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Abstract. This study investigates the influence of altitude and injection pressure on diesel fuel
spray characteristics, aiming to optimize diesel usage in high-altitude conditions. Experiments were
conducted at three altitude levels (plains, 1670 m, and 2400 m) with corresponding atmospheric
pressures and temperatures, alongside six injection pressures ranging from 50 MPa to 100 MPa.
The investigation focused on key spray parameters: equivalence ratio, spray penetration velocity,
turbulence kinetic energy, evaporation rate, spray penetration distance, and Sauter Mean Diameter
(SMD). Findings indicate that increased injection pressure enhances spray penetration velocity,
evaporation rate, and turbulence kinetic energy, while reducing SMD, irrespective of altitude.
Conversely, higher altitudes were associated with increased spray penetration speed, larger SMD,
decreased evaporation rate, increased turbulence, and a higher equivalence ratio. The study
concludes that both altitude and injection pressure significantly impact diesel spray characteristics,
providing essential theoretical support for the application and optimization of diesel fuels in varied
altitude conditions.

Annomayus. PaccMarpuBaeTcs BIUsSHUE BBICOTHI HaJl ypOBHEM MOpS U JJaBJIEHUs BIPbICKA Ha
XapaKTEePUCTUKH PaCIbLICHUS AU3EJIbHOTO TOIUIMBA C LENbI0 €10 ONTUMU3ALUU JJI UCIIOJIb30BaHUS
B BBICOKOTOPHBIX YCJIOBUSAX. DKCHEPUMEHThI ObUIM MPOBEAECHBI HA TPEX Pa3IUYHBIX BBICOTaX: Ha
paBHMHe, Ha BbicoTe 1670 M u 2400 M, mpU COOTBETCTBYIOUIMX H3MEHEHHAX aTMOC(EpHOTro
JaBJICHUS. M TEMIIepaTyphl, a TAKKe MPH PA3IUYHBIX JaBJIECHUSIX BIPBICKA, BaPbUPYIOLIMXCS OT
50 no 100 MIIa. OcHOBHOE BHMMAaHHE B HCCJIEIOBAaHMM OBLIO YJEJIEHO KIIOYEBBIM IapaMeTpam
pacnbUIeHMs], TaKUM Kak KO3((UUIHEHT 3KBHUBAJIEHTHOCTH, CKOPOCTb MPOHUKHOBEHHS a’pO30Jid,
KUHETHYECKasi DSHEprusi TypOyIEeHTHOCTH, CKOPOCTh HCIApEHUs, JNalbHOCTh IPOHUKHOBEHUS
pacnbuieHus U cpenHuii nuametp Cayrepa (SMD). AHanu3 1omydeHHBIX pe3yabTaToB MOKA3bIBAET,
YTO IMOBBIIIEHUE JABJIEHUS BIIPHICKA CIOCOOCTBYET YBEIMUEHHUIO CKOPOCTH MMPOHUKHOBEHUS
a’p030J1s, CKOPOCTH UCHAPEHUsI U KUHETUYECKON SHEPTUU TypOyJIEeHTHOCTH, IIPH ATOM MPOUCXOIUT
yMmeHblieHne SMD, He3aBUCHMO OT BBICOTBHI HaJ ypOBHEM Mops. B cBow ouepenp, yBeIMUeHHE
BBICOTBHI IPUBOJUT K POCTY CKOPOCTH IPOHUKHOBEHMS a’po3osii U1 SMD, CHHXKEHHMIO CKOPOCTH
UCHApEHHUs, YCUJICHUIO TYpOYIEHTHOCTH U MOBBIILIEHUIO KO3(PPHUIIMEHTa SKBUBAJIEHTHOCTU. Takum
o0Opa3oM, HccieloBaHHE MOATBEPXKAAET 3HAUYUTENIbHOE BIMSHUE BBICOTHI M JABJICHUS BIPbHICKA Ha
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XapaKTEePUCTUKH PACIBUICHUS JU3EIbHOIO TOIUIMBA, YTO MPEAOCTaBISET BaXHYIO TEOPETUYECKYIO
OCHOBY JUIsI €M0 IPUMEHEHHUS U ONITUMHU3ALUU B YCIOBUSAX Pa3IMYHON BHICOTHI HAJl yDOBHEM MODSL.

