR_4$S System 4 Fuel Heater 
Temperature, Set Point °C Programmed  

FUELTOT3 System 3 Cycle Total Injected 
Fuel Mass g Micromotion D6 Mass 

Flow Measurement System  

FUELTOT4 System 4 Cycle Total Injected 
Fuel Mass g Micromotion D6 Mass 

Flow Measurement System  

LUBFLO_3 System 3 Injection Pump Case 
Drain Fuel Flow Rate gal/min Turbine Flow Meter, Hoffer 

Flow Controls MF1/2X90B 5 

LUBFLO_4 System 4 Injection Pump Case 
Drain Fuel Flow Rate gal/min Turbine Flow Meter, Hoffer 

Flow Controls MF1/2X90B 5 
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Channel 
Name Description Units Source Notes

MTRSPD Rotation Speed of Drive Motor 
Shaft rpm Hall Effect Sensor, Toothed 

Wheel  

P_FUEL3 System 3 Injection Pump 
Output Pressure bar OEM Fuel Rail Pressure 

Sensor  

P_FUEL4 System 4 Injection Pump 
Output Pressure bar OEM Fuel Rail Pressure 

Sensor  

P_IN_3 Fuel Pressure at System 3 
Injection Pump Inlet Port bar Sensotec TJE 0708-12TJG 

(200 psi) 5 

P_IN_4 Fuel Pressure at System 4 
Injection Pump Inlet Port bar Sensotec TJE 0708-12TJG 

(200 psi) 5 

RUNTIMED Accumulated Time Running h:mm:ss.sss System Generated  

T_FUEL3 Fuel Temperature at System 3 
Injection Pump Inlet Port °C Type K Thermocouple  

T_FUEL3B Fuel Temperature at System 3 
Pump Drain Line °C Type K Thermocouple 5 

T_FUEL4 Fuel Temperature at System 4 
Injection Pump Inlet Port °C Type K Thermocouple  

T_FUEL4B Fuel Temperature at System 4 
Pump Drain Line °C Type K Thermocouple 5 

T_PUMP3 Temperature of System 3 Fuel 
Injection Pump Body °C Type K Thermocouple 4 

T_PUMP4 Temperature of System 4 Fuel 
Injection Pump Body °C Type K Thermocouple 4 

T_TANK3 Temperature in System 3 Fuel 
Reservoir °C Type K Thermocouple  

T_TANK4 Temperature in System 4 Fuel 
Reservoir °C Type K Thermocouple  

TOD Time of Day dd mmm yy 
hh:mm:ss System Generated  

TOTSPLY3 Total Fuel Flow Rate Supplied 
to System 3 L/hr = F_FLOW_3 * 0.072289 + 

LUBFLO_3 * 227.12472 2,3,5

TOTSPLY4 Total Fuel Flow Rate Supplied 
to System 4 L/hr = F_FLOW_4 * 0.072289 + 

LUBFLO_4 * 227.12472 2,3,5
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Notes 
1 density of the fuels used is 830 grams/Liter 
2 0.072289 converts grams/minute to Liters/hour for a fluid with density of 830 grams/Liter 
3 227.12472 converts gallons/minute to Liters/hour 
4 instruments and channels added to test system between 1st and 2d series of tests 
5 instruments and channels added to test system between 2d and 3d series of tests 
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CRC “Fuel Lubricity Impacts on Light-Duty Diesel Injection Equipment” Project 
Report of First Set of Tests, Interim Phase 

20-22 February 2008 
 

 
Description of Test Items 
 
Fuel 
 
Two batches of fuel were prepared for testing, per procedure. One batch, designated “N”, 
consisted of neat #1 ULSD, as it meets the testing requirement for a “low lubricity fuel” as 
delivered.  The other batch, designated “W”, comprised #2 ULSD, additized per procedure with 
the standard treatment rate to achieve the lubricity required in a test involving a “high lubricity 
fuel”. Each batch of fuel was transported to the test area in three clean epoxy-lined drums. 
 
Fuel sampling per procedure was not performed during this test series because of the short 
duration of the test. Samples were acquired following pump failures. 
 
