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ABSTRACT: Modifications in fuel spray characteristics fundamentally influence fuel-air mixing dynamics
in diesel engines, thereby significantly affecting combustion performance and emission profiles. This study
explores the operational behavior of RP-5 aviation kerosene/diesel blended fuels in marine diesel engines.
A spray visualization platform based on Mie scattering technology was developed to comparatively analyze
the spray characteristics, ignition behavior, and soot emissions of RP-5 aviation kerosene, conventional-35#
diesel, and their blends at varying mixing ratios (D100H0, D90H10, D70H30, D50H50, D30H70, DOH100).
The findings demonstrate that, under constant injection pressure, aviation kerosene combustion results in a
more uniform temperature field, characterized by lower core flame temperatures, broader high-temperature
regions, and reduced soot concentrations with spatially homogeneous distribution and no pronounced peaks.
In terms of spray dynamics, increasing the proportion of aviation kerosene leads to a marked widening
of the spray cone angle. Meanwhile, spray penetration length exhibits a non-monotonic trend—initially
decreasing and subsequently increasing—as the kerosene blending ratio rises.
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1 Introduction

In recent years, with the advancement of battlefield fuel unification and Unmanned Aerial
Vehicle (UVA) Technology, research on the application of aviation kerosene in piston engines has
increased significantly [1]. Since the 1960s, the U.S. Army has conducted feasibility studies on
using jet fuel (military aviation fuel designated as JP-8 in the U.S. and allied nations [2]) as diesel
engine fuel [3-5].

Pickett [6], Lee [7], and others discovered that JP-8 aviation kerosene has lower density, shorter
spray penetration, and larger spray cone angle compared to diesel. These properties may reduce
combustion efficiency and exacerbate HC emissions in diesel engines. Bayindir et al. [8] directly
applied JP-8 aviation kerosene in diesel engines but observed severe wear issues in fuel injection
systems due to its low viscosity and density, along with significant cycle-to-cycle variations under
engine operating conditions. Kook et al. [9] compared the spray and combustion characteristics
of diesel and JP-8 in a constant-volume combustion chamber, revealing similar spray penetration
distances but longer ignition delays for aviation kerosene due to its lower cetane number.
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Recently, Extensive research has conducted on research on RP-3 aviation kerosene applications
in diesel engines, revealing substantial differences in spray, ignition, combustion, and emission
characteristics compared to foreign aviation fuels like JP-8 [10]. Zhang et al. [11] calculated
auto-ignition points and ignition delay times for RP-3 under low-pressure conditions. Shi et al. [12]
investigated spray ignition characteristics of RP-3/No. 0 diesel blends at low ambient temperatures
using Mie scattering and direct photography, demonstrating that such blended fuels (wide-cut
fuels [13]) improve cold-start performance.

Liu et al. [14] conducted combustion experiments in shock tubes and constant-volume
combustion chambers to characterize RP-3 properties, developing a novel surrogate fuel.
Wang et al. [15] studied the spray, combustion, and engine performance of RP-3 in diesel engines,
revealing increased spray cone angles, reduced penetration distances, and decreased Sauter Mean
Diameter (SMD), indicating enhanced atomization quality [16]. This supports RP-3’s viability as an
emergency alternative fuel for heavy-duty vehicles.

While existing literature indicates considerable global research on fuel standardization,
fundamental investigations specifically targeting the spray, ignition, combustion, and emission
properties of RP-5 aviation kerosene/diesel blended fuels are limited. This study utilizes an
electrically-heated constant volume combustion vessel to examine the ignition, soot production, and
spray characteristics of RP-5/diesel blends. The combination of RP-5 jet fuel’s high volatility with
-35# diesel’s enhanced low-temperature flow properties markedly improves cold-start capability
and combustion efficiency in marine engines. Additionally, the blend’s lower carbon content
reduces smoke emissions. These outcomes provide theoretical support and optimization strategies
for subsequent analysis of RP-5/diesel blend combustion and emission performance in unmodified
diesel engines.

2 Experimental Setup and Methodology
2.1 Experimental Platform

The study was conducted on a fuel spray characterization test rig. The experimental apparatus
comprises a constant-volume combustion chamber (CVCC) system, fuel supply system, control
system, illumination source, and image acquisition/processing system. The complete test system is
shown in Fig. 1.

