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pressures. The starter motor was stopped for 2 seconds following the false starts of the
coated fuel rail trials 1, 2 and 3 due to operator error. Since the start procedure differed
from that used for the all steel fuel rail all results from these trials were not included in

the results analysis.

A significant amount of temperature, pressure and EPP data from the all steel fuel rail
trials 2, 3 and 4 was lost due to data acquisition failures. The starting procedure was
correctly followed during these trials and therefore the start time and emission data were

valid and will be included in the analysis

Table 19: Summary of Hot Start Test Data

TRIAL | ALL STEEL FUEL RAIL

EPP START | TANK FINAL RAIL | DELTA

COUNT | TIME |PRESSURE | PRESSURE | PRESSURE
1 255 2943s|1.073MPa | 1.147MPa | 0.074MPa
2 255 2524s|1215MPa | 1373MPa | 0.158 MPa
3 157 1343MPa | 1458MPa | 0.115MPa
4 182 1828|1431 MPa | 1.504 MPa 0.073 MPa
5 189 16.69s| 1482 MPa | 1.637 MPa | 0.155MPa

TRIAL | COATED FUEL RAIL

EPP START | TANK FINAL RAIL | DELTA
COUNT TIME PRESSURE | PRESSURE | PRESSURE

122 11.25s|1.263 MPa 1.489 MPa 0.226 MPa
126 11.63s| 1.230 MPa 1.491 MPa 0.261 MPa

1 117 11.68s | 1.263 MPa 1.482 MPa 0.219 MPa
2 70 8.65s|1.126 MPa 1.459 MPa 0.333 MPa
3 90 10.62s | 1.206 MPa 1.476 MPa 0.270 MPa
4 120 11.51s|1.221 MPa 1.476 MPa 0.255 MPa
5
6
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CHAPTER 12: DISCUSSION AND ANALYSIS OF FUEL RAIL
RESULTS

12.1 Computational Results

The computational analysis was run for coating thickness’ of 25 um, 50 um and 100 um
to test that the computational model behaved in the manner expected. as the coating
became thicker. The results of these analyses are included in Appendix J: Output of
Explicit Transient Conduction Analysis of this paper. These figures show that the degree

of coated surface cooling increased with an increase in coating thickness

The point of interest of the results of the computational analysis is the temperature of the
inner surface node (x = 0.0 m). This surface must cool to the liquid saturation
temperature of propane (at fuel rail pressure) as quickly as possible so that liquid propane

can pass through the tubing without vapourizing.

Figure 73 of the results section 1 1.1, show the temperature distribution of a section ot the
steel fuel rail as it is subjected to convection and transient conduction. It can be seen that
after a time of 140 ms the minimum temperature of the inner surface of the fuel rail has

decreased from 325 K to approximately 321.5 K.

Figure 74 of the results in Section 1.1 show the temperature distribution of a fuel rail
with an inner surface that has been coated with 50 um of Xylan. This coating thickness
was chosen, as it is the thickest coating that can be applied for this application. (Data that
describe the outcome of using coatings of other thickness have been included in
Appendix J: Output of Explicit Transient Conduction Analysis). It can be seen that when
a coating of 50 pum of Xylan is used the inner surface of the fuel rail cools to

approximately 317.5 K after 140 ms of cooling.

This model showed that by applying a coating, the internal surface temperature of the

fuel rail will be almost 4.0 K cooler than an all steel design after only 140 ms of exposure
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to transient conduction and convection. The limitations of the model were mentioned
earlier, however the trend that was predicted supports the hypothesis that an internal
coating of Xylan lead to an increased rate of cooling of the internal surface of the fuel

rail.