Pumps 
 
Two pumps were used in this testing. These pumps were received from Mercedes in February 
2006 as part of the parts provided to SwRI under the project contract. After testing, the pumps 
were marked with “N1-1” and “W1-1” before shipping to Bosch for inspection. Details of the 
pumps are identified in Table 1. 
 

Table 1.  Test Details 

Test Designation 3-1 4-1 
Pump Designation W1-1 N1-1 
MB Part Number A 646 070 04 01 
Bosch Part Number 0 445 010 143 
Source provided to SwRI by Mercedes 
Manufacture Date 20 Sep 05 - unknown - 
Serial Number 00907 00875 
Ran on System 3 4 
Base Fuel #2 ULSD #1 ULSD 
Lubricity Level High Low 
Started Testing 20 Feb 08 20 Feb 08 
Concluded Testing 22 Feb 08 20 Feb 08 
Total Run Time [h:mm] 0:34 0:08 

 
The manufacture date of one pump is unknown because it was not recorded prior to testing, and 
the data label on the pump body was obscured by high heat caused by the pump failure. Three 
other pumps in the same delivered group (including the other pump in this test) had manufacture 
dates of 20 September 2005; one other was manufactured on 6 April 2005. 
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Conduct of Testing 
 
Fuel lubricity effect testing was conducted as explained in the project report. 
 
Test Events 
 
The important events during this series of tests are summarized in Table 2. 
 

Table 2.  Test Event Log 

Date / Time 
(all dates in 2008) 

Test Hours Notes System 3 System 4
20 Feb 9:29 0:00 0:00 Testing starts 

20 Feb 9:39 0:08 0:08 Test stopped due to smoke observed from System 4 
pump, is removed 

22 Feb 13:02 0:08  Test resumes, running System 3 only 

22 Feb 13:34 0:34  Test shuts down when System 3 fuel outlet temperature 
exceeds 105°C. limit 

5 Mar    tested pumps shipped to Bosch for inspection 
 
 
Test Event Details 
 
Testing commenced on the morning of Wednesday, 20 February. During the second 3-minute 
cycle of the test (about five minutes into the test) light smoke appeared in the vicinity of the 
system #4 pump, running the lower-lubricity fuel. The pump appeared to be severely overheating 
and testing halted immediately. The pump was very hot. No instrumentation was in place to 
quantify it, however the temperature allowed brief finger contact, but not sustained contact. The 
pump appeared to be on the verge of complete failure as the fuel supply drum was contaminated 
with metal particles. Recorded data shows no indication of a deviation in performance; pressure, 
fuel flow, and supply side fuel temperature were in control. The observed smoke seems to have 
been residue vaporizing from the pump surface. Later observation indicated that the pump’s data 
label was rendered illegible by the heat. 
 
Examination of the fuel reservoirs revealed many small metallic flakes in the reservoir 
containing the low-lubricity fuel. Figures 1 and 2 below compare the appearance of the two fuel 
reservoirs – the clear high-lubricity #2 Diesel in System 3 on the left in Figure 1, and the 
contaminated low-lubricity #1 Diesel in System 4 on the right in Figure 2. Note that the interior 
of both reservoirs is coated with a red epoxy. Dissection and inspection of the fuel filter from 
System 4 revealed little of interest, apparently suggesting that the debris was flushed into the 
reservoir, but did not otherwise circulate with the fuel. Metallurgical analysis of the debris from 
the reservoir found that it was largely iron, with some aluminum, some zinc, and some sulfur. 
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Figure 1.  Clear Fuel in Tank 3A Figure 2.  Contaminated Fuel in Tank 4A 
 
After a conference call to discuss the findings, additional thermocouples were added to measure 
the temperatures of the return fuel and injected fuel on each system. 
 
