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ABSTRACT: Fuel injection properties, including the injection rate (temporal aspects) and spray behavior (spatial
aspects), play a crucial role in the combustion efficiency and emissions of diesel engines. This study investigates the
effects of different ethanol-biodiesel-diesel (EBD) blends on the injection performance in diesel engines. Experimental
tests are conducted to examine key injection parameters, such as spray penetration distance, spray cone angle, and
droplet size, alongside an analysis of coupling leakage. The main findings are as follows: (1) The injection behavior
of ethanol and diesel differs significantly. The addition of ethanol reduces the density, viscosity, and modulus of
elasticity of the fuel mixture. While the injection advance angle, penetration distance, and Sauter mean diameter show
minimal changes, the spray cone angle and coupling leakage increase notably. These alterations may disrupt the “fuel-
air-chamber” matching characteristics of the original engine, potentially affecting performance. (2) In contrast, the
injection performance of biodiesel is more similar to that of diesel. As biodiesel content increases, the density, viscosity,
and modulus of elasticity of the blended fuel also grow. Though changes in injection timing, penetration distance,
and spray cone angle remain minimal, the Sauter mean diameter experiences a slight increase. The “air-fuel chamber”
compatibility of the original engine is largely unaffected, though fuel atomization slightly deteriorates. Blending up
to 20% biodiesel and 30% ethanol with diesel effectively compensates for the shortcomings of using single fuels,
maintaining favorable injection dynamics while enhancing lubrication and sealing performance of engine components.
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1 Introduction

The global energy supply and demand structure are undergoing profound adjustments, and the
transition to a low-carbon energy structure is accelerating. Reducing the consumption of petroleum-based
fuels and vigorously developing renewable energy sources have become key measures in the global energy
transition, contributing to achieving “Carbon peak, carbon neutral”

Owing to the increasing costs and decreasing availability of fossil fuels, renewable energy sources are
being explored as reliable alternatives that can address environmental concerns. One promising alternative
to fossil fuels is biodiesel, which has been widely used in recent years [1,2].

Biodiesel, which is biodegradable and renewable, has been proved to be a promising alternative fuel to
fossil diesel, with a wide range of sources, including fresh or used vegetable oils, animal fats, and algae, among
others [3]. Biodiesel contains 12.1% oxygen (see Table 1) and has a low sulfur content, allowing for more
complete combustion and significantly reducing Sulfur Oxide (SOx) and Hydrocarbon Compounds (HC)

emissions [4]. However, when diesel is blended with biodiesel, the quality of fuel atomization deteriorates
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[5,6], and NOx emissions increase significantly [7-10]. Additionally, biodiesel generally has a high cetane
number, typically above 50, which exceeds the international minimum requirement of 45.

Table 1: Specification of the blends

Blend no. Nomenclature Ethanol (E) Biodiesel (B) -10#Diesel (D)

A EO0BO 0 0 100
B EO0B10 0 10 90
C E0B20 0 20 80
D E10BO 10 0 90
E E10B10 10 10 80
F E10B20 10 20 70
G E20B10 20 10 70
H E20B20 20 20 60
I E30B20 30 20 50

Ethanol has also proven to be a viable alternative for lowering greenhouse gas emissions and dependence
on fossil fuels [11-13]. When used as a fuel, it can achieve a low carbon footprint [14]. Ethanol contains 34.7%
oxygen and has a low carbon content. When utilized in diesel engine combustion, it requires a relatively
less theoretical air volume and has a broad range of ignition limits for the fuel-air mixtures [15]. Its high
latent heat of vaporization helps reduce the maximum combustion temperature in the cylinder when it
vaporizes, thereby reducing NOx emissions. Additionally, it can reduce pressure in the cylinder, increase
intake air volume and volumetric efficiency, and improve the dynamic performance of diesel engines [16].
However, because of its low cetane number and viscosity (Table 2), its physical and chemical properties differ
significantly from those of diesel, making it difficult to ignite by compression. Moreover, the miscibility
between ethanol and diesel is poor, and the mixture has unstable properties; therefore, a co-solvent is
required. Biodiesel, which dissolves well with both ethanol and diesel, serves as an excellent cosolvent for
ethanol and diesel [17], enhancing the stability of the blended fuel. It is discovered that biodiesel and ethanol
both have the capacity to alter the characteristics of particulate matter, with ethanol having a greater effect
than biodiesel [18].

