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Abstract: Common rail (CR) diesel fuel injection systems are very sensitive to variations in fuel
properties, thus the impact of alternative fuels on the durability of the injection system should be
investigated when considering the use of alternative fuels. This work studies a high-pressure CR
(HPCR) diesel fuel injection system operating for 400 h in an injection test bench, using a fuel blend
composed of an alternative paraffinic fuel and conventional diesel (50PF50D). The alternative fuel
does not have aromatic components and has lower density than conventional diesel fuel. The injection
system durability study was carried out under typical injection pressure and fuel temperature for the
fuel pump, the common rail and the injector. The results show that the HPCR fuel injection system
and its components (e.g., piston, spring, cylinder, driveshaft and cam) have no indication of damage,
wear or change in surface roughness. The absence of internal wear to the components of the injection
system is supported by the approximately constant total flow rate that reaches the injector during
the whole the 400 h of the experiment. However, the size of the injector nozzle holes was decreased
(approximately 12%), being consistent with the increase in the return fuel flow of the injector and rail
(approximately 13%) after the completion of the study. Overall, the injection system maintained its
operability during the whole duration of the durability study, which encourages the use of paraffinic
fuels as an alternative to conventional diesel fuel.

Keywords: alternative fuel; paraffinic fuel; injection system; common rail; durability

1. Introduction

The technology for the development of fuel injection systems in modern engines has evolved
radically in the last two decades to fulfil the increasingly restrictive vehicle emission regulations.
The application of the contemporary high-pressure common rail (HPCR) diesel fuel injection systems
enable the accurate control of fuel injection as well as the possibility to perform multiple high-pressure
fuel injection events. The high-fuel injection pressure leads to a small fuel droplet size, facilitating fuel
evaporation and fuel-air mixing for a more homogenous fuel-air mixture. A more homogeneous fuel-air
mixture results in a reduction of gaseous carbonaceous emissions (CO and unburnt hydrocarbons
(THC)) and especially a significant reduction in particle emissions. However, high injection pressure
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leads to high fuel temperature [1,2]. Exposure of the fuel through the injector to these operating
conditions can affect fuel properties, such as lubricity and density [3-5], particularly for low-sulphur
diesel fuels [6,7]. Guangxin et al. [3] used a study range for inlet temperatures of 20 °C to 40 °C, similar
to that used by Maeda et al. [4] (20 °C to 50 °C). Schaschke et al. [5] used temperatures in the range
25 °C to 100 °C. Then, the deterioration of fuel properties can impact on the components of the HPCR
fuel injection system, including the fuel pump and rail [8].

Alternative clean fuels may deal with challenges associated with the depletion of fossil fuel,
the carbon footprint of the automotive sector and local pollutant emissions. Biodiesel is the most
commonly used alternative fuel for compression ignition engines, producing varying carbon footprint
benefits depending on their origin and production process. Promising results from paraffinic fuels
with close to zero sulphur and aromatic components are alternatives to traditional diesel fuel in
past years [9], including gaseous (CO and THC) and particulate emission benefits [10-12]. However,
there are discrepancies between the authors regarding NOx emissions, since the increase or decrease in
emissions appears to be associated with the operating point, and there is no clear trend [10]. Emission
benefits from the combustion of paraffinic fuels are comparable or even better when compared with
the emissions obtained from the burning of biodiesel fuels [10,13,14].

The combination of HPCR systems with the use of alternative fuels can accentuate fuel
degradation [15] and premature degradation (e.g., corrosion) of some of the fuel injection system
components such as the fuel pump [8]. Therefore, it is of crucial importance to understand the
compatibility between alternative fuel and most common materials used for the production of the
components of the HPCR injection system. For instance, pumps, rail and injectors contain copper,
copper alloys and stainless steel [16,17]. Studies mainly focus on biodiesel fuel when investigating the
compatibility of the injection system components with alternative fuels. These include the corrosion
caused by the use of palm biodiesel on bronze and copper components within the fuel injection
systems [18,19], shown to be more significant compared to conventional diesel. Similar results were
obtained by Fazal et al. [16] with aluminium. The materials’ compatibility with other biodiesel
fuels such as Jatropha curcas, Karanja (Millettia pinnata), Mahua (Mahua longifolia) and Salvadora
(Salvadora persica) have also been studied [20]. In addition to the damage to the components of the
injection system, some authors have observed biofuel degradation when stored for long periods (e.g.,
13 months [21] and 30 months [22]). Paraffinic/diesel fuel blends with low percentages of paraffinic fuel
produce comparable fuel injection system deterioration [23-26] and have similar thermal oxidation
stability properties compared to conventional diesel fuel. Therefore, those results position synthetic
paraffinic fuels as a suitable clean fuel candidate. However, the impact of paraffinic fuels on the
durability of modern injection systems needs to be understood, particularly at proportions more
significant than 20% in fuel blends [24].

