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Abstract: The use of renewable fuels for internal combustion engines marks a significant stride towards
sustainability in transportation and power generation. Ensuring the compatibility of these fuels with existing
diesel engines and infrastructure is paramount for a smooth transition. Diesel engines capable of harnessing
the advantages of alternative fuels without extensive modifications offer a pragmatic approach to sustainable
power for vehicles and industries. This article investigates the impact of carbon neutral renewable fuel types
(HVOs and biodiesel) on the operation of the high-pressure injection pump, focusing on rotational speed and
delivery pressure as key parameters. Investigations, based on pump operating cycle analysis and volumetric
efficiency measurements, reveals that while speed dependence is moderate, fuel type significantly influences
pump performance. Hydrogenated carbon-neutral fluids (HVOs) demonstrate adequate capabilities compared
to conventional fossil fuels, offering promising prospects for reducing environmental impact. The findings
underscore the importance of considering fuel properties, particularly compressibility modulus. These insights
provide valuable guidance for the advancement of sustainable transportation and industrial systems.

Keywords: HVO; WCO; carbon neutral fuels; high pressure injection pump; operating cycle; volumetric
efficiency

1. Introduction

The adoption of alternative fuels that reduce the carbon footprint of internal combustion engines
represents a pivotal advancement in sustainability of transportation [1] and power generation [2].
The compatibility of new fuels with existing engines and distribution infrastructure is fundamental
to ensure a seamless transition [3]. Engines that harness the benefits of alternative fuels without
necessitating extensive modifications provide a pragmatic pathway toward sustainable power for
vehicles and industry [4,5]. This adaptability contributes to the feasibility and scalability of
alternative fuel adoption, across different automotive and industrial platforms. Thus, the adoption of
alternative and green fuels stands as a progressive strategy to substantially reduce the environmental
impact of engine operation. In some engineering fields, such as lubrication and fluid power [6],
alternative fluids are being tested to progressively reduce and to replace fossil materials. This
transition towards green sources not only aligns with environmental goals but also signifies a
fundamental step in fostering a more sustainable and resilient transportation [7] and industrial
ecosystem.

Diesel engines inherently exhibit superior efficiency due to their high compression ratios [8].
This efficiency translates into better fuel economy and reduced carbon emissions per unit of produced
energy. Hence, combining diesel technology and the adoption of renewable fuels is regarded as a
convenient choice to minimize the environmental footprint of internal combustion engines. (Carbon
footprint and pollutant emissions).

The common rail high-pressure injection system plays a fundamental role in advanced diesel
engines, chasing optimal combustion and effective control of pollutant formation. On one end,
research efforts are devoted to improving the injector behavior [9], with particular attention on
advanced nozzle layouts operating under real-like conditions [10]. On the other end, the high-
pressure pumps require a substantial demand on engine power for their operation, making their
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overall efficiency a critical parameter in determining energy loss during fuel injection. This power
requirement must be accurately considered when configuring injection strategies, seeking to strike
the necessary trade-off between engine fuel efficiency and precise combustion control. The overall
efficiency of the high-pressure pump is dependent on its operating conditions such as injection
pressure level, pump shaft speed, and fuel properties. It is conveniently represented by the product
of volumetric efficiency and torque efficiency. Investigating these factors is essential to optimize the
injection strategy taking the pump efficiency into account. According to [11], the fuel type has a
significant influence on the performance of the high-pressure pump. It has been observed that the
pump behavior reflects the mechanical characteristics of fuels (viscosity and bulk modulus) and that
certain diesel-biodiesel blends can lead to significant increases in pump efficiency [12].

Beside the diesel-biodiesel blends, fossil-free fuels have been recently introduced to the market.
These fuels are known as Hydrotreated Vegetable Oils (HVOs), obtained by vegetable oils through a
hydrotreatment process [13,14]. Biodiesel, typically produced through transesterification, utilizes
vegetable oils or animal fats. However, it may have higher oxidation susceptibility and storage
instability. On the other hand, HVO involves the reaction of oils or fats with hydrogen, resulting in a
fuel with enhanced stability and lower susceptibility to oxidation. HVO boasts a lower freezing point,
enhancing its suitability across a diverse spectrum of environmental conditions. Both fuels play a
relevant role in curbing greenhouse gas emissions, providing renewable alternatives to traditional
diesel. The selection between them is in general dependent on precise application requirements, as
well as compliance with environmental considerations and regulations. Thus, specific experimental
investigations would provide precious information about their influence on pump behavior.