12.2 Experimental

The complete results from the hot start testing are shown in Appendix K: Fuel System
Temperature and Pressure Data Recorded During Hot Start Tests. Specific examples of
these results were presented in Chapter 11: and will be referred to in this section. The
exhaust gas temperature traces shown in Figure 75 from the hot start show a rise in
temperature at t = 4 s of for all four cylinders. This phenomenon is a misfire that can be
attributed to leaking fuel injectors as opposed to the normal function of the fuel system.
Research in fuel injector deposits presented in this thesis shows that operating a vehicle
on HD-5 LPG for as little as 6 400 km will result in the formation of deposits within the
injectors. These deposits will degrade the sealing ability of an injector. The fuel
injectors that were installed in this vehicle had been operating for approximately 35 000
km and would have developed deposits within. Therefore, it is hypothesized that during
the 30-minute hot soak used during this test some fuel leaked into the manifold. Upon
startup this rich mixture within the intake manifold was supplied to the cylinders and
ignited. The engine was turned with the power from this combustion. However since the
fuel within the rail is in a gaseous state following a 30 minute hot soak [23], an
insufficient amount of fuel was supplied to the cylinder such that combustion that
resulted from the fuel that had accumulated during hot soak could not be supported by the
lean mixture that was supplied. This lead to the engine faltering and the action of the
starter motor was required to continue turning the engine until consistent mixture could
be supplied to the cylinder. Since there was no combustion the exhaust temperature

slowly dropped as the starter motor turned the engine pumping air through to the exhaust.

As the starter continued to crank the engine, the fuel rail and injectors were cooled by the

convective and latent cooling of the liquid fuel that was pumped to the rail from the tank.



Once the rail and fuel injectors had cooled sufficiently, liquid could be metered through
the injectors. Ignition within the lead two cylinders occurred as noted by the increase in
EGT temperature for cylinders 8 and 6 as shown in Figure 76 of the results section

11.2.5.

The fuel that is supplied to the final two injectors on each branch of the fuel rail must first
pass through the lead set of injectors and cross tube. During this process the fuel absorbs
more heat from these parts resulting in a degree of fuel vapourization leading to the final
two injectors attempting to meter fuel that is again not in a liquid state. The final two
cylinders will continue to be supplied with a lean mixture for an additional few seconds
after the lead cylinders have fired. This is shown in the lag between the rise in EGT
temperatures of cylinders 2 and 4 compared against cylinders 6 and 8 as shown in Figure

76.

Approximately 40 seconds following initial engine cranking the engine was running and
the exhaust gas temperature began to stabilize as shown in Figure 75. Cylinder 2 has the
highest temperature followed by similar but lower temperatures of cylinders 6 and 4.
Finally cylinder 8, the first cylinder to be supplied with fuel trom the rail had the lowest

exhaust gas temperature as shown in Figure 75.

The discrepancy in EGT temperatures between each cylinder is due to some boiling
within the fuel as it absorbs heat while traveling between injectors and an injector
attempting to meter a two-phase flow.  This results in a richer mixture supplied to
cylinder 8 and leaner mixture supplied to cylinder 2. This accounts for the higher exhaust

gas temperatures of cylinder 2 and cooler exhaust gas temperatures of cylinder 8.

139



12.2.1 Hot Start Time Results Comparison

When comparing the hot start performance of the two fuel rail setups a significant
improvement in hot start time was observed for the fuel rail with the internal coating of
Xylan. Figure 75 and Figure 75 show typical EGT temperatures and EPP counts for hot
starts with the all steel and coated fuel rail. Table 20 summarizes the valid data that was

obtained during the hot start tests.

Table 20: Summary of Valid Hot Start Data

TRIAL | ALL STEEL FUEL RAIL
EPP START | TANK FINAL RAIL | DELTA
COUNT TIME PRESSURE | PRESSURE | PRESURE
1 255 29.43s| 1.073 MPa 1.147 MPa 0.074 MPa
2 255 25.24s| 1.215 MPa 1.373 MPa 0.158 MPa
3 157 1.343 MPa 1.458 MPa 0.115 MPa
4 182 18.28 s | 1.431 MPa 1.504 MPa 0.073 MPa
5 189 16.69 s | 1.482 MPa 1.637 MPa 0.155 MPa
TRIAL | COATED FUEL RAIL
EPP START | TANK FINAL RAIL | DELTA
COUNT TIME PRESSURE | PRESSURE | PRESSURE
4 120 11.51s| 1.221 MPa 1.476 MPa 0.255 MPa
5 122 11.25s| 1.263 MPa 1.489 MPa 0.226 MPa
6 126 11.63s| 1.230 MPa 1.491 MPa 0.261 MPa

The above results show that when the vehicle was operated using the coated fuel rail

setup resulted an average 11-second improvement in hot start time.

