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Abstract
Injection-induced rail pressure fluctuations are proven to cause nonuniform spray development. These fluctuations are also 
responsible for generating lower injection pressures, to the detriment of jet penetration length and break-up timing. Despite 
the vast literature dealing with such issues, several aspects of rail pressure fluctuations remain unclear. Additionally, the need 
for compliance with the emission legislation has shed light on the potential of alternative fuels, which represent a pathway 
for sustainable mobility. This scenario has motivated the present study dealing with the assessment of the time history of rail 
pressure correlated with fuel properties. Tests have been performed using a last-generation common rail injection equipment 
under various injection settings, employing diesel and 2-methylfuran-diesel blend. This paper describes the research activity 
and aims to provide new insights into the correlation of rail pressure fluctuations with fuel properties.

Keywords  Rail pressure fluctuations · Wave propagation · Viscosity · Bulk modulus · 2-Methylfuran · Fuel blend

1  Introduction

The massive introduction of the electronically managed 
injection system is mainly due to the flexibility and fast 
response of the injection system components. However, 
additional refinements on modern engines have been 
demanded by the emission legislation over the last decades. 
This has led the engine manufacturers to design the MultiJet 
system, which assures considerably faster injector actuation, 
enabling the injection cycle to be split up into eight separate 
shots. Such a technology has been demonstrated to appre-
ciably improve the accuracy of the injected fuel amount. 
On the other hand, the fast dynamics of common rail (CR) 
hydraulic components engender sensible pressure perturba-
tions, which leads to spray nonuniformity, adversely affect-
ing the combustion efficiency.

1.1 � Pressure Fluctuations in the Modern Injection 
System

Once the injection commences, the upward needle motion 
gives rise to a rarefaction wave traveling from the injector 
nozzle towards the rail [1, 2]. As the pressure wave reaches 
the common rail, pressure fluctuations occur. In this regard, 
a vast literature demonstrated that injection-induced pressure 
fluctuations lead to the shot-to-shot variability underlying 
the deviations from the expected mass flow rate. Addition-
ally, it is well known that the stroke-by-stroke motion of 
the pump significantly contributes to rail pressure fluctua-
tions. This framework has driven the research community to 
develop several predictive models and devices to control or 
even compensate for the rail pressure oscillations.

Ubertini et al. [3] have developed a multidimensional 
code to simulate pressure pulsations taking place upstream 
of the injector nozzle. More specifically, numerical results 
on a 3D virtual spray injected into a constant pressure vessel 
have revealed the significant role of injection pressure fluc-
tuations in the injected flow rate and spray characteristics. 
It emerged also that higher injection pressures lead to larger 
fluctuations amplitude.

Likewise, Beierer et al. [4] designed a numerical model 
of a commercial CR system, developed in the GT-FUEL 
(Gamma Technologies, Inc.) software and aimed to predict 
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pressure oscillations at the injector inlet. The investigation 
has demonstrated that pressure fluctuations are meaningfully 
determined by injection pressure, injection duration, and 
connection pipe geometry. It has emerged that the minimiza-
tion of pressure variation is achievable via shorter injection 
duration combined with lower injection pressure. Further 
mitigation is obtainable via a large connection line diameter 
and a shorter connection line.

Catalano et al. [5] developed a CFD code for simulating 
the unsteady flow in the pipes of a common-rail system for 
diesel engines. The main finding consists of the demonstra-
tion that the possible reduction in injection pressure over 
a split injection cycle is mainly ascribable to dynamical 
effects rather than to friction losses. This may discourage 
all attempts to minimize the friction losses, which are com-
monly deemed responsible for a possible decrease in injec-
tion pressure.

A thorough insight into the cause-and-effect relationship 
between the injection-induced pressure oscillation and the 
system hydraulic layout has been provided by Catania et al. 
[6], who designed a zero-dimensional mathematical model 
allowing the investigation of the highly unsteady wave 
propagation occurring in the CR system. Paying attention 
to the multi-injection process, the model has revealed that 
the impact of injection-induced pressure fluctuations on the 
injected volume is linked to dwell time between consecutive 
injections.

Further insight has been provided by Pontoppidan et al. 
[7], whose research dealt with the role of pressure fluctua-
tions at the injector inlet in the mixture preparation and spray 
stability. The investigation has revealed that pressure oscil-
lations upstream of the nozzle hinder the spray stability. On 
the other hand, it has been observed that the influence of 
pressure fluctuations on spray stability is weakened with an 
increasing number of split injections.

Along with the above research activities, the scientific 
community has designed and built several devices devoted 
to regulating or even suppressing the fuel pressure pulsation 
occurring at the injector inlet and within the rail [8, 9].

1.2 � State of Art of 2‑Methylfuran‑Based Fuel Blends

Alternative fuels have been proven to substantially reduce 
tailpipe emissions, providing a trade-off solution combin-
ing the engine efficiency with compliance with environ-
mental mandates. Bio-ethanol is widely employed, owing 
to its renewable nature and high octane number. However, 
the large volatility, low energy density, and high energy 
consumption in the production process discourage a wider 
spread.