Table 2: Main physical properties of ethanol, biodiesel, and diesel

Parameter Ethanol Biodiesel -10# Diesel

Density at 20°C (kg/dm3) 0.789 0.871 0.817
Kinematic viscosity at 20°C (mm?/s) 1.5 6 3.8
Cetane number 8 50.2 >51

Low heat value (M]/kg) 27 38.41 42.5-46

Surface tension at 40°C (N/m) 0.022 0.03 0.025

Bulk modulus at 20°C (N/mm?) 922 1580 1445
Oxygen content (%) 34.7 12.1 0

Therefore, simultaneously blending biodiesel and ethanol with diesel can compensate for the short-
comings of mixing single fuels, which is why biodiesel and ethanol have received increasing attention
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as renewable biofuels to replace petroleum. However, owing to the differences in physical and chemical
properties between ethanol, biodiesel, and diesel—especially the higher density, viscosity, and surface tension
of biodiesel—mixing it with diesel often worsens the spray process and emission characteristics. Additionally,
the lower density, viscosity, and surface tension of ethanol, often result in a shorter penetration distance,
larger spray cone angle, and poorer matching of the “air-fuel chamber” when mixed with diesel. Adding
a large proportion of ethanol at room temperature will cause ethanol and diesel to stratify, significantly
reducing the viscosity of the blended fuel, exacerbating wear on the fuel injection system components, and
affecting the reliability of diesel engine operation. Based on this, the present study restricts the ethanol
addition to 30% and the biodiesel addition to 20%.

Silitonga et al. [19] conducted tests on the combustion characteristics of EBD blended fuel in a single-
cylinder diesel engine. The results indicated that the EBD blended fuel had lower brake-specific fuel
consumption and higher brake thermal efficiency.

Currently, research mainly focuses on the influence of the EBD ratio on diesel engine combustion
and emission characteristics; however, few studies have examined the influence of the EBD ratio on
diesel engine injection characteristics. This study conducted simulation and experimental research on
the injection characteristics of EBD. The findings are of great significance for calibrating diesel engine
injection parameters, optimizing diesel engine combustion and emission characteristics in the full operating
range and further studying the influence mechanism of the mixed fuel ratio on diesel engine combustion
emission characteristics.

2 Experimental Study on the Variation of Injection Rate of Blended Fuels
2.1 Test Bench Setup

This study conducted tests on fuel injection rates. The schematic diagram of the test bench setup is
shown in Fig. 1, and the actual test bench is shown in Fig. 2.
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Figure 1: Spray test bench
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Figure 2: EFS8397 fuel injection pattern testing bench. () Compressed air; (2) Accelerator; (3) High-pressure oil pump
of MTU183 diesel engine; (4) High-pressure oil pipe; 5) Injector; (6) Oil return pipe; (7) EFS8397 Fuel injection rate test

It is worth noting that the Compressed air tube connected in the test bench is not a simulation of the
actual engine injection environment back pressure, but the actual engine intake pressure (boost pressure).
Its function is to compensate the power of the governor rack movement when the engine runs at high speed.

2.2 Experimental Scheme

Based on the lubrication requirements of the diesel engine fuel system for blended fuels and the limited
miscibility of ethanol and diesel at room temperature, this paper excludes the formulation with a high
proportion of ethanol without adding biodiesel and determines nine blending ratios (by volume) of EBD
fuels. Table 1 provides the detailed specification of the blends.

Based on the established test bench, injection characteristic tests of pure diesel were conducted at various
speeds to analyze the impact of speed on fuel injection characteristics. On this basis, injection tests of EBD
fuels with various blending ratios were carried out at the rated speed. Using pure diesel as the baseline, the
effects of ethanol addition (with the proportion of biodiesel remaining constant) and biodiesel addition (with
the proportion of ethanol remaining constant) on parameters such as the fuel injection quantity and injection
rate of the blended fuels were analyzed.