The above table shows that the tank pressure increased with successive trials for each
setup. The tank pressure depends on tank temperature and will tend to increase with
increasing number of tests as the temperature of the fuel within the tank increases.
During operation, the mass of fuel that is pumped through the fuel rail is greater than the
mass that is injected into the engine. The excess fuel that passes through the fuel rail
absorbs heat from the engine in transit. This warm fuel is then dumped into the fuel tank,

thereby increasing the average temperature of the fuel within the tank. The tank
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temperature increase and its relation to the running time following cold start was
predicted by a simple model of a liquid LPG PFI fuel system developed by Lutz et al.
[39]. Since the tuel tank can be treated as a closed system containing an equilibrium of
liquid and gaseous LPG, the increase in fuel temperature leads to an increased tank

pressure. This trend is clear for the all steel fuel rail data shown in Table 20.

It was noted that the average fuel tank pressures varied significantly between the two fuel
rail setups. This is due to the different times of year that the two sets of test were
performed. Prior to testing the vehicles were parked in the outdoors for 8 hours. and the
exterior temperature affected the fuel tank temperature. The all steel set of tests was
performed in April at a temperature of 8°C and the coated fuel rail tests were performed
in September at a temperature of 13°C.  Although the fuel tank temperature was not
recorded, it is believed that between the testing of the two fuel rail setups the increase in
soaking temperature lead to an increase in fuel temperature and therefore a corresponding
increase in average fuel tank pressure. Lutz et al. [39] developed a simple hot start time
model that was based on a liquid LPG system similar to one studied in this paper. The
results of this model demonstrated that an increase in fuel tank temperature (and therefore
fuel tank pressure) lead to a decrease in hot start time. The increased fuel tank pressure
noted during the coated fuel rail tests certainly contributed to the decrease in hot start

time for this fuel rail setup.

The coated fuel rail showed an increase in the pressure difference between the fuel tank
and the fuel rail. This pressure difference is normally caused by the resistance of the
back check valve and is referred to as the boost pressure. However this increase in boost
pressure between each fuel rail set may be due to the effects of the internal coating. The
application of the xylan coating resulted in less than a 2% decrease in the flow area of the
fuel rail which can be viewed as an insignificant change. However the coating surface
roughness was not consistent throughout the rail. Prior to installation of the coated fuel
rail all internal surfaces were checked and any excess coating was removed to insure that

the flow passages were as smooth as possible. Generally it can be assumed that the flow
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passages of the coated fuel rail were not as smooth as the all steel fuel rail this lead to an

increased resistance to flow within the fuel rail passages.

Data presented in Table 20 showed that the average boost pressures for the for the all
steel and coated fuel rail were 0.115MPa and 0.247MPa respectively. The fuel system
model developed by Lutz et al. [39] demonstrated a relation between boost pressure and
start time for the pump curve that was used in the modeled system. The results from the
model showed that due to the lower flow rates that the pump can provide at the higher
boost pressure, the increased boost pressure lead to a longer hot start time. These results
show that the effect of the increased boost pressure that was noted during the testing of

the coated fuel was to increase the hot start time.

The above arguments suggest that the decreased hot start time that was noted with the use
of the coated fuel rail setup was due to either the coating or the increase in fuel tank
pressure. By comparing results from the two fuel rail setups that were tested at the same
tank pressure the effect of the fuel rail coating can be evaluated. The results of the
second trial for the all steel fuel rail and those from the fourth trial from the coated fuel
rail show the effect of the coating. When the fuel tank pressure was kept constant the use
of coating on the inner surface of the fuel rail resulted in a 13.7 second decrease in start

time following a 30-minute hot soak.

The improvement in hot start time demonstrated by the coated fuel rail, was most likely
due to a faster cooling of the inner surfaces of the fuel rail. This faster cooling allowed
liquid fuel to reach the fuel injectors sooner with less boiling. This lead to earlier

ignition.