This framework has driven the researchers to shift the 
attention to furan-based fuels, the production of which is 
feasible via a methodology designed by Dumesic and Román 

[10]. This method represents a noticeable breakthrough and 
has been improved by Zhao et al. [11], whose approach has 
led to a steep reduction in production costs. Along with the 
efficient production method, the high renewability of fruc-
tose may encourage the commercial aspects of MF-based 
blends.

Moreover, HC emissions from 2-methylfuran have been 
proved to be at least 61% lower than gasoline while the 
PM emissions are lower than those of gasoline in DI mode 
because of the molecular oxygen content.

However, due to the high adiabatic flame temperature of 
2-methylfuran, the NOx emission level is still a concern. In 
this respect, Wang et al. [12] carried out an experimental 
investigation revealing the impact of low-level 2-methyl-
furan content in gasoline on the direct-injection spark-igni-
tion (DISI) engine. Particularly, a trade-off between tailpipe 
emissions and engine efficiency is feasible via a volumet-
ric 10% of 2-methylfuran content. Moreover, the burning 
rate is noticeably faster than the gasoline one, owing to the 
larger vaporization rate. This leads to the presumption that 
a greater vaporization rate may allow the issues associated 
with cold engine start being overcome. This physiochemi-
cal property may encourage boosted induction technologies 
and higher SI engines compression ratio, to maximize the 
thermal efficiency and power.

To summarize, along with the aforementioned production 
technique, these physicochemical peculiarities make furan 
blends a promising candidate to supersede the conventional 
fuels, presenting a potential pathway to supply renewable 
sources for sustainable mobility.

1.3 � This Study

The above framework has motivated the authors to under-
take a robust experimental campaign under various injection 
scenarios employing different fuels, such as diesel and die-
sel-2-methylfuran blend. The present study aims to provide 
additional insight into the rail pressure fluctuations, induced 
by the injection event and correlated with fuel properties. 
More specifically, along with injection setting, this study 
identifies viscosity, density, and bulk modulus as the key 
parameters determining rail pressure fluctuations.

2 � Test Facilities and Experimental Setup

Figure  1 provides a schematic overview of the bench 
employed for the tests. The rig is a STPiW2 type, a last-
generation CR equipment manufactured by Autoelektronika.

The rig includes a high-pressure pump, which can sup-
ply injection pressures up to 150 MPa. The injection pres-
sure and rotational speed of the electric motor are managed 
via a dedicated control unit and a single-phase inverter, 
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respectively. The return fuel is cooled through a heat 
exchanger before flowing back towards the tank. A micro-
controller displays the fuel temperature at the inlet and outlet 
of the heat exchanger. The injector is a solenoid-driven CR 
injector, manufactured by Denso and provided with seven 
holes. The fuel injector is fitted to a high-pressure vessel, 
which can store backpressures up to 11 MPa.

Injection timing and duration are set via a dedicated pro-
gram implemented in the ECKA software. A sensor, with an 
accuracy range of 1.5% at full scale and a response time of 
2 ms, is mounted on the common rail to detect the rail pres-
sure. The pressure sensor is connected to an oscilloscope, 
which enables the visualization of the time history of the 
rail pressure.

In order to visualize the current profile driving the 
injector, the oscilloscope is connected also to the injector 
solenoid.

2.1 � Calculation of Fuel Blend Properties

Table 1 provides the diesel and 2-methylfuran properties, 
which are deemed to determine significantly the rail pres-
sure oscillations.

Bearing in mind that the temperatures detected here 
range from 30 to 50 °C, the diesel viscosities have been 
obtained according to the correlation found by Wang et al. 
[13]. The densities have been obtained on the basis of 
findings achieved by Esteban et al. [14]. Concerning the 
2-methylfuran, Jezak et al. [15] demonstrated that tem-
perature exerts a noticeable impact on the furan density. 

The study includes also the calculation of speed of sound 
across the furan-based fuels at various temperatures. For 
this study, the approximated estimation of the bulk modu-
lus is achieved via the formula:

with c, K, and ρ being the speed of sound, bulk modulus, and 
density, respectively. In this regard, it is inferred that a larger 
bulk modulus promotes wave propagation [16].

The listed densities and viscosities permit the calcula-
tion of the overall properties of the furan-based blends. The 
tested blends are referred to as MF30 and MF50, since they 
are characterized by a volumetric composition of 30% and 
50% of 2-methylfuran, respectively. In this regard, an over-
view of the methods calculating the blends’ viscosity and 
density is needed. However, since this study is devoted to 
assessing the influence of fuel properties on the rail pressure 
variation, the ranking of viscosity and density of blends is 
deemed sufficient for the work.

2.1.1 � Calculation of Fuel Blend Viscosity

Although the progress lifts the blending viscosity estimation 
to a satisfactory accuracy, nowadays there is not any univer-
sal theory providing the exact calculation. The majority of 
the existing theories are limited to the ideal binary blends, 
in which mixing operation does not produce any volume 
change. Therefore, viscosity prediction for binary mixtures 
remains a challenging task due to the large degree of the 
blending curves nonlinearity. However, empirical formulas 
linking the single component’s viscosity to blend overall one 
have been developed [17].

Table 2 shows the ranges of the blends viscosities, the 
values of which are achieved via the most employed meth-
ods. The viscosities range according to the detected fuel 
temperature.