As depicted in Fig. 1, the constant-volume combustion chamber (CVCC) incorporates a
cylindrical cavity with electrical heating elements integrated into its base. Laterally positioned gas
exchange ports connect the intake manifold to a high-pressure gas supply, regulated by pneumatic
solenoid valves for chamber pressure control. A transient pressure sensor (e.g., Kistler 601C)
and K-type thermocouple are mounted within the cavity to record pressure and temperature
during experiments, achieving measurement accuracies of 0.1 MPa and £1°C, respectively,
across all test conditions. The chamber maintains high-temperature /high-pressure environments
(300-900 K; 0.1-10 MPa) through high-power electrical heating, demonstrating exceptional thermal
homogeneity (>95%), operational stability (£0.5% fluctuation), and repeatability (RSD < 1.5%) [17].
Spray development, combustion events, and soot formation captured by high-speed cameras
(e.g., Phantom) are processed using MATLAB algorithms [18], with simultaneous quantification of
macroscopic spray characteristics through parametric image analysis.
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Figure 1: Constant-volume combustion chamber (CVCC) test system. 1—High-Pressure Common
Rail; 2—Fuel Pump; 3—Fuel Tank; 4—Motor; 5—High-Pressure Gas Cylinder; 6—Intake and Exhaust
Control System; 7—Signal Trigger Channel; 8—Data Acquisition Channel; 9—Gas Channel; 10—Injector;
11—Constant Volume Chamber; 12—LED Light; 13—High-Speed Camera; 14—Computer; 15—Timing
Synchronization Microprocessor.

The technical specifications of major components in the fuel spray characterization test platform
are listed in Table 1.

Table 1: The technical specifications of major components in the fuel spray characterization test platform.

Component Technical Parameter

Bore: 320 mm; Volume: 32 L; Viewport: 220 x 110 mm; Max Temp: <1000 K;

Constant-Volume Chamber Max Pressure: <20 MPa

Optical Viewport Sapphire Glass
High-Speed Camera Photron Fastcam SA-X2; Telecentric lens
Ambient Gas Nj; Air
LED Light Source SH-100D-W
High-Pressure Common Rail Pressure Range: 40-200 MPa; Accuracy: 0.1 MPa

2.2 Experimental Scheme

The experiment employed aviation kerosene RP-5 and -35# diesel as base fuels, with their
physicochemical properties presented in Table 2.

Table 2: Key physicochemical properties of RP-5 aviation kerosene and -35# diesel.

Parameter RP-5 Aviation Kerosene -35# Diesel
Density p (kg/m?, 20°C) 811.7 820-850
Kinematic Viscosity v (m?/s, 20°C) 2115 3.8
Cetane Number 46.5 >51
Net Heating Value (M]/kg) 43.51 42-44
Surface Tension (N/m, 40°C) 22.6 25-35
Latent Heat of Vaporization (K] /kg) 427.6 250-300

Oxygen Content (%) 7.31 0
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Blends of -35# diesel and RP-5 aviation kerosene were prepared at volumetric fractions of

0%, 10%, 30%, 50%, 70%, and 100% kerosene, designated as D100H0, D90H10, D70H30, DS0H50,
D30H70, and DOH100, respectively. Spray characterization employed a high-pressure common-rail

fuel injection system representative of marine diesel engines, with the experimental matrix detailed

in Table 3.
Table 3: Experimental scheme.
Parameter Value
Number of Nozzle Holes 7
Nozzle Hole Diameter (mm) 0.31
Injection Duration (ms) 2
Injection Pressure (MPa) 80, 100, 120
Ambient Density (kg-m*3) 15,20
Ambient Temperature (K) 300 (Cold), 800 (Hot)

3 Ignition and Soot Characteristics Analysis

3.1 Ignition Characteristics

Fig. 2 depicts combustion flame temperature and flow field distributions under the following

test parameters: 2 ms injection pulse width, 800 K ambient temperature, 4.85 MPa back pressure
(20kg/ m?3 density), and varied injection pressures (80/100/120 MPa). The temperature color scale
(K) is positioned at right.

(1)

(2)

Fig. 2 reveals the following observations:

Combustion images of diesel and aviation kerosene exhibit consistent variation patterns across
different injection pressures. Diesel combustion displays distinct thermal stratification, with
higher temperatures concentrated in narrow flame cores predominantly located downstream of
the spray. This results from diesel’s elevated cetane number enhancing auto-ignition propensity,
promoting intense combustion. Concurrently, its heavier distillation range reduces evaporation
rates, causing non-uniform fuel-air mixing.

RP-5 aviation kerosene combustion exhibits improved temperature homogeneity, with lower
peak temperatures in the flame core and broader high-temperature zones. Given the established
mechanism where high-temperature oxygen-rich conditions promote NOy formation, RP-5s
extended high-temperature distribution potentially elevates NOy emissions in practical
applications. This behavior results from kerosene’s rapid evaporation rate enhancing fuel-air
mixing, establishing quasi-premixed combustion. Additionally, its low aromaticity suppresses
localized high-temperature region formation.
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Figure 2: Temperature flow field diagram of aviation kerosene and diesel flame area.