2.3 Effect of Blended Fuel Ratios on Injection Quantity

Under different fuel-blend ratios, there are inevitable differences in the injection characteristics of the
system. Even if the injection characteristics are consistent, variations in fuel density under different ratios can
lead to changes in the injection quantity. Therefore, this study examined the impact of different fuel blend
ratios on injection quantity at the same rotational speed (Compressed air pressure of 1 bar at 400 rpm, 1.3 bar
at 600 rpm, 1.3 bar at 800 rpm, and 1.3 bar at 1025 rpm). This process provides a basis for calibrating the fuel
supply during subsequent combustion tests. The injection quantities for the different fuel blend ratios are
shown in Fig. 3.

Fig. 3 shows that the injection quantity of pure diesel at 1025 rpm of the high-pressure oil pump (air
pressure of 1.3 bar) was 146.9 mg per injection (147 mg per injection according to the diesel engine manual).
This indicates that the equipment used in this test (high-pressure oil pump and injector) are in good condition
and the test results are reliable.
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Figure 3: Comparison of fuel injection quantities for different fuel ratios at different speeds

Additionally, the trend of injection quantity changes with fuel blend ratios was generally consistent
at all rotational speeds, as depicted in Fig. 3. Pure diesel exhibited the highest injection quantity at all
speeds, whereas the injection quantity of other blends decreased to varying degrees, which is due to the
comprehensive influence of the physical properties of the three fuels, such as their density and viscosity.
Under the same speed and ethanol blend ratio, the injection quantity first decreased and then increased with
the addition of biodiesel. Under the same speed and biodiesel blend ratio, with the addition of ethanol, the
injection quantity decreased when the biodiesel ratio was 0, remained relatively stable when the biodiesel
ratio was 10%, and initially decreased and then increased when the biodiesel ratio was 20%. The effect of
adding the same proportion of ethanol on the total injection quantity was greater than that of adding the
same proportion of biodiesel.

With an increase in speed, the injection quantity first increased rapidly, then remained stable, and finally
decreased significantly. This is because, at low speeds, the oil suction capacity of the pump is weak, and the
component leakage time is longer. As the speed increases, the oil suction capacity of the pump strengthens
rapidly, the component leakage time shortens, and the plunger volumetric efficiency increases significantly.
When the speed increases further, the oil suction time of the pump decreases. After the pressure in the
plunger chamber increases further, the leakage amount increases, causing the injection quantity to decrease.

It can be anticipated that with the addition of ethanol, the injection quantity decreases, requiring an
increase in the effective oil supply stroke of the pump to increase the injection quantity. Additionally, because
the calorific value of ethanol is low, a large proportion of ethanol may reduce the maximum power output of
diesel engines. With the addition of biodiesel, the injection quantity increases slightly. Considering that the
calorific value of biodiesel is lower than that of diesel in practical applications, it is necessary to increase the
effective oil-supply stroke of the pump to increase the injection quantity.
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2.4 Effect of Rotational Speed on Injection Rate

This study analyzed the effect of rotational speed on the injection rate, using pure diesel as an example.
For convenience, the injection rates at different speeds were analyzed based on the falling edge of the missing
tooth signal from the missing tooth disc provided by the fuel injection pump test bench (not the top dead
center signal of the diesel engine cam). The details are shown in Fig. 4. In the figure, the vertical axis
represents the injection rate in units of 1 kg/s, and the horizontal axis represents the crankshaft angle.
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Figure 4: Effect of rotational speed on fuel injection rate

Fig. 4 illustrates the injection duration of 3.00 ms at 600 rpm, 2.60 ms at 800 rpm, and 1.90 ms at
1025 rpm. The injection duration first increased and then decreased with increasing speed. This is because,
at lower speeds, as the speed increases, the volumetric efficiency of the high-pressure oil pump gradually
increases, extending the oil supply time. At higher speeds, volumetric efficiency decreases owing to factors
such as shorter intake time and increased leakage, resulting in a shorter oil supply time.

From 400 to 1025 rpm, the injection rate significantly increased with increasing speed, and the peak
injection rate also increased with increasing speed. However, this increasing trend became less significant
after 800 rpm.

Combining the injection duration and injection rate, from 400 to 1025 rpm, the injection quantity was
the highest at 600 rpm, followed by 800 rpm, 1025 rpm, and the lowest at 400 rpm. This trend is consistent
with the observations described in Section 3.