2.1.2 � Estimation of Fuel Blend Density

Similarly to the calculation of blend overall viscosity, there 
is not any general formula to calculate the overall density of 
a blend compounded with two miscible liquids. However, 
the following formula is commonly employed:

(1)c ≈

√

K

�

(2)�TOT = Σ�i�i

Fig. 1   Test rig: 1—common rail; 2—pressure regulating valve; 3—
rail pressure sensor; 4—injector; 5—high-pressure vessel; 6—pres-
sure gauges; 7—pressurized air chamber; 8—relief valve; 9—pressur-
ized air tank; 10—computer; 11—oscilloscope

Table 1   The properties of the 
fuels constituting the blends

Kinematic viscosity (m2/s) Density (kg/m3) Bulk modulus (MPa)

2-Methylfuran 4.31 × 10−6 880–915 1958.41–2071.65
Diesel 8.70 × 10−7–2.50 × 10−6 807.97–830.7 1545
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where χi and ρi refer to weight fraction and density of the ith 
component, respectively.

Accordingly, the MF30 density ranges from 827.60 to 
850.14 kg/m3, while the MF50 one varies from 840.69 to 
866.18 kg/m3.

3 � Results and Discussion

3.1 � Experimental Tests

A comprehensive investigation has been conducted, so as to 
assess the rail pressure fluctuations. As mentioned above, 
the blends are referred to as MF30 and MF50. The injec-
tion pressure was set to 40, 70, 100, and 140 MPa, while 
the backpressure was set to 2, 4, 6, and 8 MPa, for a total of 
16 injection configurations. The energizing time was set to 
2000 μs. Figure 2 depicts the time history of rail pressure 
and current profile related to a series of four injections at 
backpressure of 2 MPa. For the sake of brevity, the charts 
related to the rest of the backpressures are omitted.

As expected, higher injection pressures imply greater 
pressure drop, which has been revealed to vary also with 
the fuel characteristics. The curves reveal also that once the 
injection commences, fuel pressure is first subjected to a 
steep drop, followed by an increase until it stabilizes around 
the pressure value preceding the injection process. Further-
more, the interval between the timings corresponding to the 
lowest pressure and the one preceding the injection start is 
observed to vary both with injection settings and with fuel 
properties. From the graphs, it emerges also that a discrep-
ancy between the set energizing time and current duration 
of the injector opening stage occurs. This phenomenon may 
be attributable to the on-board capacitors on the injection 
control unit that are charged with current over a set period 
before discharging at a higher current for a shorter period. 
Section 3.2 describes the above findings in detail.

3.2 � Analysis of the Experimental Findings

The following paragraphs provide an accurate explanation 
of the experimental findings, singling out the key character-
istics describing the dynamical effects in the rail as below:

1.	 The pressure drop stemming from needle lift;

2.	 The retrieving time, namely the interval between tim-
ings corresponding to the lowest pressure and the one 
preceding the following injection start;

3.	 The amplitude of pressure fluctuations;
4.	 The time between two consecutive pressure peaks during 

the increasing stage of rail pressure;

3.2.1 � Rail Pressure Drops

From the above curves, it emerges that higher injection pres-
sures give rise to larger pressure drops. In this regard, the 
here detected variations in pressure differ from the ones that 
arose in the injector nozzle. Figure 3 illustrates the sectional 
view of a diesel injector.

Once the injector solenoid (Component 1) is energized, 
the valve ball (Component 2) is dragged up and moves 
upward, allowing the fuel to flow through the Abfluss hole 
(Component 3). Hence, a dramatic reduction in pressure 
occurs within the control chamber (Component 4). This 
results in the upward motion of the assembly made up of 
the needle (Component 5) and control piston (Component 
6), thanks also to fuel pressure acting on the needle protru-
sion. As a consequence, the injection process commences. 
However, the high-pressure pump continues to supply fuel, 
which is delivered to the control chamber. As a result, the 
above reduction in control chamber volume gives rise to 
a compression wave, which is conveyed to the rail. Addi-
tionally, the steep reduction in fuel pressure, caused by the 
needle lift, generates a rarefaction wave propagating toward 
the rail. Due to the difference in path lengths, the aforemen-
tioned compression wave precedes the rarefaction one [18]. 
Moreover, it should be kept in mind that once the rarefaction 
wave reaches a changing section, it gives rise to a reflect-
ing compression wave which travels back to the delivery 
chamber. To summarize, these wave phenomena are the 
main cause for the difference between the pressure variation 
in the nozzle and the one taking place in the rail. Figure 4 
illustrates the averages of pressure drops detected at each 
injection shot. The diagrams enable the comparison between 
the pressure drops regarding each fuel, so as to remark the 
dependence of variation in rail pressure on the fuel charac-
teristics. Since the trends of rail pressure have been observed 
to do not vary considerably with backpressure, only figures 
referring to backpressure 2 and 8 MPa are shown.