This research investigates the impact of fuel mixture composed of 50% paraffinic fuel with diesel
on the operation and the components of an HPCR injection system. In particular: (a) the wear of the
injection pump components; (b) the operating and return flow rates of the injector, pump, and rail;
(c) the wear of the injection nozzle; and (d) the ageing of the fuel blend by thermal oxidation stability.

2. Materials and Methods

2.1. Materials

Table 1 includes the properties of the fuel mixture, a 50% fuel blend of paraffinic fuel with
conventional ultra-low sulphur diesel (50PF50D). An ASTM D6468 [27] TC40 230V from PM Tamson
Instruments measured the oxidation stability of the fuel blend at 150 °C for 180 min, according to
ASTM6468 [26,27].
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Table 1. Fuel properties.

Property Diesel Paraffinic Fuel
Density at 15 °C (kg/m?) 827.1 784.6
Viscosity at 40 °C (cSt) 2.467 3.497
Low heating value (LCV) (MJ/kg) 42.7 439
Sulphur (mg/kg) 46 <10
H/C ratio (molar) 1.88 2.10

The commercial Bosch HPCR diesel fuel injection system consisted of a three-piston CP1 pump,
a common rail and a 6-hole solenoid injector with a diameter of 160 nm and with an angle 144°
(according to the manufacturer). The injection pump components analysed were the pistons, springs,
cylinders, driveshaft and cam, similarly to a previous work carried out by the authors [28]. Table 2
gives the dimensions of the injection system ducts.

Table 2. High-pressure common rail (HPCR) injection system specifications.

Duct Dimensions
HPCR-CR duct length from HPCR to CR (mm) 540
CR-injector duct length (mm) 160
Duct internal diameter (mm) 2

The durability tests were performed using a common rail (CR) pump and the injector test bench
STPiW2 from Autoelektronika. A scheme of the experimental flow test bench is shown in Figure 1.
A thermocouple (CT), a low-pressure pump (LPP1), and regulated heat exchanger, cooled by a fan,
controlled the temperature in the fuel tank, maintained at 50 °C during the tests. A low-pressure pump
(LPP2) drove the flow to the heat exchanger, and the electronic control unit governed the cooling
system. The tank was waterproof while the pressure gauge (CP3) and the relief valve enabled its
utilisation for volatile fuels. The fuel temperature in the tank was 50 °C during the tests. It was decided
to use a temperature of 50 °C because the temperatures used to carry out these tests are usually between
30 °C and 60 °C [28-32]. The pressure transducer (CP1) measured the pressure in the high-pressure
pump (HPP), and this pressure is controlled by the control unit.

A low-pressure pump (LPP1) drove the fuel from the tank to the HPP, and a pressure transducer
(CP2) measured the pressure in the common rail. The opening/closing of the rail control valve (RV)
regulated the fuel pressure in the common rail. The fuel pump tester controlled the opening/closing of
the PW2 (common rail return), and the injector tester controlled PW1 (flow that reached the injector).
The injected and injector return fuels were collected in measuring containers M1 and M2, respectively.
Container M3 measured the fuel that came out of the rail return. M1, M2 and M3 have overflows that
return the fuel to the tank when filled. The injection control system sets the injection duration and the
number of injections per minute.

A special silicone produced the internal moulds of the nozzles to characterise the geometry of the
injector holes, as described by Macian et al. 2003 [33]. A Phillips XL30 scanning electron microscope
(SEM) produced high-resolution micrographs of the nozzle moulds, coupled with Computer-Aided
Design (CAD) software to measure, and calculate characteristic dimensions. This silicone-based
method enabled the non-destructive characterisation of inaccessible areas of the injectors. The SEM
micrographs characterised the wear and determined the dimensions of the components of the HPCR
injection system. The measurements were made before and after the durability tests in two randomly
selected sections from 4 of the injector holes.
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Figure 1. A schematic of the flow test bench.

2.2. Development of the Durability Testing Method

The fuel injection operating conditions for the durability experiments aimed to reach the harshest
but realistic operation conditions of the equipment. Target conditions included (i) high fuel temperature,
(i) long injection duration, (iii) high injection pressure and (iv) significant fuel flow rates to accelerate
the fuel ageing and wear the on the components of the HPCR fuel injection system.