The system was restarted on 22 February, running only the pump with high-lubricity fuel 
(system 3).  During test cycle #5 (0:14:50 test time) the test stopped due to an alarm on return 
fuel temperature.  Based on the guidance the conference call the alarm temperature set point was 
95 °C.  The fuel temperature, as measured just after the fuel injector block, exceeded that upper 
limit.  To determine whether the temperature would stabilize, the alarm limit was increased to 
105 °C.  The return fuel temperature reached this limit during test cycle #9 (0:25:49 test time) 
and stopped the test.  Inspection of the fuel drum revealed some metal debris, but not as much as 
seen in the other fuel drum.  The test was put on hold pending discussion during an upcoming 
visit by Brent Bailey and Manuch Nikanjam on 29 February. 
 
Following discussions during the visit, the pump was removed from the system and prepared for 
shipping.  On 5 March, the tested pumps were shipped to Bosch’s Farmington Hills, Michigan 
facility for disassembly, inspection and rating. 
 
Test Results 
 
Inspection report number F00H P11 267, dated 1 April 2008, was issued by Bosch, regarding the 
two test pumps from the first round of testing.  The report’s conclusions indict two possible root 
causes for the failures:  excessive axial loading on the pump input shaft; and inadequate pre-fill 
of the pump body prior to operation.  Clearances along the length of the pump input shaft were 
measured, and found to be adequate – indicating that there should be no axial load on the input 
shaft.  The pumps used for test setup were examined, and showed no visual indication of rubbing 
or scuffing wear on the faces of the shaft perpendicular to its axis, as would be expected were 
those surfaces subjected to load.  The shafts were found to have no free movement along their 
pump shaft axis, as would be expected had it experienced thrust bearing wear. 
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CRC “Fuel Lubricity Impacts on Light-Duty Diesel Injection Equipment” Project 
Report of Second Set of Tests, Interim Phase 

13 March – 4 April 2008 
 

 
Description of Test Items 
 
Fuel 
 
Two batches of fuel were prepared for testing, per procedure.  One batch, designated “N”, 
consisted of neat #1 ULSD, as it meets the testing requirement for a “low lubricity fuel” as 
delivered.  The other batch, designated “W”, comprised #2 ULSD, additized per procedure with 
the standard treatment rate to achieve the lubricity required in a test involving a “high lubricity 
fuel”.  Each batch of fuel was transported to the test area in three clean epoxy-lined drums. 
 
Samples of approximately one liter each were drawn from each test fuel at the beginning and end 
of the 48-hour period that the first, sixth and tenth fuel batches ran in the system.  These samples 
were labeled and stored for later analysis as arranged by CRC. 
 
 
Pumps 
 
Two pumps were used in this testing.  These pumps were purchased from stock on hand in the 
Mercedes parts system.  Prior to testing, each pump was fitted with a thermocouple adhered to 
the pump body with epoxy, to measure and monitor the temperature of the pump.  After testing, 
the pumps were marked with the letters “A” and “B” before shipping to Bosch for inspection.  
Details of the pumps are identified in Table 1. 
 
 

Table 1.  Test Details 

Test Designation 3-2 4-2 
Pump Designation B A 
MB Part Number A 646 070 04 01 
Bosch Part Number 0 445 010 143 

Source purchased by CRC from 
Mercedes dealer parts system 

Manufacture Date 4 Sep 07 18 May 07 
Serial Number 01134 00224 
Ran on System 3 4 
Base Fuel #2 ULSD #1 ULSD 
Lubricity Level High Low 
Started Testing 13 Mar 08 13 Mar 08 
Concluded Testing 4 Apr 08 13 Mar 08 
Total Run Time [h:mm] 500:00 0:21 
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Conduct of Testing 
 
Fuel lubricity effect testing was conducted as explained in the project report.  Installation of the 
pump body thermocouples was a change in this series of testing, compared to previous tests. 
 
Test Events 
 
The important events during this series of tests are summarized in Table 2.  Routine events such 
as fuel filter changes, fuel batch changes, and fuel samples are not included in the table for 
brevity.  Those actions did occur on schedule as specified in the test procedures. 
 