As expected, along with higher viscosity, a larger den-
sity is revealed to alleviate the pressure drop induced by the 

Table 2   The ranges of blends 
viscosities obtained by different 
approaches

Viscosity by Refutas (m2/s) Viscosity by Kendall-
Monroe (m2/s)

Viscosity by Arrhenius (m2/s)

MF30 1.32  ×  10−6–3.86 × 10−6 1.59 × 10−6–3.87 × 10−6 1.46 × 10−6–3.86 × 10−6

MF50 1.76 × 10−6–3.98 × 10−6 2.19 × 10−6–3.99 × 10−6 1.99 × 10−6–3.98 × 10−6
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commencing injection. The above findings can be explained 
by Bernoulli’s equation, which describes the fluid flow. 

Greater injection pressure boosts fluid velocity, according 
to the formula:

Fig. 2   Time history of rail pressure at backpressure of 2 MPa and a 
injection pressure 40 MPa; b injection pressure 70 MPa; c injection 
pressure 100 MPa; d injection pressure 140 MPa

Fig. 3   Sectional view of common rail injector

Fig. 4   Averaged reductions in rail pressure, arisen after the injec-
tion start, at various injection pressures and a backpressure 2 MPa; b 
backpressure 8 MPa



220	 C. Coratella et al.

1 3

where � , Pinj, Pb, and ρFUEL stand for fuel velocity, injec-
tion pressure, backpressure, and fuel density, respectively. 
Accordingly, decreasing density results in greater fuel veloc-
ity, which in turn implies larger pressure drops. Additionally, 
it is well known that, on an equal injection setting, lower 
viscosity promotes the velocity of the fluid flow [19]. This 
is mainly due to the minimization of the boundary layer, 
leading to the accentuation of the velocity gradient.

As a consequence, greater fluid velocity gives rise to a 
larger pressure drop in the nozzle orifices. By contrast, larger 
viscosity accentuates the boundary layer arisen at the orifice 
walls, at the detriment of the velocity gradient. Therefore, 
MF50 fuel flow is characterized by the accentuation of the 
energy dissipation, which results in the slowest motion as 
well as a lower pressure drop in comparison with diesel and 
MF30. Additionally, from the experimental campaign, it 
emerged that, along with injection pressure, backpressure 
also plays a pivotal role in determining the pressure drops 
induced by the injection shot. An accurate explanation is 
provided in Sect. 4.

3.2.2 � Characteristics of Rail Pressure Fluctuations

As already mentioned, the pressure drop, stemming from the 
needle lift at the start of injection, generates a rarefaction 
wave, which reaches the delivery chamber and travels to 
the rail [6]. The graphs in Fig. 2 evidence also that once the 
injection occurs, rail pressure experiences an initial dramatic 
drop followed by an increasing trend until it approaches the 
value preceding the injection start. This makes rail pressure 
subjected to dynamical effects, characteristics of which are 
linked with fuel properties and injection settings. These fluc-
tuations engender overpressures frequently exceeding the 
set rail pressure. However, the nonstationary trend typically 
characterizing diesel pressure pulsations hinders the predic-
tion of the injection timing corresponding to overpressure, 
to the disadvantage of the injection strategy optimization. 
Figure 5 illustrates the bar charts referring to the averages 
of the retrieving times, the duration of which is measured 
between the timings corresponding to the lowest pressure 
and the pressure preceding the injection start. Since the trend 
of retrieving time has been revealed to do not vary signifi-
cantly with backpressure, only figures referring to backpres-
sure 2 and 8 MPa are shown.

It emerges that the duration of such time interval varies 
according to fuel characteristics. Particularly, the rail pres-
sure of MF50, which is characterized by the largest bulk 
modulus, requires a shorter time to retrieve the value pre-
ceding the previous start of injection in most cases. Like rail 

(3)� ≈

√

2
(

Pinj − P
b

)

�FUEL

pressure drop stemming from the injection, backpressure 
exerts a non-negligible role on the retrieving time. The rea-
sons underlying this finding are fully described in Sect. 4. 
Focusing on the time history of rail pressure, it is noteworthy 
that the increasing trend of the rail pressure is character-
ized by a series of smaller oscillations, amplitudes of which 
vary with fuel properties. Figure 6 show the comparison 
between the averaged amplitudes of pressure fluctuations 
occurring over the temporal stage during which rail pressure 
retrieves the value preceding the previous start of injection. 
In this regard, from the tests, it emerges that the trends of rail 
pressure do not vary appreciably with backpressure. There-
fore, only figures referring to backpressure 2 and 8 MPa are 
shown.

Similar to what emerging from previous charts, the aver-
aged amplitude is strongly correlated with fuel properties. 
Likewise, Fig. 7 compare the averaged values of the time 
interval between two consecutive pressure peaks, indicating 
the pressure pulsations frequency.

According to Figs. 6 and 7, it emerges that diesel experi-
ences the largest amplitude of rail pressure and the longest 
time between two consecutive pressure peaks. By contrast, 
adding 2-methylfuran to the blend composition contributes 
to the reduction in amplitude as well as to the decrease in 

Fig. 5   Retrieving times at various injection pressures and a backpres-
sure 2 MPa; b backpressure 8 MPa
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the time interval. However, Fig. 7 exhibits some inconsist-
encies at injection settings of 140–2 MPa, 140–4 MPa, and 
140–8 MPa, where the time between two MF30 pressure 
peaks is longer if compared to diesel. It is reasonable to 
attribute this inconsistency to the dynamical effects charac-
terizing the diesel pressure fluctuations, which are accentu-
ated by the higher injection pressure. Higher injection pres-
sure is believed to promote pressure instability of diesel, 
owing to the lower bulk modulus. Hence, this gives rise to 
unpredictable trends of the diesel pressure within the rail.