The fuel tank temperature was 50 °C to maintain a significant fuel flow rate through the injector
and duration set to 1 ms. This set up was previously reported as representative of realistic conditions
and challenging for the durability of the fuel injection system [28]. The nominal maximum rail pressure
was 150 MPa; however, it could not be reached for all operating modes. This was probably due to the
configuration of the test bench control unit. Therefore, the study of the behaviour of rail pressure and
flow rates included a range of flow test bench operating conditions defined by:

(a) the rotational speed of the high-pressure pump (HPP); and
(b) the opening/closing percentage of the valves PW1 and PW2 controlling the fuel flow rates to
obtain the maximum achievable rail pressure and flow rates.

Table 3 lists the ranges of HPP, PW1 and PW2. The range of variation of rotational speed
considers the safe operation of the flow test bench when the HPP rotates from 400 to 1200 rpm.
The opening/closing percentage of the valve ranges from 0% (fully open) to 90% at increments of 10%,
and they were never wholly closed (100%) during the experimental testing for safety reasons. The time
taken to fill the calibrated measuring containers M1 (13 cm?), M2 (21 cm?) and M3 (100 cm3) respectively,
defines the injector, injector return and rail return flow rates. Figure 2 shows the experimental data
after 300 fuel injection events.
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Table 3. Test conditions to select the operating point.
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Figure 2. Injection pressure at: (a) 600 rpm HPP rotational speed; (b) 900 rpm HPP rotational speed;

and (c) 1200 rpm HPP rotational speed.

The injection control system of the test bench had trouble reaching operation conditions with high
closing percentages in PW1 and PW2. As the selected operation condition had to be a stable point,
because to carry out the durability test, the operation point used should not produce uncertainties
about flows. For this reason, the operation points shown in Figures 2-5 were always the ones who

provided stabled injection and return flow rates.
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Figure 3. Injected flow: (a) 600 rpm HPP rotational speed; (b) 900 rpm HPP rotational speed;
and (c) 1200 rpm HPP rotational speed.

Figure 2 shows the maximum value of the fuel injection pressure when the rotational speed of the
pump and the closing percentage of the valves PW1 and PW2 are varied. The experimental results
show that the highest value of fuel injection pressure in the rail (140 MPa) is when the HPP rotates at
1200 rpm for PW1 and PW2 of 50% and 70%, respectively (please see Figure 2). The injection pressure
becomes independent of the pump’s rotational speed at smaller valve closing percentages of PW1 and
PW?2 (less than 40%). With closing percentages of PW2 over 60%, the fuel injection pressure in the rail
remains constant, regardless of the PW1 value.

Since it is necessary to look for the lowest valve closing values that achieve the highest fuel flow
rate, with the most elevated possible injection pressure, the following settings are chosen:

(a) For 600 rpm pump speed, the closing percentage of PW1 is higher than or equal to 40%, and closing
percentages of PW2 of 60%;

(b) For 900 rpm, the PW1 shutdown percentage of 50% with PW2 shutdown percentages of 70%;
(c)  For 1200 rpm, closing rates of PW1 of 50% with closing percentages of PW2 of 70%.

Figure 3 shows the results of the sensitivity analysis for the fuel-injected flow rate as a result of
the high-pressure fuel pump rotational speed and the closing percentages of the PW1 and PW2 valves.
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The increase in PW2 closure generally increases the injected flow rate. However, the injected flow rate
is not affected, regardless of the closing percentage of PW2, and the rotational speed of the fuel pump
for very low closing percentages of PW1 (0 and 10%). Note that when the closing of PW1 and PW2 is
very low (less than 20%), the fuel pressure is low (see Figure 2), and for this reason, no fuel accumulates
in the rail. The influence of PW2 is particularly significant at 1200 rpm, reaching a maximum flow
injected with 60% PW1 and 60% PW2, corresponding to a fuel pressure of 130 MPa.

Figure 4 shows the effects of the rotational speed of the fuel pump and the closing percentages of
PW1 and PW2 valves on the CR return flow rate. The return flow is more significant for PW2 closing
percentages below 60% and above 40% of PW1, whereas the return flow increases with the pump
rotational speed for all the closing portions of the flow duct control valves.
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Figure 4. Common rail return flow: (a) 600 rpm HPP rotational speed; (b) 900 rpm HPP rotational
speed; (c) 1200 rpm HPP rotational speed.
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Figure 5. Injector return flow: (a) 600 rpm HPP rotational speed; (b) 900 rpm HPP rotational speed;
and (c) 1200 rpm HPP rotational speed.