Table 2.  Test Event Log 

Date / Time 
(all dates in 2008) 

Test Hours Notes System 3 System 4
13 Mar 14:13 0:00 0:00 Testing starts 

13 Mar 14:34 0:21 0:21 Test shuts down due to System 4 fuel outlet temperature 
over 105°F. limit; failed System 4 pump is removed 

14 Mar 13:43 0:21  Test resumes, running System 3 only 

24 Mar 11:59 238:32  Test shuts down for low pump shaft speed caused by 
loose sensor target wheel 

24 Mar 14:16 238:32  Test resumes 

4 Apr 0:45 489:38  Test shuts down when pressure safety switch trips, 
indicating low pressure at System 3 fuel heater outlet 

4 Apr 9:04 489:38  Test resumes with new System 3 fuel transfer pump 
4 Apr 20:13 500:41  System 3 pump completes 500 test hours, is removed 

8 Apr    tested pumps shipped to Bosch for inspection 
 
Test Event Details 
 
Testing commenced on the afternoon of Thursday, 13 March.  The test ran for just over 20 
minutes and then shut down on a temperature alarm:  the system 4 (low lubricity fuel) pump 
outlet temperature exceeded the upper limit of 105° C.  Inspection of the fuel tanks indicated 
trace amounts of metal in both, with more metal present in the system 4 tank.  Analysis of debris 
recovered from the contaminated reservoir of system 4 found that it was mostly metal shavings, 
apparently ferromagnetic iron.  There is some aluminum, some zinc, and some sulfur. 
 
The fuel injection pump was removed from system 4, and testing continued with only the pump 
on system 3 the next day. 
 
Periodic fuel and fuel filter changes per test procedures occurred as scheduled. 
 
At mid-day on 24 March, after 238 test hours, the system shut down automatically due to an 
alarm for low pump speed, caused by a loose magnetic pick-up cog (speed sensor) on the 
primary driven / secondary driving shaft.  The sensor target wheel was reaffixed to the shaft, and 
testing resumed that afternoon. 
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Early morning of 4 April, after 489 test hours, a failed electric fuel supply pump caused a low 
pressure alarm at the fuel heater pressure safety switch, which shut down the system 
automatically.  The pump was replaced and the test resumed later the same morning. 
 
On the evening of 4 April, the pump running on System 3 with high-lubricity fuel completed 500 
hours, so the system was stopped and the test concluded.  The pump was removed from the 
system and prepared for shipping. 
 
On 8 April, the tested pumps were shipped to Bosch’s Farmington Hills, Michigan facility for 
disassembly, inspection and rating. 
 
 
Test Results 
 
Inspection report number F00H P11 294, dated 10 July 2008, was issued by Bosch, regarding the 
two test pumps from the second round of testing.  The report’s conclusions are reproduced 
verbatim here: 
 

“After visual inspection, both pumps appear nominal and no faults have been found in 
either pump.  Functional tests show that the pumps perform to specification and teardown 
shows that thrust wear is present on the housing thrust surface and the driveshaft housing 
sliding surface, possibly due to a high thrust force present on the drive shaft during 
testing.  However, no other damages or wear are found on the critical pumping elements 
and all control valves in the pumps function to specification.” 

 
To address the possible thrust force issue, clearances along the length of the pump input shaft 
were measured, and found to be adequate – indicating that there should be no axial load on the 
input shaft.  The pumps used for test setup were examined, and showed no visual indication of 
rubbing or scuffing wear on the faces of the shaft perpendicular to its axis, as would be expected 
were those surfaces subjected to load.  The shafts were found to have no free movement along 
their pump shaft axis, as would be expected had it experienced thrust bearing wear.  The cause of 
the wear noted by the Bosch inspector is not known. 
 