Figure 85 and Figure 86 show the traces of the fuel rail surface and fuel temperatures for

the supply section of the fuel rail. This data was recorded by the thermocouples in the



fuel and mounted on the external surface of the fuel rail tubing. The data from the supply
section of the fuel rail shows the clearest difference between the two fuel rails. All other
fuel and surface temperature data is presented in Appendix K: Fuel System Temperature
and Pressure Data Recorded During Hot Start Tests.
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Figure 86: Hot Start Supply Tubing and Fuel Temperature Coated Fuel Rail #4

The supply tube fuel rail external temperature (TS1) data from trial #1 (29.4 s hot start
time) of the all steel fuel rail tests presented in Figure 85 showed a distinct two stage
cooling process. The fuel rail material temperature dropped by AT= -7°C in a slow
negative exponential at t = O s until t=11s during trial five Then at t = 11 s the
temperature then dropped at a strong negative exponential rate for AT = -20°C over the
following 40 s. This rate of the exponential temperature drop was that of the fuel and
was not limited by the time constant of the thermocouple based on data from step input

tests of the thermocouples.

Results of the supply tube external temperature (TS1) from the fourth trial (11.5s hot start
time) of the coated fuel rail are shown in Figure 86. These results showed a much shorter
period of slow temperature drop during t =0 s to t = 5 s that only cooled the fuel rail by
AT = -4°C. This was followed by a more dramatic temperature drop of AT = -30°C.
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These results would suggest that for both equipment setups the cooling process was the
same, but the time periods of each cooling phase varied significantly. Initially the fuel
rail material temperature decreased in a slow exponential that described the transient
convection of coo! gaseous LPG (from upstream vapourization) that cooled the local fuel
rail tubing. The temperature then dropped suddenly when the liquid LPG reached the
thermocouple location and transition nucleate boiling heat transfer takes over as the

liquid LPG vapourizes on the hot surface.

The shorter gaseous LPG convective cooling period of the coated fuel rail can be
explained by the results of the computer model. The coating of the internal surfaces lead
to a faster cooling of the surfaces that are in contact with the liquid LPG. Since there was
a shorter period when a section of tubing was hot enough to vapourize the LPG, less
gaseous LPG was created. Thus for the coated fuel rail the convection cooling process
was significantly shorter as there was a lower volume of vapour passing each point within
the system. This lead to liquid LPG reaching each point in the system much faster for the
coated fuel rail when compared to the all steel fuel rail resuiting in a shorter hot start timne.
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Figure 87: Hot Start Return Tubing and Fuel Temperature Steel Fuel Rail #5
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Figure 88: Hot Start Return Tubing and Fuel Temperature Coated Fuel Rail #4

The fuel temperature, fuel rail surface temperature and pressure traces on the return
section of the fuel rail are shown as TS3, TF2 and P1 on Figure 87 and Figure 88. These
data give further indicators of how the inner surface of the coated fuel rail cooled more
quickly. Similar to the external fuel rail temperatures the coated fuel rail showed an

earlier drop in fuel temperature when compared to the all steel fuel rail.

A point of interest is that the return fuel temperature (TF2 Figure 89) recorded from the
coated fuel rail test shows a significant increase in fuel temperature immediately after
initial engine cranking followed by a sudden drop at 6 seconds. Comparatively the fuel
return temperature (TF2 Figure 90) of the all steel fuel rail rises only slightly following
initial engine cranking and remains relatively constant before suddenly dropping at 13
seconds. If the coating does result in a faster decrease in the inner surface temperature,
less vapourization of liquid fuel would occur within the fuel rail upstream of the return
fuel temperature thermocouple. This would result in less cooling of the gaseous LPG that
is purged from the system during startup, leading to an increased temperature of the
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purged LPG gas that is forced past the return fuel thermocouple when compared against

the results of the all steel fuel rail.

The pressure traces of the two types of fuel rail show that there is almost twice the
pressure difference between the tank and the rail for the coated fuel rail. The greater
pressure difference of the coated fuel rail most likely resulted in a higher flow rate for the
coated fuel rail condition, but this could be limited by the characteristics of the fuel
pump. Although flow rate within the fuel rail was not measured due to the difficulty of
installing a two-phase flow meter on a running engine, it can be estimated using the fuel
temperature data shown in Figure 89 and Figure 90 below. Assuming that the sudden
drop in fuel temperature defines the point when liquid LPG reaches the thermocouple and
begins to boil due to the high local surface temperatures. With this assumption we can
state that the time difference between the sudden drop in supply fuel temperature and
return fuel temperature describes the time required for the liquid LPG to travel between
the two points. Comparing this time difference shows that the time is 3.0 seconds
difference for the all steel fuel rail and 1.8 seconds for the coated fuel rail. This increased
flow rate certainly resulted in higher convection heat transfer rates, which may be one of