As reported in [15], the real-time pressure measurements within the piston working chamber
provide the means to discern the suction, compression-expansion, and delivery phases of the fluid.
The fuel properties affect distinctly the pumping phases, enabling straightforward comparative
analyses, highlighting the behavior of cylinder-piston pair, valve throttling, leakages, and other non-
idealities that influence pump operation. The current investigation aims at integrating the in-depth
analysis of the pump operation cycle with the experimental characterization of the pump volumetric
efficiency.

As thoroughly reported in the next section, after completing the analysis of a single-piston
common rail pump with a reference diesel fuel, the attention is directed towards alternative fuels
(pure biodiesel and two HVO fuels), illustrating how fluids impact pump operation.

2. Materials and Methods

2.1. Pump operation cycle

The influence of the fuels on pump operation is investigated through the work cycle analysis.
The work cycle is built in terms of pressure-volume diagrams. The pressure in the piston working
chamber is measured and related to the piston stroke, that is dependent on pump shaft angular
position. As reported in the next paragraph, the high-pressure pump under investigation is a single-
piston unit, driven by a roller-cam pair, with two strokes per shaft revolution. The angular position
of the pump shaft is monitored with an incremental quadrature encoder (1800 pulses per revolution).
As a first investigation step, the piston kinematics as a function of the pump shaft angular position is
measured. At each pulse of the encoder, the cam profile is measured through a digital comparator
with 1um resolution. The signals coming from encoder and comparator are reported to the DAQ
system, driving the pump shaft at very low speed (1 RPM). Once the volume of the working chamber
is related to the pump shaft position, the pressure measurement is achieved through a piezoresistive
pressure transducer that reaches the working chamber. Such a transducer undergoes a wide range of
pressure variations, from the boost level (4 bar), up to the maximum level (1800 bar). Another, narrow
range, piezoresistive pressure transducer is put immediately upstream the pump inlet valve. A third
transducer reads the pressure in the delivery ambient (rail). All pressure signals are acquired
simultaneously and referred to a certain angular position of the pump shaft, that is provided by a
dedicated encoder output channel.
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Alongside the operating cycle of the pump, the pump volumetric efficiency is measured Eq. (1).

_ Qaer _ Qae (1)

v = =
Qin  MVgisp

Qger 1s the volumetric flow rate to the rail volume at each shaft revolution, whereas Q; is the
theoretical flow rate, defined as nVgis,. Que is here computed trough Eq.2, where Q. and
Qreturn are the measured flow rates at pump inlet and at pump return lines, respectively.

Qdel = Qinlet - Qreturn (2)

2.2. Experimental Set-Up

The experimental set up is implemented at the Fluid Power Laboratory (Industrial, Electronic
and Mechanical Engineering Department, Roma TRE University). The pump model here investigated
is the Bosch CP4.1 [16], typically adopted for light- and medium-duty diesel engines. Table 1 reports
the relevant pump specification.

Table 1. Injection pump specification.

Pump Specification

Pump model Bosch - CP4.1

Layout Single Plunger, 2-stroke per shaft
revolution

Nominal max pressure 1800 bar

Typical speed range 900—4200 rpm

Nominal pump displacement 427 4 mmd/rev

Dead volume 75 mm?