Also unknown is how the pumps could be found to be otherwise fully functional, and displaying 
comparable wear characteristics, when one pump ran without incident for the full 500 hours of 
testing, and the other exceeded an operational temperature limit after 21 minutes.  Possible 
explanations include: 

• the criterion of not exceeding 25°C. difference between fuel inlet and outlet temperatures 
is not a valid indicator of pump failure 

• the inspection process does not address some area or aspect of pump performance that 
causes the high temperature difference 

• the condition causing the high temperature difference was prevented from continuing 
long enough to be discernable during Bosch’s inspection 
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CRC “Fuel Lubricity Impacts on Light-Duty Diesel Injection Equipment” Project 
Report of Third Set of Tests, Interim Phase 

20 May – 18 July 2008 
 

 
Description of Test Items 
 
Fuel 
 
Two batches of fuel were prepared for testing, per procedure.  One batch, designated “N”, 
consisted of neat #1 ULSD, as it meets the testing requirement for a “low lubricity fuel” as 
delivered.  The other batch, designated “W”, comprised #2 ULSD, additized per procedure with 
the standard treatment rate to achieve the lubricity required in a test involving a “high lubricity 
fuel”.  Each batch of fuel was transported to the test area in three clean epoxy-lined drums. 
 
Samples of approximately one liter each were drawn from each test fuel at the beginning and end 
of the 48-hour period that the first, sixth and tenth fuel batches ran in the system.  These samples 
were labeled and stored for later analysis as arranged by CRC. 
 
 
Pumps 
 
Three pumps were used in this testing.  These pumps were purchased from stock on hand in the 
Mercedes parts system.  Prior to testing, each pump was fitted with a thermocouple adhered to 
the pump body with epoxy, to measure and monitor the temperature of the pump.  After testing, 
the pumps were marked with the letters “A”, “B” and “C” before shipping to Bosch for 
inspection.  Details of the pumps are identified in Table 1. 
 
 

Table 1.  Test Details 

Test Designation 3-3 4-3 3-3a 
Pump Designation A B C 
MB Part Number A 646 070 04 01 
Bosch Part Number 0 445 010 143 
Source purchased by CRC from Mercedes dealer parts system 
Manufacture Date 28 Jul 07 4 Sep 07 28 Feb 07 
Serial Number 00236 01394 01239 
Ran on System 3 4 3 
Base Fuel #1 ULSD #2 ULSD #1 ULSD 
Lubricity Level Low High Low 
Started Testing 20 May 08 20 May 08 24 June 08 
Concluded Testing 2 June 08 11 July 08 18 July 08 
Total Run Time [h:mm] 213:13 500:00 244:28 
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Conduct of Testing 
 
Fuel lubricity effect testing was conducted as explained in the project report.  This set of tests did 
have some added conditions: 
 
The test control system was modified to run an “Initial Fill” phase before running each pump 
under cyclic test conditions.  The conditions were selected and implemented to allow the mating 
components of a new pump to endure their initial interaction with sufficient lubrication, and 
without harsh operating conditions, much as a pump would experience in the initial operation of 
a new car, with the initial factory fill of high-lubricity fuel.  Each pump runs for 15 minutes, with 
unheated, high lubricity fuel, low shaft speed, and minimal flow rate.  The actual set points for 
this phase are identical to the point in the test cycle simulating low idle in the engine, except that 
in the test cycle, the fuel would be supplied to the pump at 70°C., and in the Initial Fill phase, it 
is not heated. 
 
To address concerns regarding fuel supply to the pumps, flow instrumentation was added to the 
case drain line for each pump.  Inlet fuel pressure sensors were also added to each system.  
Measurements were made with the fuel supply pumps running but the main system drive, which 
would turn the injection pump shafts, not running.  Fuel pressure measured at the pump inlets 
was approximately 4.0-4.1 bar ~ 400 kPa ~ 59 psig, with flow of approximately 90 L/hr and 100 
L/hr through the case drains of the two pumps.  Similar measurements were made with the drive 
mechanism running, and the injection pumps running at the "Initial Fill" conditions.  Under these 
conditions, the fuel pressure measured at the pump inlets was approximately the same 4.0-4.1 
bar, though the flow through the case drains of the two pumps dropped to approximately 80 L/hr.  
These conditions were confirmed to be adequate for safe pump operation. 
 