3.2 Soot Characterization and Analysis

Fig. 3 presents KL factor distributions for aviation kerosene and diesel, with the KL scale

positioned at right [19].

(1)

)

Key observations from Fig. 3:

Aviation kerosene exhibits lower soot concentrations with a more uniform distribution and
no distinct peaks. This is primarily attributed to its fuel characteristics: a predominance
of paraffinic hydrocarbons, low aromatic content, lower viscosity, lower boiling point, and
reduced surface tension. These properties result in finer, more uniformly distributed droplets
during atomization, achieving a larger spray surface area. Additionally, aviation kerosene
demonstrates superior ligament formation, evaporation, atomization, and spray dispersion
capabilities compared to diesel, evidenced by a wider spray cone angle and greater penetration
distance. This promotes thorough fuel-air mixing, effectively suppressing the formation of
soot precursors.

Diesel fuel exhibits significantly higher soot concentrations with a non-uniform distribution,
featuring localized zones of elevated concentration. This is primarily due to its high aromatic
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hydrocarbon content, which is prone to pyrolysis under high-temperature, oxygen-deficient
conditions and subsequent conversion into soot. Concurrently, diesel’s higher surface tension
impedes atomization compared to aviation kerosene. This, poorer atomization coupled with
localized inhomogeneous fuel-air mixing, exacerbates soot formation.
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Figure 3: KL factor distribution of aviation kerosene and diesel.

4 Spray Characteristics Analysis
4.1 Effect of Blend Ratio on Spray Penetration
Fig. 4 shows the spray penetration distance curve changes of fuels with different blend

ratios under the conditions of spray pulse width of 2 ms, spray hole diameter of 0.31 mm, and
environmental densities of 15 kg-m > and 20 kg-m 3.
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Figure 4: Variation of spray penetration curves with blend ratios.

As evidenced in Fig. 4:

2533

Under constant ambient density and injection pressure conditions, the spray penetration

of blended fuels consistently exceeds that of pure diesel and aviation kerosene under hot
conditions. This discrepancy arises due to the higher viscosity of the fuels under cold
conditions, which is substantially greater than that of pure diesel and aviation kerosene
under elevated temperatures. The high-viscosity blended fuels generate droplets with greater
initial momentum during the primary atomization stage and are more prone to maintaining a
continuous liquid core. Conversely, under hot conditions, the abrupt decrease in fuel viscosity
and enhanced volatility lead to rapid droplet evaporation and dispersion, accompanied by a
swift loss of momentum, resulting in markedly reduced penetration. Consequently, the spray
penetration of blended fuels under cold conditions surpasses that of pure diesel and aviation
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kerosene under hot conditions. Additionally, owing to its lower latent heat of vaporization,
viscosity, and surface tension, aviation kerosene is more susceptible to thermal breakup
and atomization, experiencing a more pronounced reduction in penetration. As a result, its
penetration under hot conditions becomes shorter than that of diesel.

(2) The spray penetration of diesel-jet fuel blends exhibits a “decrease followed by an increase”
trend with increasing jet fuel blending ratio. Specifically: At an ambient density of 15 kg/m3
and an injection pressure of 80 MPa, the spray penetration decreases by 3.9% as the jet fuel
ratio increases from 0% to 30%, but increases by 4.8% as the ratio further rises from 50% to
100%. At injection pressures of 100 MPa and 120 MPa, the spray penetration decreases by
0.69% and 6.5%, respectively, over the 0% to 30% jet fuel ratio range, while it increases by
7.2% and 5.8%, respectively, over the 50% to 100% range. At an ambient density of 20 kg/m?,
the spray penetration is slightly reduced compared to the value at 15 kg/m?, although this
reduction is not significant. This minor decrease occurs because increasing ambient density
raises the injection resistance, thereby shortening the penetration distance; however, at higher
injection pressures, this increase in injection resistance does not lead to a significant reduction
in penetration distance. Similarly, at an ambient density of 20 kg/m?, the spray penetration of
the blended fuels also exhibits the “decrease followed by an increase” trend with increasing jet
fuel blending ratio.