Figure 5 shows the effect on the injector return flow rate by varying the rotational speed of the
fuel pump and the closure percentages of the PW1 and PW2 control valves. The trend is similar to
the flow rate injected through the injector (see Figure 3). The injector return flow increases with the
pump rotational speed. This return flow is less sensitive to an increase in PW2 value than the actual
fuel-injected flow rate. Notably, the injector return flow rate reaches a plateau beyond a PW2 closing
value at each PW1. Therefore, in these cases, with the available data, the closing of PW2 does not affect
the injector return flow rate.

The operating point for the HPCR injection system durability study was selected as it follows
based on the data in Figures 2-5:

(@) The injection pressure ranges from 100 to 120 MPa, these being the highest fuel pressures which
provide a large number of combinations for PW1 and PW2;

(b) The chosen rotational speed is 900 rpm, as the fuel flow rate is not repeatable for higher rotational
speeds leading to unstable tests.

To meet the above conditions (a and b) PW1 must be greater than or equal to 50%, and PW2 must
be greater than 40% (see Figure 2b). Under these conditions, the points that stand out for a higher
injected flow rate are:

(1) PW1 50% and PW2 70%;
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(2) PW1 60% and PW2 50%;
(3) PW1 70% and PW2 50%.

From these three points, the first one was selected because it produced a higher fuel return flow
rate of the CR and the flow rate was greater than the sum of the flow injected with the return flow of
the CR and the injector. Table 4 summarizes the condition used in the durability test. The evolution
of the three measurable flows (injected flow, injector return and CR return) were obtained for the
duration of the durability test. The test conditions are comparable to those used in previous studies for
conventional diesel fuel [28-32,34]. At the end of the durability test, it was verified that the equipment
was capable of maintaining the conditions established initially.

Table 4. Experimental operating conditions of the HPCR fuel injection system.

Parameter Value

HPP rotational speed (rpm) 900
Injection duration (ms) 1
Injection frequency (Hz) 20
Fuel test temperature (°C) 50
PWI1 closing position (%) 50
PW2 closing position (%) 70

Fuel injection pressure (MPa) 100

As a comparison between the experimental operation conditions with real engine data,
Soriano et al. [34] and Fernandez-Yanez et al. [35] used a similar injection system. In these works,
the operating mode with the highest load is 90 MPa, with split injections (pre + main injections) of
total duration 1080 ms.

3. Results

3.1. Fuel Effect on the Components of the HPCR Fuel Injection System

The fuel injection system was in operation during the whole test duration without providing any
indications of failure. After 400 h of testing, a visual inspection of the components of the high-pressure
fuel pump suggested no damage in the fuel pump components. For a more detailed analysis, the fuel
pump components (piston, spring, cylinder, driveshaft and cam) were scanned using SEM and
compared to the micrographs taken before the durability test. Figure 6 shows, as a representative
example, the micrographs of one of the head pump piston before (right) and after the experiments
(left). The components of the injection system did not show any wear marks, and not was the surface
roughness modified, supporting the continuous operation of the fuel pump during the whole duration
of the durability study. The findings obtained for this fuel blend are comparable to those obtained
using conventional diesel, reporting no damage to the fuel pump and its components (same model as
the one used in this work) after durability studies [28,29]. In these works, the evolution of roughness,
weight and shape of the components of the pump and the injector nozzle was studied. The durability
test, in these cases, was 600 h long using diesel and other fuels (ethanol and biodiesel), finding no
significant differences between fuels.

The results also show that the dimensions (diameter) of the injector holes decreased after the
durability experiment (Table 5). Figure 7 shows the locations within the injector where the injector
nozzle dimensions were measured using the silicone method before (left) and after (right) the 50PF50D
durability study. The reductions in nozzle dimensions were 15% for the location close to the injector
bag and 10% for the area near the nozzle outlet. Previous studies have reported that the injector holes’
geometry remained constant with diesel fuel [28-32]. In contrast, biodiesel pure with an operational
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period of only 200 h led to reductions (7%) in the hole size [36]. Furthermore, the original machining
marks of the nozzle were also covered as a result of the use of biodiesel [37], just like in this work
(see Figure 7). There was also variation in injector hole dimensions, and the topography of the nozzle
surface was obtained with biodiesel without changing engine performance, so the 50PF50D fuel blend
does not cause any modifications in the operation of the engine either.