Piston diameter 6.48 mm

Piston stroke 6.48 mm

Figure 1 illustrates the mechanical-hydraulic configuration of the system. Pump shaft speed is
imposed regardless the rail pressure conditions by the electric drive (e-DRV). In the rail tube (Rail),
pressure regulation is based on PID control of the Pressure Control Valve (PCV). The Boost Pump
supplies the High-Pressure Pump. The Pressure Relief Valve (PRV), situated in the HP pump body,
governs the fuel pressure upstream the Flow Control Valve (FMV). The tested fuel is delivered by a
parallel-flow fluid handling system that provides thermal regulation and filtration within the
reservoir. Flow rates are measured trough volumetric flow meters on pump inlet line (VFM1) and on
pump return line (VFM2). A rotary encoder (ENC) is used to measure the speed and the angular
position of the pump shaft. The pressure transducers detect the piston working chamber pressure
(PT1), the inlet pressure (PT2), the boost pressure (PT3), and the rail pressure (PT4).
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Figure 1. Schematic of experimental set-up.

All the instrumentation signals are sent to a multi-channel DAQ system. The data acquisition of
all the signal lines is simultaneous, and each signal is synchronized to the reference angular position
given by the rotary encoder (ENC). Pump operating cycles are built by averaging 64 cycles. Table 2
reports the relevant specifications of DAQ system and instrumentation.

Table 2. Instrumentation specifications.

Flow Rate Measurement

Denomination Sensor Range (I/min) Acquisition
X}Ex; VSE VSI1 0.1 0.01-10 NI PXIe 6341
Pressure Measurement

Denomination Sensor Range (bar) Conditioning

PT1 Kistler 4067 0-3000 Kistler 4618

PT2 Kistler 4005 0-5 Kistler 4618

PT3 AEP-TP16 0-20 NI 4330 PXIe

PT4 Kistler 4067 0-2000 Kistler 4618
Injection pump drive system

Component Description

Electric drive Asynchronous motor and frequency converter

Encoder Quadrature encoder 1800 pp/rev

DAQ System
Component Description and Specification
DAQ Chassis National Instruments PXIe 1088

National Instruments PXIe 4330, 8 channel 24-bit,
Strain/Bridge input module

National Instruments PXIe 6341, multi-channel Analog-
Digital Input, Counter-500 kS/s

Strain/Bridge module

IO module
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2.2. Tested Fluids

As mentioned in the introduction, the commercial diesel fuel “ENI Diesel+” is here considered
as the reference fluid. The alternative tested fluids are represented by three fully renewable fuels. The
first one belong to the FAME category, and it is obtained through the transesterification of used
cooking oils and animal fats from industry waste. The other two fuels belong to the HVO category.
They are obtained by hydrotreating renewable raw vegetal materials. Figure 2 resumes their features.
Information about density and viscosity are derived by the producers’ datasheets, whereas bulk
modulus is found in the literature [17-19].

Specifications at 40 °C
. . . Regulation
Fluid ID Commercial name Viscosity Density Coipliance
(mm?/s) (kg/m?)
Diesel “Diesel +” by ENI 2.0 820 EN 590
WCO  “WCO” by DP Lubrificanti 41 843 EN 14214
HVO1 “MY Ren. Diesel” by NESTE 3.0 780 EN 15490
HVO2  “HVOLUTION” by ENI 3.1 770 EN 15490

Bulk modulus of diesel fossil fuel, FAME diesel and HVO according to [18]
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Figure 2. Tested Fuel Specifications.

2.3. Test Cases

The influence of fuel type is investigated at low (L), medium (M), and high (H) pressure in the
most two significant speed conditions, one belonging to the range of the maximum torque of the
engine (1500 RPM), the other typically meaningful at medium/high engine power (3000 RPM). Table 3
reports the test conditions, namely 6 operation points for each fuel type, 24 in total.

Table 3. Test conditions.

Pump Speed
3000 RPM 1500 RPM
Rail Pressure
Low Pressure (L) Medium Pressure (M) High Pressure (H)
750 bar 1200 bar 1500 bar

3. Results and discussion

Figure 3 presents diagrams of the pump internal pressure at 1500 RPM. The internal pressure is
plotted against the piston working chamber volume for the three pressure levels (L, M, and H) and
the four considered fuels. The results are organized in the figure by displaying the complete pump
operation cycles in the left column, while cycle details or subphases are shown on the right. Pressure-
Volume (p-V) diagrams highlight the pump behavior throughout its operating cycle, depending on
the fuel. Each fuel type and pressure level produce its own distinctive curve, reflecting how the
pump's internal pressure varies with changes in the piston working chamber volume. The left column
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of the Figure reports the complete cycle diagrams. The right column provides more detailed
information about specific phases or subphases within each cycle, highlighting key events or

transitions.