Keywords: diesel fuel, high altitude, spray characteristics.
Knrouesvle cnosa: mu3enbHOE TOILIUBO, OONBIIAS BBICOTA, XapAKTEPUCTUKH PACTIBLICHHS.

The operation of diesel engines within these elevated terrains is notably impacted by reduced
atmospheric pressure, leading to lower oxygen availability. This phenomenon adversely affects
diesel combustion processes, resulting in decreased engine power and fuel efficiency, alongside
increased thermal loads and emissions of carbon dioxide and particulate matter. Meanwhile, the
diminished oxygen levels at high altitudes lead to incomplete fuel combustion in diesel engines,
directly contributing to reduced operational efficiency and elevated pollutant emissions. These
effects pose significant environmental and health risks, particularly in China, where high-altitude
territories are extensive. The challenges are multi-faceted, impacting transportation, industrial
activities, and contributing to broader environmental degradation concerns.

Addressing these issues requires focused research and development towards optimizing diesel
engine performance under low-oxygen conditions. Innovations in engine design, fuel technology,
and emissions reduction are critical for mitigating the adverse effects of high-altitude operations.

H. Xie conducted an experimental study on the macroscopic spray characteristics of biodiesel
and diesel in a constant volume chamber. The results demonstrated that ambient pressure and
injection pressure significantly influenced the spray characteristics [1]. J. Fu explored the effect of
injection pressure on the spray characteristics of biodiesel [2]. L. Jiang shows interest in the
numerical simulation of biodiesel injection characteristics [3]. F. Xie explored the impact of
injection pressure on fuel spray dynamics and fuel-air mixing properties [4]. D. Han investigated
both macroscopic and microscopic injection characteristics of fatty acid esters in common rail
injection systems, establishing a foundation for subsequent research [5]. Focusing on diesel/PODE
hybrid fuel, C.Shi conducted experimental studies on both macroscopic and microscopic spray
characteristics [6]. S.Guo conducted an experimental study on the correlation between structural
parameters and injection characteristics of electronically controlled injectors for diesel engines [7].
B. Chen conducted research on the impact of varying fuel spray characteristics at high altitudes [8].
Y.Chen studied the AVL Fire's automotive cyclone exhaust [9]. F. Chen carried out a simulation
study on the in-cylinder concentration field of a stratified lean combustion GDI engine [10]. Hwang
J conducted a series of diesel spray combustion tests in a fixed-capacity combustion cartridge, at an
injection pressure of 35 MPa and a fuel temperature range of 243 K to 313 K. The investigation
focused on the effect of fuel temperature on spray and combustion characteristics[11].

However, the existing studies on diesel engine spray characteristics at high altitudes lack clear
quantitative analysis, and the parameters set for the in-cylinder environment do not reflect the actual
high-altitude thermal boundaries, thus failing to meet the demands for understanding spray
characteristics in the unique plateau environment. Working at high altitudes, diesel engines exhibit
issues such as reduced power, deteriorated atomization performance, and increased heat load.
Therefore, an in-depth examination of diesel fuel spray characteristics at high altitudes is crucial for
the widespread application of diesel engines.

Based on these, we conduct mechanistic studies on diesel spray characteristics across varying
ambient backpressures, temperatures, and injection pressures. Utilizing software simulations to
model diesel spray behavior under these diverse conditions, we then distill the governing principles
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of diesel spray dynamics, offering vital theoretical support and a reference framework for utilizing
diesel fuel in high-altitude applications.