3.2.3 � The Influence of the Backpressure on the Rail 
Pressure Fluctuations

As abovementioned, along with injection pressure and fuel 
properties, backpressure exerts a meaningful role in the pres-
sure drops and the retrieving time. The reason underlying 
this observation is explained in the following paragraphs. 

(1)	 The influence of the backpressure on the rail pressure 
drops

 Table 3 shows the averaged pressure drops over four injec-
tions and referring to Fig. 4.

As expected, diesel exhibits an increasing trend of the 
pressure drop as a result of the increase in injection pres-
sure. Likewise, both MF50 and MF30 reveal an increasing 
trend at higher injection pressure and constant backpressure. 

Fig. 6   Averaged amplitudes of rail pressure fluctuations at various 
injection pressures and a backpressure 2 MPa; b backpressure 8 MPa

Fig. 7   Duration between two consecutive pressure peaks while injec-
tion pressure stabilises, at various injection pressures and backpres-
sures: a 2 MPa; b 4 MPa; c 6 MPa; d 8 MPa
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Moreover, in unvaried injection scenarios, the pressure drops 
of furan-based fuels are lower than diesel. Greater viscosities 
and densities accentuate the boundary layer on the orifice 
walls, causing a significant reduction in jet velocities. Thus, 
a reduction in pressure drop ensues.

However, it is worthy of attention that, under increas-
ing backpressure and unvaried injection pressure, a differ-
ent trend of pressure drops emerges from the comparison 
between the above fuels. With regard to diesel, increasing 
backpressure leads to a slightly decreasing trend of pres-
sure drop, given the stronger contrasting action exerted by 
the pressurized vessel ambient on the fuel flow exiting the 
orifices. By contrast, both furan-based blends exhibit a fairly 
increasing trend of the pressure drops, which are always 
lower than diesel. Particularly, MF50 injections reveal a 
more accentuated increasing trend of the averaged pressure 
drops in comparison with MF30 shots.

The difference from diesel might be ascribable to the role 
exerted by the increasing backpressure on the needle motion. 
In fact, from a research activity (UK Patent Application No. 
1819731.9) [20], it emerges that if on one hand increasing 
backpressure exerts a stronger barrier to the fuel flow, on 
the other hand, it is believed to boost the needle lift. This 
physical interpretation is based on the assumption that, at 
commencing injection event, the pressurized fuel momen-
tum can be divided into two factors:

with MPF, MNP, and MO being the pressurized fuel momen-
tum, the fuel momentum transferred onto the needle pro-
trusion, and the fuel momentum towards the orifice inlet, 
respectively (Fig. 8).

(4)MPF = MNP +MO

Accordingly, under constant injection pressure, the 
increasing backpressure exerts a stronger barrier to the fuel 
flow, mitigating the fuel momentum towards the orifices, 
for the benefit of momentum transferrable onto the needle. 
Thus, the needle experiences a larger acceleration.

By contrast, under constant injection pressure, low back-
pressure promotes the fuel flow towards the orifice inlet, 
reducing the fuel momentum transferrable onto the needle. 
Hence, a slower needle lift ensues.

Therefore, greater backpressures are believed to supply an 
additional acceleration to the needle. In this regard, in light 
of the observed trends of pressure drops, it might be pre-
sumed that the additional contribution of the backpressure 
to the needle lift is more appreciable for more viscous fuels. 
This is attributable to the more effective lubricant action 
outweighing the friction between the needle-control piston 
assembly and the internal part of the injector body. Thus, the 
needle moves upward more rapidly compared to lower fuel 
viscosity (but still larger than diesel one), advancing more 
immediately the opening of the cross-sectional area through 
which the fuel flows. In response to a more immediate nee-
dle lift, fuel experiences a more dramatic increase in kinetic 
energy, which causes a more abrupt reduction in pressure 
within the nozzle, according to Bernoulli’s equation.

Different from diesel, MF30 and MF50 injections reveal a 
decreasing trend as a result of increasing backpressure under 
unvaried injection pressure. This might be attributable to 
the enhanced additional acceleration supplied by the greater 
backpressure on the needle, which experiences a faster 
upward motion. This results in a more abrupt opening of 
the cross-sectional area through which the fuel flows. Hence, 
fuel experiences a more dramatic increase in kinetic energy, 
implying a larger pressure drop, if compared to fuel provided 
with lower viscosity (but still larger than diesel one). 