the factors that account for the improvement in hot start.
However if less LPG liquid is lost to vapour production liquid LPG will move through

the system with greater speed. This could be working in conjunction with the greater

pressure difference to lead to a faster start time for the coated fuel rail.
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The supply fuel temperature for both the coated and all steel fuel rail results presented
above in Figure 89 and Figure 90 show two distinct cooling stages that are separated by a
temperature plateau. The supply fuel temperature of the coated fuel rail and all steel fuel
rail leveled off at 44°C and 56°C respectively during the cooling of the hot start. These
temperatures were between 8°C and 13.5°C less than the saturation temperatures at the
test pressures. The pressure transducer was downstream of the supply fuel temperature
thermocouple and could have underestimated the value of the pressure at the
thermocouple location. Thus it could be assumed that these plateaus were indicators of

the liquid LPG vapourizing when it came in contact with the hot fuel rail tubing.

12.2.3 Hot Start Emission Results Comparison

The emission results from the two fuel rail setups show similar trends for all species.
Figure 91 through Figure 95 compare the average emission values for each fuel rail set
up. The area under each transient emission curve was integrated to develop an estimate
of the cumulative emissions for each fuel rail setup. The integrated results are shown in

the figures.
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Figure 95: Comparison of Hot Start NOx Emissions

The average HC emissions are shown in Figure 91, results from the all steel fuel rail
showed a wider HC peak when compared to the peak from the coated fuel rail. This
wide peak was most likely due to the longer starting times of the all steel fuel rail setup.
While the engine is cranking without firing unburned fuel is pumped through the engine
to the exhaust. By integrating the average HC results over the 70-second steady state idle
period of emission recording it was determined that the use of the coated fuel rail resulted

in a 38% decrease in HC emissions over the testing period.

Compared to the coated fuel rail the all steel fuel rail showed higher initial CO emissions
as shown in Figure 92. This was due to the longer starting times of the all steel fuel rail
could have resulted in a greater number of engine misfires that produce CO. By
integrating the average CO emission results over the 70-second steady state idle period of
emission recording it was determined that the use of the coated fuel rail resulted in a 25%

decrease in CO emissions over the testing period.
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The CO»> and O, emission results are very similar between the two fuel rails, the only
difference being the distinct time shift of the all steel results to the right due to the longer
start up time the all steel fuel rail setup as shown in Figure 93 and Figure 94. By
integrating the average COa. results over the 70-second steady state idle period of
emission recording it was determined that the use of the coated fuel rail resulted in a
8.4% increase in CO> emissions over the testing period. By integrating the average O»
results over the 70-second steady state idle period of emission recording it was
determined that the use of the coated fuel rail resulted in a 21% decrease in O, emissions

over the testing period.

The NOy emissions from the two vehicle setups varied to some degree as shown by
Figure 95. Both fuel rail types lead to low initial NO, values in the first 10 seconds
followed by a peak at 20 seconds that returns to a low point at 30 seconds. At the times
of 40 and 50 seconds the emission results of the two setups deviate. Use of the coated
fuel rail lead to NO, emissions that were approximately 20 PPM greater than the all steel

fuel rail over this period.

By integrating the average NO, results over the 70-second steady state idle period of
emission recording it was determined that the use of the coated fuel rail resulted in a

2.6% decrease in NO, emissions over the testing period.

12.3 Relation of Computational Analysis to Hot Start Results

Based on the output of the computer model of the transient heat transfer problem, the
interior of the coated fuel rail tubing should cool at a faster rate when compared to the all
steel fuel rail. This was supported by the increased rate of cooling of the tuel rail material

as explained in the external temperature section.

Since the coating acts to insulate the inner surface from the thermal mass of the steel fuel

rail tubing the exterior of the tubing should show a slower cooling rate. The fuel and



fuel rail material temperature data from the supply section of the fuel rail was presented
earlier in Figure 85 and Figure 86. The results from these figures indeed show a more
gradual cooling of the fuel rail material (TS1) for the coated fuel rail when compared to

the near vertical temperature drop shown for the all steel fuel rail setup.