As the speed increased from 600 to 800 and 1025 rpm, the injection timing advance moved increasingly
backward (by approximately 1-2°). This shortened the combustion preparation time, leading to an increase
in post-combustion. However, the tested diesel engine was equipped with an automatic injection timing
adjuster, which automatically increased the injection timing advance with increasing speed (with a maximum
adjustment range of 10°) to ensure optimal injection timing and optimize in-cylinder combustion.
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2.5 Effect of Ethanol Addition on Injection Rate

The variation in the injection rate with the ethanol addition ratio, while keeping the biodiesel addition
ratio constant, is shown in Figs. 5-7.
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Figure 5: Injection rates of mixed fuels at different ethanol ratios with 0% biodiesel
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Figure 6: Injection rates of mixed fuels at different ethanol ratios with 10% biodiesel
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Figure 7: Injection rates of mixed fuels at different ethanol ratios with 20% biodiesel

After adding ethanol at the same rotational speed and other conditions (e.g., air pressure), the injection
timing advance decreased. This is primarily because ethanol has a lower viscosity and higher leakage volume
(Fig. 16), which causes a decrease in the volumetric efficiency of the pump and a rapid pressure drop at
the nozzle end, further reducing the injection rate of ethanol. Additionally, the bulk modulus of elasticity
of ethanol (922 N/mm? at 20°C) is much smaller than that of diesel (1445 N/mm? at 20°C) and biodiesel
(1580 N/mm? at 20°C), causing a delay in the injection timing advance and a lower injection rate after the
addition of ethanol.

After adding 10% biodiesel, the injection rates of the various ethanol blend fuels at the same rotational
speed and other conditions (e.g., air pressure) generally aligned well with that of pure diesel. However,
significant deviations were observed in the peaks (including minor peaks and valleys). Additionally, the
injection timing advances of all the blended fuels were slightly smaller than those of pure diesel, primarily
because of the lower viscosity and higher leakage volume of ethanol, along with its lower modulus of elasticity
and slower pressure build-up. In contrast, the effect of biodiesel at the same proportion on the injection
timing advance was less than that of ethanol.

As shown in Fig. 7, after adding 20% biodiesel, the injection rates of the various fuel blends differed
significantly, with the E30B20 fuel blend showing the most significant difference from the other fuels. This
suggests that when the proportion of ethanol or the total proportion of ethanol and biodiesel is relatively
high, it has a particularly significant impact on the injection rate. Therefore, when a diesel engine requires a
high proportion of blended fuels containing ethanol or ethanol-biodiesel, the combustion characteristics of
the engine may change considerably.

Overall, as illustrated in Figs. 5-7, when the total addition ratio of ethanol and biodiesel was relatively
low, the injection rate of the blended fuel was similar to that of pure diesel. However, as the ethanol
ratio increased, the differences in the injection rate curves of the blended fuel became more pronounced,
particularly in the early and late stages of injection. Additionally, the influence of biodiesel on the injection
rate and timing advance of the blended fuel was weaker than that of ethanol at the same ratio.
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2.6 Effect of Biodiesel Addition on Injection Rate

The variation in the injection rate with the addition of biodiesel, while keeping the ethanol addition
ratio constant, is shown in Figs. 8-10.
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Figure 8: Injection rates of biodiesel at different ratios with 0% ethanol
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Figure 10: Injection rates of biodiesel at different ratios with 20% ethanol

Fig. 8 demonstrates that after adding biodiesel at the same rotational speed and under the same
conditions (e.g., air pressure), the injection timing advance of the diesel engine decreased, and the injection
duration shortened. After adding biodiesel at the same rotational speed and under the same conditions (e.g.,
air pressure), the peak injection rates decreased, and noticeable differences appeared in the later stages of
injection (the descending part of the injection rate curve).

Overall, with the addition of 20% biodiesel, the injection rate curve of the blended fuel aligned well
with that of pure diesel. Therefore, from the perspective of injection characteristics alone, adding a small to
moderate amount of biodiesel (<20%) is unlikely to significantly affect diesel engine combustion. However,
considering that an excessively high total addition ratio may cause a large discrepancy between the injection
rates of the blended fuel and diesel, it is advisable to maintain the biodiesel ratio within 20%.