(2)	 The role of the backpressure in the rail pressure fluctua-
tions

Table 3   Rail pressure drops induced by altering fuels, injection pres-
sure, and backpressure

Fuel Backpres-
sure (MPa)

Injection pressure

40 MPa 70 MPa 100 MPa 140 MPa

Rail pressure drop after injection (MPa)
Diesel 2 3.06 5.36 6.34 6.98

4 3.14 4.42 6.26 6.96
6 2.90 4.82 6.28 7.18
8 2.74 5.36 5.94 6.74

MF30 2 1.42 3.28 3.68 6.18
4 1.72 3.14 4.50 6.14
6 1.68 2.94 4.66 5.60
8 1.68 2.92 4.24 6.30

MF50 2 1.14 2.94 4.10 5.40
4 1.56 2.94 4.28 5.80
6 1.46 2.88 4.18 5.58
8 1.52 2.84 4.14 6.06

Fig. 8   Fuel momentum is subdivided into the fraction on the needle 
protrusion and the one toward the orifice
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 This paragraph deals with the rail pressure fluctuations, 
focusing on the explanation of the retrieving time, the ampli-
tudes of the rail pressure fluctuations, and the time interval 
between two consecutive pressure peaks acquired at each of 
the 16 injection configurations. Table 4 shows the retrieving 
times averaged over four injections and referring to Fig. 5.

It is observed that the diesel retrieving time is longer than 
MF30 one, which in turn is larger than MF50 in most cases. 
This is ascribable to the greater elasticity of furan-based 
blends in comparison with diesel. In this regard, a physical 
interpretation is provided in Sect. 4.

Moreover, as expected, an increase in injection pres-
sure under unvaried backpressure tends to extend the time 
needed to retrieve the set rail pressure. Along with this 
observation, it can be seen that, under constant injection 
pressure for diesel injections, increasing backpressure 
implies a slightly decreasing trend of the retrieving time, 
except for the 70–8 MPa case. The discrepancy might be 
ascribed to the great instability of the rail pressure fluctua-
tions induced by diesel injection. However, the trend from 
70–2 to 70–6 MPa is strongly decreasing, in agreement with 
the rest of the cases.

By contrast, the MF30 and MF50 injection trends differ 
significantly from diesel. At higher viscosities than diesel, 
an increase in backpressure results in longer retrieving time. 
However, given the stronger opposing force of furan-based 
blends for counterbalancing the inertial effect stemming 
from the pressure perturbation, the MF30 and MF50 retriev-
ing times are revealed to be shorter than diesel. The trend 
of furan-based blends retrieving times might be explained 
by the effect of greater viscosity combined with larger 
backpressure on the needle. As abovementioned, greater 
viscosity promotes the additional acceleration supplied by 

backpressure on the needle. Thus, the needle experiences 
a more abrupt lift, giving rise to a more dramatic pressure 
drop. The ensuing rarefaction wave is provided with a larger 
magnitude. Once it reaches the rail, a longer time is required 
by the rail pressure to retrieve the value preceding the shot. 
Table 5 lists the amplitudes of pressure fluctuations follow-
ing the injection shot and occurring over the retrieving time.

It is observable that diesel injection engenders larger 
amplitudes in comparison with MF30 and MF50 injections. 
Additionally, under unvaried backpressure, higher injection 
pressures lead to larger amplitudes. This might be owed to 
the greater pressure drop, which implies a larger magnitude 
of the rarefaction wave. As a result, wider amplitudes of 
pressure fluctuations ensue. On the other hand, under unvar-
ied injection pressure, an increase in backpressure results in 
larger amplitudes in most cases. This might be owed to the 
boosting impact of the backpressure on the needle, faster 
lift of which is thought to engender a rarefaction wave pro-
vided with a larger magnitude. Thus, wider amplitudes of 
rail pressure fluctuation arise. Table 6 lists the averaged time 
between two consecutive peaks, indicating the pressure pul-
sations frequency.

It can be seen that diesel injection leads to a longer time 
interval between two consecutive pressure peaks in compari-
son with MF30 and MF50. Namely, the period of the diesel 
pressure fluctuations is significantly longer than the ones 
exhibited by furan-based blends. Furthermore, an increase 
in injection pressure extends the time intervals. Likewise, 
under unvaried injection pressure, greater backpressure leads 
to a longer time. Therefore, different from the pressure drops 
and retrieving time, the increase in fuel viscosity (but still 
larger than diesel) does not cause any increasing trend under 
unvaried injection pressure and increasing backpressure. The 

Table 4   Retrieving time exhibited by tested fuels for each of set 
injection configurations

Fuel Back pres-
sure (MPa)

Injection pressure

40 MPa 70 MPa 100 MPa 140 MPa

Retrieving time (ms)
Diesel 2 257.5 322.5 330 425

4 217.5 295 317.5 362.5
6 235 270 302.5 347.5
8 250 345 316.2 367.5

MF30 2 212.5 255 282.5 352.5
4 125 277.5 297.5 355
6 170 265 252.5 337.5
8 230 322.5 307 335

MF50 2 117.5 205 215 307
4 120 222.5 232.5 260
6 135 205 235 325
8 225 232.5 300 317.5

Table 5   Amplitudes of the rail pressure fluctuations when altering the 
fuel, injection pressure, and backpressure

Fuel Back pres-
sure (MPa)

Injection pressure

40 MPa 70 MPa 100 MPa 140 MPa

Amplitude of rail pressure fluctuations after injection (MPa)
Diesel 2 2.25 3.10 3.75 3.50

4 2.53 3.30 4.20 3.16
6 2.40 3.40 4.0 3.75
8 2.40 4.10 4.15 3.50

MF30 2 0.40 0.70 1.10 1.15
4 0.75 0.80 0.9 1.57
6 0.75 0.95 1.33 1.90
8 0.65 1.22 1.63 1.76

MF50 2 0.28 0.75 0.5 0.70
4 0.40 0.70 0.75 1.50
6 0.70 0.80 0.85 1.53
8 0.40 0.66 0.98 1.66
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combined impact of injection settings with fuel properties 
on rail pressure amplitude and frequency is explained in this 
section. However, the reasons underlying this trend reversal 
are worthy of further investigation.