On 19-20 May, Dr. Paul Henderson visited SwRI on behalf of CRC, to inspect the test device, 
controls and procedures and offer his technical opinion and advice concerning their suitability 
for the project’s objectives.  After observing the system, both running and not running, 
Henderson recommended several changes, which were implemented prior to testing: 
 
• Stainless steel lines between the fuel heater outlets and injection pump inlets were replaced 

with larger-diameter flexible neoprene fuel lines, of a type rated for diesel fuel at high 
temperature.  Stainless steel lines connected to the injection pumps’ case drains were 
replaced with larger-diameter stainless steel lines. 

 
• Fuel plumbing was modified to reposition the fuel transfer pumps, so that they draw fuel 

from the fuel reservoirs, and pump through the fuel filter/bypass circuit to the fuel heaters 
and so forth, rather than drawing through the fuel filter/bypass circuit. 

 
• Test procedures were modified so that when a fuel filter change is warranted (every four 

days, or every other fuel batch change), all fuel flow and pump operation ceases.  A new fuel 
filter, filled with the appropriate test fuel, is installed.  The low-pressure fuel transfer pumps 
are then operated for three minutes while case drain flow is monitored to ensure that all air is 
purged from the fuel lines before the test cycle resumes. 
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Test Events 
 
The important events during this series of tests are summarized in Table 2.  Routine events such 
as fuel filter changes, fuel batch changes, and fuel samples are not included in the table for 
brevity.  Those actions did occur on schedule as specified in the test procedures. 
 
 

Table 2.  Test Event Log 

Date / Time 
(all dates in 2008) 

Test Hours Notes System 3 System 4

19-20 May 0:00 0:00 Dr. Paul Henderson visits SwRI to review test system 
and operation 

20 May 14:21 0:00 0:00 Testing starts, including "initial fill" procedure 
20 May 15:16 0:39 0:39 Test stopped to address fuel leak 
21 May 10:38 0:39 0:39 Test restarts with new high-pressure line installed 
27 May 10:39 143:54 143:54 Test stopped to address fuel leak 
27 May 14:10 143:54 143:54 Test restarts with new O-rings installed 
30 May 10:44 212:47 212:47 Test stopped to address unusual noise 
2 June 14:24 212:47 212:47 Test restarts after drive coupling repair 

2 June 14:59 213:13 213:13 Test stopped because of high pump body temperature, 
System 3 

20 June 10:10  213:13 Test resumes, running System 4 only 
23 June 3:47  278:36 Test shuts down, resulting from failed bearing 
23 June 13:33  278:36 Test repaired and restarted 

24 June 10:18 0:00 288:00 New pump begins testing on System 3 
System 4 continues testing 

25 June 22:30 33:53 321:53 Test shuts down due to high-pressure leak, fuel loss 
26 June 7:45 33:53 321:53 Test resumes with fuel line replaced and system refilled 
1 July 14:22 147:31 435:31 Test shuts down, resulting from failed bearing 
8 July 10:44 147:31 435:31 Test resumes, with two shafts and all bearings replaced 

11 July 5:40 212:00 500:00 System 4 pump completes 500 test hours in third round 
of testing, is removed 

11 July 9:42 212:00  Test resumes, running System 3 only 
16 July 18:28 242:26  Test shuts down, resulting from failed drive coupling 
18 July 13:25 242:26  Test resumes with repaired drive coupling 
18 July 15:25 244:29  Test stopped due to System 3 pump fails 

24 July    tested pumps shipped to Bosch for inspection 
 
 
Test Event Details 
 
Dr. Henderson’s recommendations were implemented on 19 May and the modified system was 
checked functionally the next morning, before new test pumps (“A” and “B”) were installed on 
the system.  On the afternoon of 20 May, the third test of the Interim Phase commenced.  Both 
pumps performed over 30 minutes of testing at which time a fuel leak was discovered at the 
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high-pressure fuel outlet port of the pump on System 4.  Several attempts to reposition and 
retighten the fitting did not remedy the problem.  A new fuel line was obtained and installed, and 
the test was restarted on the morning of 21 May.  Fuel rail pressures, injected flow, and fuel 
temperatures all stabilized well, with no indication of trouble with either of the pumps. 
 