From Fig. 9, it can be observed that after the addition of 10% ethanol, the injection rates of the various
biodiesel blend fuels generally aligned well with the injection rates of pure diesel. However, noticeable
differences were observed at the peaks (including minor peaks and valleys). Besides, after adding 10%
ethanol, the injection timing advances of all the blended fuels were slightly smaller than those of pure diesel,
mainly because ethanol has a lower viscosity and higher leakage volume, along with a lower modulus of
elasticity and slower pressure build-up. In contrast, the effect of biodiesel at the same proportion on the
injection timing advance was less significant than that of ethanol.

From Fig. 10, it can be observed that when the ethanol addition ratio increased to 20%, the consistency
between the injection rate curves of the various blended fuels and pure diesel decreased compared with the
case of a lower ethanol ratio. As shown in Figs. 9 and 10, when the ethanol addition ratios were 10% and
20%, respectively, the injection rate curves of several blended fuels significantly differed from those of pure
diesel at the peaks and valleys. The injection timing advance of the 20% ethanol blend was generally smaller
than that of the 10% ethanol blend. This indicates that biodiesel had a weaker effect on the injection rate and
timing advance of the blended fuel than ethanol at the same proportion. These conclusions are consistent
with the trends indicated by the simulation calculations.
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In summary, the injection rate of a diesel engine changes significantly with the addition of ethanol or
biodiesel. In particular, when a high proportion of ethanol or a high total addition ratio of ethanol and
biodiesel is added, the injection rate shows considerable changes in terms of timing advance, duration, peak
rate, and even the shape of the injection rate curve. Changes in injection characteristics inevitably lead
to alterations in in-cylinder combustion, providing the possibility of optimizing diesel engine combustion
and emissions.

3 Simulation Study on Injection Characteristics of Blended Fuels
3.1 Simulation Model Establishment

A simulation model was established based on the principles of the fuel injection system of a certain type
of high-power marine diesel engine and the structural components of the high-pressure oil pump (including
the cam, plunger, spring, inlet, and outlet oil ports) and injector (needle valve, spring, and nozzle), following
reasonable physical abstraction. The simulation model is illustrated in Fig. 11.

- |Nozzle_Leak

injector EX

s

Nozzle_Chamber
I I Needle

SacﬁOrificte‘@13

[7 Nozzle_Bore

I

"% Conn__Volume

high pressure Line
injection system

Constant volume oil Dit#| Orifice
Delivery_valve 4

r=e

s Valve_Chamber

@ Delivery_Valve
A

Fes ump_Chamber
Pump iI—F—l

A
1
—
i
Spill_Port hfz ﬁ

Feed_Pressure

I 3

kage

Figure 11: Fuel system simulation model
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The parameter inputs for the unsteady state flow calculation model of the injection system were based
on the actual system parameter values to ensure that the simulated results closely reflected the real pressure
field within the injection system.

Table 2 lists the main physical and chemical properties of -10# diesel, ethanol, and biodiesel, and Table 3
lists the parameters of the diesel engine injection system.

Table 3: Spray system parameters

Parameter Value
Rated power and 520 kW
Rated speed 2050 rpm
Fuel consumption 208 g/kW-h
Cycle fuel injection quantity 0.147 g
Number of spray holes x aperture size 4 x 0.4 mm
Low-pressure fuel pressure 0.35-0.4 MPa
injection pressure 20 + 0.8 MPa
Needle valve large/small end diameter 6/3.5 mm
Needle valve spring 150 N/mm
Spring preload force 410 N
Inner diameter of inclined oil passage 2.2 mm
Cam (tangent type) lift 11 mm
Oil adjustment method End point adjustment type
Piston diameter/oblique angle 12 mm/36°
Piston spring/outlet valve spring 22 N/m
Diameter of oil outlet valve 8 mm
Oil outlet valve chamber volume 900 mm’

Decompression chamber volume 140 mm’
Piston sleeve return oil hole 3.4 mm x 2
Pre stroke and effective stroke of plunger

. ) Simulation determination
Diameter of the throttle hole of the oil outlet valve

3.2 Validation of the Simulation Model

Fuel injection rate tests were performed to verify the accuracy of the simulation model. A schematic of
the test bench setup is shown in Fig. 4.