Similarly, at an ambient density of 20 kg/ m?3, the spray penetration of the blended fuel first
decreases and then increases with a higher proportion of aviation kerosene. This non-monotonic
trend stems from the distinct physicochemical properties of diesel and aviation kerosene. As
indicated by Eq. (1) [20,21], aviation kerosene exhibits lower density and viscosity, resulting
in reduced flow resistance loss, greater momentum in the fuel jet, and higher injection velocity
compared to diesel. As injection pressure rises, the lower density of aviation kerosene leads to a
more pronounced increase in injection velocity under elevated pressure conditions.

v = de / ZiP,Cd = flow coefficient, AP = fuel injection pressure difference, p = fuel density (1)

When the proportion of aviation kerosene exceeds 50%, the continued reduction in diesel content
leads to a further decline in the viscosity of the blended fuel. This lower viscosity effectively reduces
flow resistance at the nozzle, approaching the ideal flow characteristics of pure aviation kerosene. As
a result, the kinetic energy conversion efficiency during injection improves, leading to an increase in
injection velocity. Concurrently, the higher kerosene ratio reduces the density of the blended fuel,
which, according to Eq. (1), further elevates the injection velocity. Under the combined effect of these
factors, the droplet momentum of the fuel spray is significantly enhanced, resulting in a noticeable
increase in spray penetration. This stronger spray promotes a more intense velocity field near the
jet and enhances vortex formation in the near-wall region, thereby improving air entrainment and
fuel-air mixing quality, which contributes to more efficient combustion.
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4.2 Effect of Blend Ratio on Spray Cone Angle
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Fig. 5 illustrates the variations in spray cone angle curves for different blending ratios of
-35# diesel and aviation kerosene under conditions of 2 ms injection pulse width, 0.31 mm nozzle
diameter, and ambient densities of 15 kg/m? and 20 kg/m?.
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Figure 5: Variation of spray cone angle curves at different blend ratios.
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As shown in Fig. 5:

(1) Under cold conditions, with constant ambient density and injection pressure, the spray cone
angle of the blended fuel increases with a higher aviation kerosene blending ratio. This is
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primarily due to the reduced viscosity, lower surface tension, and decreased density of the
blend as kerosene content rises, which collectively enhance atomization and increase injection
velocity. Moreover, the lower viscosity promotes cavitation within the nozzle, intensifying
turbulent disturbances at the exit and further improving atomization. This facilitates droplet
dispersion and leads to a wider spray cone angle. These factors also contribute to a broader
distribution of high-temperature zones in the cylinder during aviation kerosene combustion,
as illustrated in Fig. 2. Ultimately, the combined effects result in a significant increase in the
spray cone angle—by approximately 3.5°—with rising aviation kerosene content.

Under hot conditions, the spray cone angle of aviation kerosene is significantly larger than
that of diesel. This is attributed to its lower viscosity, reduced surface tension, and smaller
latent heat of vaporization compared to diesel. These properties promote the formation of
finer droplets under high-temperature conditions, enhance momentum exchange with the
ambient air, and facilitate more pronounced radial expansion of the spray—thereby increasing
the spray cone angle.

As the injection pressure increases, the spray cone angles of both diesel and aviation kerosene
exhibit a corresponding expansion. This trend results from the elevated injection velocity at
higher pressures (ranging from 80 MPa to 120 MPa), which intensifies turbulent kinetic energy
in the spray jet. The enhanced turbulence promotes interaction between the fuel droplets and
the ambient air, facilitating greater radial dispersion and consequently leading to an increase
in the spray cone angle.

5 Conclusions

A comparative study of RP-5 aviation kerosene and -35# diesel reveals notable differences in

ignition behavior, soot formation, and spray characteristics. Further investigation into their blended
fuels demonstrates significant variations in spray penetration and droplet dispersion patterns.
These distinctions in spray attributes stem from fundamental differences in the physicochemical

properties between aviation kerosene and diesel. Moreover, the blending ratio of aviation kerosene

exerts a far more pronounced influence on the spray cone angle than on the spray penetration.

(1)

(2)

®)

Under identical injection pressure conditions, aviation kerosene exhibits a more uniform
temperature distribution during combustion, with a lower flame core temperature and a
broader high-temperature region. Significant differences are observed in the KL distributions
between aviation kerosene and diesel: the former shows lower soot concentration, more
uniform dispersion, and the absence of distinct peak values. Owing to substantial differences
in physicochemical properties, the spray characteristics of the two fuels differ markedly.
Furthermore, the blending ratio of aviation kerosene has a more pronounced influence on the
spray cone angle than on the spray penetration.

Under cold conditions with an injection duration of 2 ms, a nozzle orifice diameter of 0.31 mm,
and ambient densities of 15 and 20 kg/m?, the spray cone angle of aviation kerosene is
significantly larger than that of diesel under both cold and hot conditions. Moreover, as the
injection pressure increases from 80 MPa to 120 MPa, the spray cone angles of both diesel and
aviation kerosene show a consistent increasing trend.

As the aviation kerosene blending ratio increases and injection pressure rises from 80 MPa to
120 MPa, the spray penetration of the blended fuel exhibits an initial decrease followed by an
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increase under both ambient densities of 15 and 20 kg/m?. Meanwhile, the spray cone angle
increases progressively with higher kerosene content.
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