The test was stopped on the morning of 27 May due to a minor leak observed at the System 3 
injectors.  The problem was determined to be hardened/aged injector O-rings that were no longer 
sealing.  These are the O-rings originally installed in the stand and had been subjected to over 
500 hours of loaded hot test conditions, in addition to many hours of shakedown testing.  The O-
rings were replaced and the test resumed.  For all future tests, these O-rings will be treated as 
normal wear items and replaced before every new test. 
 
On 30 May, after approximately 212 test hours, the test was stopped to investigate an unusual 
noise.  Disassembly and inspection of the drive mechanism revealed a loose set screw on a drive 
coupling on System 3, which as it unscrewed, cut a groove in the interior surface of the 
aluminum lubrication housing in which it runs, causing the noise.  There was no lubrication 
failure, and the damage occurred in an area external to the pump.  The System 3 drive 
mechanism was reassembled with a replacement lubrication housing, and thread-locking 
compound was applied to a replacement set screw.  Both pumps were remounted on the drive 
mechanism, fuel lines were reattached, and testing resumed on 2 June. 
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Figure 1.  Test Pump Body Temperatures 
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Approximately 23 minutes after restarting the test cycle, the body temperature of fuel pump A on 
System 3 reached 105°C, triggering a safety, which caused a test shutdown.  Bits of metal were 
visible in the System 3 fuel reservoir, similar to that observed following previous failures.  A 
review of the test data presented in Figure 1 revealed only that pump A on System 3 was running 
similarly to that on System 4 prior to the drive mechanism problem, with stable test conditions, 
but there were two exceptions:  the pump A body temperature was approximately 2-5°C hotter 
than the pump B body temperature; and, near test hour 211, approximately one hour prior to the 
drive mechanism problem, the pump A body temperature climbed from approximately 84°C to 
approximately 101°C over a period of approximately four minutes, after which it declined to 
approximately 86°C over the next 20 minutes.  There was a corresponding rise, of similar 
duration but lesser magnitude, in the System 3 pump case drain fuel temperature.  The pump B 
body temperature was approximately steady during this same period, at 82-83°C. 
 
This data indicates that the pump on System 3 would likely fail soon, though the processes of 
removing, cooling, reheating, etc. necessitated by the drive problem may have impacted the time 
to pump failure. 
 
Because the failure occurred so soon after the system was disassembled for repair, shaft 
misalignment was investigated as a cause.  The shaft driving System 3 was the one repaired; the 
System 4 drive shaft was not disassembled, so its alignment was unchanged throughout the 
period depicted above.  Inspection of both drive shafts revealed some concentric misalignment 
between the driving shaft and the pump input (driven) shaft, on the order of thousandths of an 
inch, but that much should be taken up by flexibility in the drive coupling.  Nevertheless, in 
order to address the ongoing concern about alignment of the mechanism driving the pumps to the 
driven end of the pump shafts, an alignment tool was created for use in setting up the 
mechanism, to ensure that the drive coupling is concentric with the pump input shaft, and that the 
drive coupling has sufficient axial clearance to prevent axial loading on the pump input shaft. 
 
This tool was used every time a pump was installed on the drive mechanism, or the mechanism 
was disassembled for any reason, after mid-June 2008.  It was used on pump B from test time 
213:13 onward, and was used every time pump C was installed. 
 
In order to determine whether the problems observed are caused by the difference in fuel 
lubricity or other confounding factors, the undamaged pump B was reinstalled on System 4 and 
resumed testing on 20 June.  A new pump (“C”) was purchased from the Mercedes parts system.  
In order to synchronize the two pump systems’ fuel and filter change cycles, pump B continued 
to run on System 4 (high lubricity) until it reached the next planned filter and fuel change, at 288 
test hours, before installing the new pump C. 
 
In the early morning of 23 June, at approximately 278 test hours, the test system shut down in 
reaction to a drive motor overspeed.  The cause was the failure of a support bearing in the 
secondary drive system.  This failure allowed the pulley shaft to misalign and likely reduced the 
load on the motor causing a momentary overspeed (1127 rpm, on a limit of 1120 rpm).  The 
logged data indicated the overspeed lasted about 1 second before shutdown.  No other data 
(temperature, fuel pressures and flows, etc.) indicate any other problems with the test rig 
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operation.  Two bearings and a shaft supporting one of the idler pulleys were replaced.  No other 
damage to the test rig was found.  The test resumed operation early afternoon the same day. 
 