4 � Discussion

4.1 � Physical Principles Underlying the Experimental 
Results

As already mentioned, the needle lift gives rise to an abrupt 
pressure drop, which generates a rarefaction wave trave-
ling from the injector nozzle toward the rail. Similar to the 
dynamics effects attributable to the oncoming pressure wave 
from the delivery chamber, the propagation of the pressure 
wave is determined by fuel properties. It is well known that 
the speed c of wave propagation across a liquid is approxi-
mately calculable via Eq. (1). Moreover, a larger bulk modu-
lus enhances the speed of wave propagation. Assuming that 
liquid fuel is compounded with layers, the wave propagation 
is faster thanks to the accentuated reflection between the said 
layers, at the detriment of wave absorption. Such reflection 
generates inertial effects resulting in minimized oscillations 
amplitude. Therefore, it is presumable that a larger fluid 
stiffness is meaningful for the scarce propensity to absorb 
the wave energy. By contrast, the lower bulk modulus is 
meaningful for the greater fluid ability to absorb the wave 
energy, which is responsible for promoted amplitude oscil-
lation. Hence, it is deductible that the lower bulk modulus 
accentuates the pressure fluctuations, underlying the spray 
nonuniformity, which affects adversely both the A/F ratio 

and the combustion efficiency. In the wake of these consid-
erations, it may be inferred that the wave energy potentially 
transferrable to the fuel can be divided into two contributes. 
One contribution is associated with the wave reflection and 
is enhanced by higher bulk modulus, while the other one 
refers to the wave absorption, which contributes to pressure 
fluctuations amplitude. The magnitudes of the above fac-
tors are governed by the above fuel properties, such as bulk 
modulus. Additionally, while rail pressure is approaching 
the value preceding the start of the previous injection, the 
temporal interval between two consecutive pressure peaks 
is lower in the case of the larger bulk modulus. A further 
explanation may be provided by d’Alembert’s equation, 
which describes the wave propagation through a fluid and 
is given by

with p, c, and t being the pressure acting on the fluid region 
involved by the wave propagation, wave speed, and time, 
respectively. In the present case, the d’Alembert’s equation 
can be employed to describe the spatial distribution of the 
fluid pressure as a result of a wave perturbation traveling 
at velocity c. Keeping in mind that a larger bulk modulus 
boosts the speed of the pressure wave, it may be conjectured 
that the wave propagation generates less impactful effects 
on the pressure of the fluid region involved by the wave 
perturbation. Indeed, the pressure gradient is alleviated by 
increasing wave speed. Larger speed c does not allow the 
wave energy to be sufficiently transferred to the fluid region 
involved by the wave propagation. Furthermore, the lower 
bulk modulus is deemed to imply a longer time required 
by fuel pressure to reach the value preceding the injection 
event, because of the above larger oscillation amplitude. 
Paying attention to the above curves and graphs, it may be 
argued that the large bulk modulus indicates the propensity 
of the fluid to recover the status preceding the advent of per-
turbation. Namely, the pressure of the liquid provided with 
the largest bulk modulus tends to approach more rapidly 
the value preceding the injection event. This can be further 
explained by the opponent force, which is determined by fuel 
properties and temperature, arisen in response to the defor-
mation ensuing by the pressure wave. More specifically, 
according to Hooke’s law applied to fluids, the opponent 
forces are determined by the fluid elasticity, which provides 
an estimation of the fluid propensity to retrieve the condi-
tions preceding a perturbation. As such, these forces coun-
terbalance the inertial effects stemming from the pressure 
perturbation, till the fluid status preceding the perturbation 
is restored. Additionally, compressibility provides an esti-
mation of the change in volume induced by a variation in 
pressure, it might be presumed that greater compressibility 

(5)
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Table 6   Duration of the time interval between two consecutive pres-
sure peaks when altering the fuel, injection pressure, and backpres-
sure

Fuel Back pres-
sure (MPa)

Injection pressure

40 MPa 70 MPa 100 MPa 140 MPa

Time between two consecutive pressure peaks (ms)
Diesel 2 100 100 95.5 75

4 120 125 140 90
6 100 105 100 90
8 110 135 110 90

MF30 2 40 40 50 76.6
4 35 40 55 115
6 45 35 50 76.6
8 35 50 50 120

MF50 2 25 25 30 45
4 30 35 33.3 55
6 30 35 30 60
8 30 40 45 83.3
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implies a lower elasticity, which underlies the weaker oppos-
ing force. Accordingly, diesel rail pressure requires a longer 
time to retrieve the initial value. By contrast, the properties 
of furan, such as density and bulk modulus, lead to con-
jecture that the fluid particles are more closely positioned, 
making the furan-based blends less compressible than die-
sel. As such, opposing forces are stronger, shortening the 
retrieving time.