3.2.1 Validation of Injection Quantity

In the simulation, the fuel was set to standard diesel, and the diesel engine speed was set to 2050 rpm. The
pre-stroke of the plunger was set to 7.5 mm and the effective stroke to 2.42 mm. The throttle-orifice diameter
of the outlet valve was set to 0.8 mm (with the flow cross-sectional area of the throttle orifice equal to the
total flow cross-sectional area of the injector nozzles). The cycle injection quantity was 147 mg under these
conditions. In the experiment, -10# diesel was used, with the motor speed set to 1025 rpm. The high-pressure
oil pump throttle position was maintained at the maximum, and the high-pressure pump was connected to
an external air pressure of 1.3 bar (simulating the intake pipe pressure after the diesel engine intercooler).
The measured injection quantity under these conditions was 146.9 mg.
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3.2.2 Validation of Injection Rate

The simulated and measured injection rate curves are shown in Fig. 12.
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Figure 12: Comparison of the simulation and experimental fuel injection rates

As shown in Fig. 12, the shapes of the simulated and measured injection rate curves showed good
agreement. For the same injection quantity, the simulated and measured injection durations were completely
consistent. Both the simulated and measured injection rates exhibited an apparent decrease in the initial
phase. However, the initial rise and fall amplitudes of the simulated injection rate were smaller. In the
later phase of the injection, both the simulated and measured injection rates exhibited an increasing trend;
however, the measured injection rate exhibited a sharper decline.

The high accuracy of the simulation model was confirmed through validation tests, making it suitable
for simulating the injection characteristics of this type of diesel engine.

3.3 Effects of Fuel Properties on Injection Parameters

By maintaining the simulation parameters constant, the effects of different fuels (diesel, biodiesel, and
ethanol) on the diesel engine injection parameters were analyzed. Comparisons of the Sauter mean diameter,
spray cone angles, and penetration distances are shown in Figs. 13-15, respectively.

As shown in Fig. 13, the Sauter mean diameter of biodiesel was slightly smaller than that of diesel,
whereas the Sauter mean diameter of ethanol was significantly smaller than those of the other two fuels. This
is mainly because ethanol has a lower kinematic viscosity (1.15 mm?/s at 20°C) and surface tension compared
to biodiesel (5 mm?/s at 20°C) and diesel (3.8 mm?/s at 20°C). The weaker intermolecular forces in ethanol
render the particles more prone to breaking and evaporation, leading to a reduction in the Sauter mean
diameter. Thus, adding ethanol is beneficial for improving spray atomization.

As shown in Fig. 14, the spray cone angle of biodiesel was slightly smaller than that of diesel, whereas
the spray cone angle of ethanol was significantly larger than those of the other two fuels. This is mainly due
to the lower viscosity and density of ethanol.
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Figure 15: Comparison of penetration distances

From Fig. 15, it can be observed that the spray penetration distance of biodiesel was slightly greater than
that of diesel in the early stage of injection because of the higher injection rate; however, they overlapped
later as their injection rates converged. The spray penetration distance of ethanol was significantly shorter
than that of the other two. This is primarily because compared with biodiesel and diesel, ethanol has a lower
density and flow resistance coefficient combined with a much lower injection quantity and injection rate.



Fluid Dyn Mater Process. 2025;21(7) 1767

Overall, as shown in Figs. 13-15, the effect of adding the same proportion of ethanol on the injection
parameters of the diesel engine was greater than that of adding the same proportion of biodiesel.

3.4 Effects of Fuel Properties on Component Leakage

Viscosity is the property of a fluid that manifests as internal frictional resistance to the relative motion
between fluid molecules during flow. At the same working pressure, excessively high viscosity increases the
motion resistance of various components, accelerates temperature increase, reduces the self-priming ability
of the pump, and increases pressure drop in the pipelines and power loss. Conversely, an excessively low
viscosity increases the volumetric loss of the pump and reduces the supporting force of the oil film, potentially
causing dry friction between the friction pairs. Therefore, under the given operating conditions, the blended
fuels must have an appropriate viscosity range for the fuel-injection system. Typically, the leakage volume
and shear stress on the clearance components can be calculated using the following equations [20]:

zPin - Pout (Ré - R;) _ (Rb + RP) (Rz - R;) " RbRP (R127 - R;)