The pump sensitivity to different fluids is primarily evident in the compression and expansion
phases. Fluids with higher compressibility modulus enable the pump to initiate the delivery phase
earlier, thereby enhancing its fluid transfer capability. Additionally, the graphs illustrate that both
hydrogenated fuels under consideration (HVO 1 and HVO 2) induce very similar operational modes
in the pump. Specifically, hydrogenated fuels lead to a moderate yet noteworthy extension of the
compression phase, resulting in a reduction in the amplitude of the delivery phase. The fluid that
achieves the shortest compression phase is WCO, indicated by the steepest trace of the compression
phase. Diesel fuel exhibits an intermediate behavior between HVO and WCO. In all cases, the
concavity of both the compression and expansion phases is evident, aligning with the increasing
function of the compressibility modulus of liquids with pressure [19]. The characteristics of the
delivery phase remain consistently similar across different fluids.
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Figure 3. Pump operating cycles — 1500 RPM.
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Figure 4 shows the working diagrams of the pump at 3000 RPM. The impact of fluids on the
pump behavior resembles that observed at 1500 RPM, with the diagrams of the two HVO fuels
superimposed, and the Diesel diagram positioned between HVO and WCO. However, it is
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noteworthy that at 3000 RPM, the pump exhibits some irregularities towards the end of the intake
phase. Upon closer inspection of the end of the suction phase (Figure 5), significant deviations in
pressure trends are observed compared to the set admission pressure of 4 bar. The pressure peaks
highlighted in Figure 5-right occur during the final stages of intake, when the volume of the working
chamber is still increasing. In such instances, it is conceivable that these pressure peaks stem from
communication with the delivery environment, possibly due to imperfect sealing of the delivery

valve or its oscillation/vibrations. This phenomenon is present across all three pressure levels and
never appears at low speed.
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Figure 4. Pump operating cycles — 3000 RPM.
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Figure 6 illustrates the trends in volumetric efficiency measured at each investigated operation
point. Notably, as pressure increases, there is a significant decrease in efficiency. These findings align
with the pressure-volume diagrams previously presented, underscoring that the pump fluid transfer
capability primarily hinges on the compressibility modulus of the fluid. While speed dependence is
of secondary importance, it remains perceptible. Specifically, at high pressures, the volumetric
efficiency of the pump operating with fluids characterized by lower viscosity (such as Diesel, HVO
1, and HVO 2) tends to increase with speed. Conversely, when operating with WCO fluid, the pump
tends to be penalized at high speeds, despite WCO consistently yielding the highest volumetric
efficiency under all conditions. This observation suggests that when pump speed increases, it doesn't
necessarily result in a higher volumetric efficiency due to leakage reduction. Using fluids with
relatively high viscosity, such as WCO, the increased speed leads to increased losses that affect fluid

transfer process.
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Figure 6. Pump volumetric efficiency.

5. Conclusions

The behavior of the high-pressure pump is analyzed combining pressure-volume diagrams to
volumetric efficiency measurements. It is found that the pump's performance is notably influenced
by the type of fuel being processed. Through investigations of each fluid, the effects of the pump's
two primary operating parameters—rotation speed and delivery pressure—are elucidated. The
analysis reveals that speed dependence is moderate. This conclusion is drawn from the combined
examination of pressure trends within the pump's working chamber and volumetric efficiency
values, indicating that rotation speed has little influence on fluid transfer. In contrast, the dependence
on delivery pressure is much more pronounced. While the fluids under consideration vary in
viscosity and compressibility modulus, it's the compressibility modulus that predominantly affects
the pump's fluid transfer ability. Diesel (fossil) fluid exhibits intermediate characteristics compared
to hydrogenated fossil diesel fluids and FAME biodiesel. Notably, hydrogenated carbon-neutral
fluids allow for performance levels that do not significantly hinder the pump's flow rate transfer
capability.
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