When the system reached 288 test hours on the morning or 24 June, testing stopped for a fuel 
batch and filter change.  At this point, pump B was mechanically disengaged from the drive 
mechanism on System 4.  The new purchased pump C was installed on System 3 and ran for the 
Initial Fill phase of the test.  Upon completion, pump B was re-installed on System 4 and both 
pumps resumed testing.  Test conditions were as before, with the pump body temperature for the 
low lubricity fuel running 4-5°C higher than that for the high lubricity fuel (~85 vs. ~80). 
 
Late on the night of 25 June, the test shut down due to a leak in the high-pressure line between 
the pump and injector rail of System 4.  The fuel line was replaced, and the lost fuel was 
replenished with new fuel before resuming testing, under normal conditions, on 26 June. 
 
Another shaft bearing failure occurred on 1 July.  Analysis of the test data up to that point 
showed no performance issues with the test pumps.  In order to prevent any further recurrence, 
all of the shaft bearings, two shafts that were deemed unacceptably worn, and the secondary 
drive belt were replaced.  Reassembly was completed and the test was restarted late morning on 
8 July. 
 
Pump B, running on System 4 with high-lubricity fuel, completed 500 hours on 11 July.  The test 
system was shut down to remove that pump and prepare it to run with only one pump.  Testing 
resumed on 14 July, with pump C running with low-lubricity fuel on System 3, with 212 hours. 
 
On the evening of 16 July, the system shut down when the pump body temperature exceeded 
105°C. because of a failed drive coupling.  It was not apparent whether the pump had failed, 
possibly causing the coupling failure; or the coupling failure had caused the pump to fail; or the 
coupling failure had generated enough heat to cause the high temperature alarm without harming 
the pump.  External damage to the pump body was remedied to the extent possible, drive 
components were replaced, and testing resumed on 18 July. 
 
At 244 test hours, approximately two hours after resuming testing, and after temperatures and 
other measurements had stabilized at normal conditions, the pump body temperature again 
started to rise, and caused the system to shut down when it reached 105°C.  The test was halted, 
and pump C was removed from the test system to be shipped for inspection. 
 
On 24 July, the three tested pumps were shipped to Bosch’s Farmington Hills, Michigan facility 
for disassembly, inspection and rating. 
 
Test Results 
 
Inspection report number F00H P11 315, dated 16 September 2008, was issued by Bosch, 
regarding the three test pumps from the third round of testing.  The report’s conclusions are 
reproduced verbatim here: 
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“The wear on the thrust surfaces suggests that a high thrust force was present on the 
driveshaft during testing.  The polygonal ring sliding surface of Pump A did show more 
wear than the other two pumps, possibly caused by debris from the driveshaft damage.  
The condition of all other critical pumping elements raises no concerns.” 

 
The alignment tool was used every time pump C was installed on the drive mechanism; was used 
on pump B from test time 213:13 onward, and was never used during pump A’s testing.  
Nevertheless, these pumps evinced the same thrust bearing wear as each other, and all others 
previously inspected.  The cause of this wear is therefore unknown and is apparently not caused 
by axial load on the pump input shafts. 
 
Pumps A and B both performed satisfactorily in Bosch’s post-test function testing, even though 
pump A was removed after 213 hours of testing when its fuel discharge temperature exceeded an 
operational limit, and pump B completed the entire 500 hour test without incident.  Pump A did 
display some wear not observed in pump B, which could possibly have caused the elevated 
temperature recorded.  Pump C was not tested for function by Bosch because its outward 
appearance led the tester to conclude that the “Pump could not be tested due to significant 
driveshaft and flange damage.”  As noted above, the external damage occurred two hours prior to 
the conclusion of testing, and was apparently not related to the conditions that caused its removal 
from testing. 