T L 4 3 2
2R, - R v
n(vb—vp) gﬁ—Rl, (Rb +Rp) + vy (Rﬁ—Rf,)
RypLgap (vo = vp)
Fopear_p = MRy (Pin = Pout) (Rp = Rp) + 27 ()

Ry, —-R,

where the first term in Eq. (1) represents the value generated due to the pressure difference, and the second
term represents the value generated due to relative motion between the components; Q is the leakage volume;
Lyap is the sealing length of the component; R, and R; are the radii of the plunger and the pump body,
respectively; P;, and P, are the fuel pressures in the chamber and the return chamber; V, is the pump body
motion speed (0 m/s); V,, is the plunger motion speed; u is the dynamic viscosity of the fluid; Fyear p is the
viscous shear stress on the plunger.

Egs. (1) and (2) show that the leakage volume in the clearance is negatively correlated with the fuel
viscosity, whereas the shear stress on the components is positively correlated with the fuel viscosity.

By maintaining the simulation parameters constant, changing the fuel type (altering the physical
properties of the fuel) alters the component clearance leakage volume, as shown in Fig. 16.
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Figure 16: Comparison of fuel leakages during plunger coupling
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As shown in Fig. 16, the leakage volume increased as fuel viscosity decreased. For instance, the
component leakage volume when using ethanol was approximately 2.5 times higher than when using diesel,
while the component leakage volume when using biodiesel was similar to that using diesel. In other words,
the volumetric efficiency of the high-pressure oil pump decreased with decreasing fuel viscosity.

It can be observed from Fig. 17 that the shear force on the plunger decreased as fuel viscosity decreased.
The shear force on the plunger when using ethanol was approximately one-third of that with diesel, while
the shear force when using biodiesel was nearly the same as with diesel. To prevent adhesive wear, abrasive
wear, and other performance degradation under the high-speed operating conditions of the high-pressure
oil pump, it is essential to ensure proper lubrication by maintaining an appropriate fuel viscosity. Therefore,
the ethanol mixing ratio in blended fuels should not be too high.
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Figure 17: Comparison of shear forces on the piston

4 Conclusions

This study investigated the effects of ethanol-biodiesel-diesel blend ratios on the fuel injection quantity
and injection rate in diesel engines through experimental research. Additionally, simulations were conducted
to study the effects of these blend ratios on diesel engine spray characteristics. The findings are summarized
as follows:

(1)  The blending of biodiesel and ethanol affected all injection characteristic parameters, with ethanol
having a stronger impact on the injection characteristics of the blended fuel than biodiesel.

(2)  With the addition of ethanol, the viscosity of the blended fuel decreased. While the changes in
the penetration distance and Sauter mean diameter were minimal, the spray cone angle increased
significantly. This may deteriorate the matching characteristics of the “fuel-air-chamber” in the original
engine. Considering the cetane number and other comprehensive parameters of ethanol, the ethanol
blending ratio should not exceed 30%.

(3)  As the biodiesel content increased, the viscosity of the blended fuel increased. The changes in the
penetration distance and spray cone angle were insignificant, whereas the Sauter mean diameter
increased slightly. The matching characteristics of the “fuel-air-chamber” of the diesel engine did not
change significantly, but the fuel atomization quality deteriorated slightly.

(4)  As the ethanol blending ratio increased, the leakage volume of the fuel system components increased
significantly. To ensure proper lubrication of the fuel system components, the ethanol blending ratio
in the mixed fuel should not be excessively high.

In summary, a high proportion of ethanol is not recommended when blended fuels are used in diesel
engines. Furthermore, it is necessary to add an appropriate amount of biodiesel to ensure good miscibility
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between ethanol and diesel and to ensure that the viscosity and other physical properties of the blended
fuel are roughly equivalent to those of diesel. The biodiesel addition ratio should not exceed 20% or that of
ethanol. The addition of an appropriate amount of biodiesel helps maintain good spray characteristics and
lubrication properties comparable to diesel, ensuring good atomization and “fuel-air-chamber” matching.
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