(a) (b)

Figure 6. Surface from the head of the piston 1: (a) before the experiment (0 h); and (b) after the
experiment (400 h) using 50PF50D.

Table 5. Dimensions measured from the injector nozzle holes before (0 h) and after (400 h) the
experiment using 50PF50D.

Hole Number dpmOh) d pwm (400 )
d1 d2 d1 d2
1 148.6 157.1 125.7 140.0
2 149.2 158.0 126.9 141.7
3 148.3 157.5 125.9 142.7
4 147.9 158.2 126.2 141.4
Mean 148.5 157.7 126.2 141.5

SElI  15kV WD28mm  SS50 SEI WD29mm  SS50

(a) (b)

Figure 7. Micrographs of the injector holes: (a) nozzle before the experiment (0 h); and (b) nozzle after
the experiment (400 h) using 50PF50D.
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3.2. Fuel Effect on Fuel Flow Rates of the HPCR Fuel Injection System

Figure 8 shows the evolution of the three measured fuel flow rates (injector, injector return and
common rail return) during the 400 h of the durability study. The actual injected fuel flow rate (the
blue line in Figure 8) is maintained constant during the first 350 h of operation. Then, the injector flow
rate slowly decreased by about 5% after the 400 h in comparison to the flow rate at the start of the
experiment. On the other hand, the injector return and the CR return flow rates are increased by 15%
and 13%, respectively, when compared to the values from the start to the end of the durability test.
As the high-pressure pump directs a constant fuel flow rate to the rail, the increase in the CR return
flow rate implies that [38]:

(1) The flow that needs to be accumulated in the rail to reach the set pressure is lower (probably since
the operation of the common rail has changed, or that its dimensions have changed); and

(2) The injector injects less fuel because the holes are smaller and the leftover fuel increased the
injector return flow.

Fuel flow rates
CR Return

1.2 — ®—@ @ Injector
i ©®—0®—® Injector Returns

Measured fuel flow rates (cm?/s)

0 100 200 300 400
Test Hours (h)

Figure 8. Evolution of the measured fuel flow rates during the experiment (injected and returns flow rates).

The total flow rate input to the injector (actual fuel-injected flow rate + the injector return flow rate)
remained approximately constant along with the experiment (less than 4% increase), which supports
the absence of internal wear to the components of the HPCR fuel injection system [39]. The small
increase (4%) in the total flow through the injector is a result of the variation of cavitation phenomena
in the original nozzle, provided by the modification in the shape of the nozzle outlet area that produces
a change in the discharge coefficient of the nozzle [40].

3.3. Effect of Durability Experiment on Fuel Stability and Aging

The 50PF50D fuel blend acquired a greenish-brown colour at the end of the 400 h experiment.
A similar finding occurred in the experimental evaluation of the corrosivity of diesel fuel with copper
conducted by Fazal et al. [16]. With no significant changes in the physical properties, ASTM D6468
governed the 50PF50D fuel blend tests to determine if the paraffinic component of the tested fuel blend
had contributed to the evolution of colour. The fuel blend performed well during the ASTM D6468 test,
and it did not show any differences in properties or colouring before and after the test. Furthermore,
the pure paraffinic fuel presented a reflectance of 91%, similar to the value obtained by Velaers and
de Goede [26], and above the 65% suggested by O’Rear et al. [41] as a lower stable reflectance limit.
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This result indicates that the change of colour could be due to the diesel fraction in the blend. Another
study also suggested that the shift in tone in fuel blends with diesel fuel may be due to the diesel
fuel itself [42], but further research is required to identify the interactions of the fuel blend with the
copper-based components of the injection system.

4. Conclusions

This research investigates the impact of paraffinic fuels, at a 50% fuel blend with diesel, on the
durability of the components of a modern HPCR fuel injection system. The described methodology
enables the assessment of the impact of fuels on the longevity of modern CR injector components
during a controlled accelerated 400 h durability test.

Results have shown that the components of the HPCR fuel injection system did not show any
indication of damage, wear or change in the surface roughness that affects their operation after the
400 h durability test. The total flow that reaches the injector was kept approximately stable during the
study, supporting the absence of internal wear to the components of the injection system. There was a
reduction in the size of the injector holes (approximately 12%), which caused an increase in the injector
and CR return flows (almost 13%).

At the end of the 400 h of testing, the 50PF50D fuel had a greenish-brown colour. However, the neat
paraffinic fuel exhibited excellent performance in the ASTM D6468 test. Further research is required to
understand the interactions of the fuel blend with the copper components of the injection system.
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