CHAPTER 13: SUMMARY, CONCLUSIONS AND
RECOMMENDATIONS

13.1 Fuel Injector Durability Study

The data obtained from this research program shows that the use of anti-deposit additives
in LPG fuel will lead to a significant reduction in fuel injector deposits and fuel injector
leakage. Operating an LPG vehicle on these additive treated fuels will improve the FTP
exhaust emission levels for mileage-accumulated engines operating with liquid LPG PFI
fuel systems. The deposits that were found within the fuel injectors were shown to be
composed of sulphur and zinc. Aithough the exact deposit formation mechanism is
unknown the use of surfactant or dispersant type fuel additives can lead to the elimination

of deposits within the fuel injectors.

Operating fuel injectors on FUEL H lead to a significant increase in the average fuel
injector leakage rate compared against fuel injectors that operated on additive treated or
low sulphur fuels. This reduction in leakage rate lead to superior FTP emission
performance. An improvement in bag | NMHC FTP emissions of approximately 50%
was shown for fuel injectors that were operated on the additive treated fuels, FUEL V and
FUEL C relative to those that were operated on additive-free FUEL H. The use of
additive treated FUEL V lead to 32% increase in weighted FTP CO emissions when
compared against the additive-free FUEL H. Conversely the alternate additive treated
FUEL C lead to 24% decrease in weighted FTP CO emissions when compared against

the additive-free FUEL H.

The FTP Bag | NMHC emission results from the FUEL P fuel injectors of this study
showed a strong improvement over those from FUEL H. However since deposits were
found within the FUEL P injectors, and this fuel rail was not removed and reinstalled
prior to emission testing it is questionable if these FTP emission results can be compared

against those from the other fuel injector groups.



Significant differences in the FTP NOy emissions of each fuel injector group were found
during this study. The most significant differences were seen in the FTP NO, emissions
from Bag 3. When comparing the results from FUEL H fuel injectors against those that
were mileage-accumulated on additive treated fuels. A 122% increase in the level of Bag
3 FTP NOy emissions were recorded for the injector group FUEL C relative to the FUEL
H injectors. Conversely, the injectors from the FUEL V group showed a 9% decrease in

the Bag 3 FTP NO, emissions relative to the emissions of the FUEL H injectors.

This study has shown that the use of fuel injectors with titanium coated seats can improve
the bag 1| NMHC FTP emissions. However further research should be competed to

further support to the conculsion.

[t is recommended that further research be performed to develop a laboratory based LPG
fuel injector deposit formation technique similar to the current ASTM method used for
gasoline fuel injectors. Research should be performed to determine if the sulphur
deposits that were found on the exterior of the orifice plate of the FUEL P fuel injectors
are a result of a lower solubility of ethyl mercaptain within the LPG composed of lighter
components. If the specifications of HD-5 were altered to eliminate the heavier

components sulphur deposits may become a new issue with LPG vehicles.

13.2 Fuel Rail Design Study

This study demonstrated that the hot start time of a liquid port injection LPG fuelled
engine can be reduced by approximately 49% by coating the internal passages of the fuel

rail with Xylan coating.

The transient emission results over the 70-second emission recording period showed a
decrease in all of the exhaust emissions that are currently controlled by North American
environmental legislation. This included a 38% decrease in HC emissions, 25% decrease

in CO emissions and a 2.6% decrease in NOx emissions.



Further studies must be performed to confirm that these results are a result of the coating
as opposed to the significant increase of the fuel tank / fuel rail pressure difference or

increased tank pressure that was recorded between the coated and all steel fuel rail trials.

No literature was found on the cooling and purging of vapour filled coated tubing with a
low vapour pressure fluid. A well-designed laboratory based study using liquid and
gaseous nitrogen could clearly determine if a thin coating could improve the purging time
of vapour filled tubing with a liquid. This type of study would eliminate the additional

variables that were encountered while performing test on a vehicle.

Further research must be performed to develop a cost-effective method of manufacturing

lined tubing for this type of solution to be viable.
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CHAPTER 14: APPENDIX A: FUEL INJECTOR LEAKAGE
DATA
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