4.2 � Peculiarities of Furan‑Blends Benefiting Rail 
Pressure Fluctuations

In light of the considerations described in Sect. 3.2, it can 
be stated that the furan blends mitigate the margins of the 
unpredictability of the dynamic effects arising after the 
injection start. In fact, the pressure is revealed to retrieve 
more rapidly the value of rail pressure preceding the pre-
vious injection. As such, this minimizes the risk that the 
injector is energized when the above dynamical effects make 
injection pressure lower than the set value of the rail pres-
sure, at the detriment of spray non-uniformity and the spatial 
distribution of the A/F ratio. This represents a potential ben-
efit for the optimization of the injection strategy, the setting 
of which is devoted to triggering the injector when injection 
pressure equals the set rail pressure or exceeds it, so as to 
enhance the spray penetration length and jet disintegration. 
Furthermore, modern injection systems enable the injection 
cycle to be split up into eight separate shots, the peculiarities 
of furan-based blends are further remarked by the conse-
quential decrease in the dwell times between two consecu-
tive shots. Indeed, the diminishing variation in rail pressure 
for the furan blends assures that rail pressure retrieves as 
rapidly as possible the value preceding the previous shot, 
so as to do not adverse the penetration length and radial 
propagation of the following shot.

5 � Conclusions

The conclusions drawn from the experimental activity are 
summarized below:

1.	 As merely expected, higher viscosity and larger density 
are found to alleviate the pressure drop, which is accen-
tuated by an increase in injection pressure. For instance, 
under injection pressure of 100 MPa and backpressure 
of 6 MPa, the pressure drop of diesel, MF30, and MF50 
is 6.28, 4.66, and 4.18 MPa, respectively.

2.	 Under unvaried injection pressure, greater backpres-
sure softens the rail pressure drop of diesel. By con-
trast, MF30 and MF50 pressure drops tend to increase 
in response to greater backpressure. For instance, under 
injection pressure of 140 MPa and increasing backpres-

sure from 2 to 8 MPa, the diesel pressure drop decreases 
by 0.24 MPa. Conversely, MF30 and MF50 pressure 
drops increase by 0.12 and 0.66 MPa, respectively.

3.	 Under unvaried injection pressure and increasing back-
pressure, lower fuel viscosity (but still larger than diesel 
one) tends to alleviate the increase in rail pressure drop 
in most cases. For instance, under injection pressure of 
40 MPa and increasing backpressure from 2 to 8 MPa, 
MF30 and MF50 pressure drops increase by 0.26 and 
0.38 MPa, respectively.

4.	 Under unvaried injection pressure and backpressures, 
lower fuel viscosity leads to longer retrieving time in 
most cases. For instance, under injection pressure of 
100 MPa and backpressure of 6 MPa, the retrieving time 
of MF50, MF30, and diesel is 235, 252.5, and 302.5 ms, 
respectively.

5.	 Under unvaried injection pressure, the diesel retriev-
ing time tends to be shortened in response to increasing 
backpressure in most cases. Conversely, greater back-
pressure tends to prolong MF30 and MF50 retrieving 
times. For instance, under injection pressure of 100 MPa 
and increasing backpressure from 2 to 8 MPa, the diesel 
retrieving time decreases by 13.8 ms. By contrast, MF30 
and MF50 retrieving times increase by 24.5 and 85 ms, 
respectively.

6.	 The amplitude of pressure pulsations is significantly 
accentuated in the case of fuel provided with low bulk 
modulus. Moreover, it has been observed that, under 
constant injection pressure and increasing backpressure, 
the amplitude of pressure fluctuations increases in most 
cases. For instance, under injection pressure of 100 MPa 
and increasing backpressure from 2 to 8 MPa, the ampli-
tude of pressure fluctuations for diesel, MF30, and MF50 
increases by 0.40, 0.53, and 0.48 MPa, respectively.

7.	 Greater fuel bulk modulus promotes the frequency of the 
rail pressure pulsation at the detriment of the oscillation 
amplitude. Vice versa, fuel with lower bulk modulus is 
prone to pressure wave absorption, which leads to the 
wider amplitude of the pressure oscillation.

8.	 Over the stage during which the rail pressure approaches 
the value preceding the previous injection, the time 
interval between two consecutive pressure peaks is 
shorter in the case of a greater bulk modulus.

9.	 Under constant injection pressure and increasing back-
pressure, the time between two consecutive pressure 
peaks increases in most cases. For instance, under injec-
tion pressure of 70 MPa and increasing backpressure 
from 2 to 8 MPa, the time interval for diesel, MF30, and 
MF50 increases by 35, 10, and 15 ms, respectively.

The results emphasize the role of fuel viscosity and bulk 
modulus in pressure fluctuations underlying the uneven dis-
tribution of fuel flow in the injector orifices. This may spur 
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the automotive industry to employ economical resources 
and man power for unlocking the potentialities of the furan-
based blends, which provide a possible pathway for sustain-
able vehicular mobility.
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