Unit Description for Simulation

In the AVL Fire software, the ToPology module constructs the simulation model of the fixed-
volume bomb. A cylinder, measuring 100 mm in diameter and 180 mm in height, is designed with
the specified data, setting the grid count to 320,000, as depicted in Figure 1. To avoid grid
interference and data inaccuracy in the simulation, this study positions the model’s upper surface
center directly below the injector nozzle outlet. This placement centralizes the diesel fuel mist spray
along the cylinder axis, enhancing data collection and analysis. This study employs a model with a
single-hole nozzle, featuring a spray hole diameter of 0.00016 m, specifically designed for the
diesel fuel injector.

Figure 1. Tolerance bomb simulation model

1. The turbulence model used in the AVL Fire software is detailed below, (1) k-€ model:

k-¢ model is classified as a double-equation model, falling under the category of semi-
empirical equations based on the Boussinesq assumption. It boasts rapid computation speeds, high
stability, and modest computational demands, making it widely utilized in current
applications.Equation 1 and 2 are the fundamental equation as follows,

dk ok (1)
pa—p(P )+—[( Gk)5xf]
d ou o¢ (2)
e CUR kajc )k+ax—[< ak)(sxf]

Where k represents the kinetic energy magnitude during turbulence, while ¢ signifies the
turbulent energy dissipation rate. The turbulent pulsation length and time scale are intricately linked
to k and €. A higher k results in a larger time scale and turbulent pulsation length. Conversely, a
larger € reduces the time scale and turbulent pulsation length (2) k-zeta-f model.

k-zeta-f model belongs to one of the four-equation models and it is based on k-&¢ model. The
four-equation model boasts improved accuracy and enhanced stability, yet its computation time is
extended when compared to the k-¢ model. It can be descriped as,
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Where k denotes the value of kinetic energy during turbulent flow; € represents the rate of
turbulent energy dissipation; { is a standardized value of velocity; L is the length during turbulence;
f is the elliptic relaxation function; and T is the turbulence time.

2. Boundary and initial conditions:

In this study, calculations for the fixed-volume bomb simulation model are performed across
three distinct altitude environments. Boundary conditions are established such that the set
temperature boundaries match the surrounding and upper and lower wall surfaces of the model,
with temperatures set at 850 K, 8§72 K, and 860 K.

Moreover, this study exclusively investigates the spray characteristics of diesel fuel at high
altitudes. The fixed-capacity bomb model is filled with nitrogen to reduce the internal oxygen
concentration to zero, aiming to eliminate interference from processes like combustion on the final
results.

3. Required parameters:

This study simulates the spray characteristics of diesel fuel at high altitudes, focusing on
examining the impacts of three sets of in-cylinder temperatures, six sets of injection pressures, and
three sets of ambient back pressures on diesel fuel's spray characteristics. The working condition
values utilized in this study are detailed in Table 1.

Table 1
SIMULATED WORKING CONDITIONS
Working conditions Environmental Environmental Injection pressure Altitude (m)
backpressure (MPa) temperature (K) (MPa)
condition 1 4.85 872 50 plain
condition 2 4.85 872 60 plain
condition 3 4.85 872 70 plain
condition 4 4.85 872 80 plain
condition 5 4.85 872 90 plain
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Working conditions Environmental Environmental Injection pressure Altitude (m)
backpressure (MPa) temperature (K) (MPa)
condition 6 4.85 872 100 plain
condition 7 4.35 860 50 1670
condition 8 4.35 860 60 1670
condition 9 4.35 860 70 1670
condition 10 4.35 860 80 1670
condition 11 4.35 860 90 1670
condition 12 4.35 860 100 1670
condition 13 3.84 850 50 2400
condition 14 3.84 850 60 2400
condition 15 3.84 850 70 2400
condition 16 3.84 850 80 2400
condition 17 3.84 850 90 2400
condition 18 3.84 850 100 2400

4. Parameter Calculation:
The injection pressure and fuel injection quality correspond to each other, with their
respective equations as follows:

0.658d%,/p ©)
g=——
n
m =qp’ (10)

Where m’ represents the diesel injection mass corresponding to varying injection pressures;d, the
nozzle hole diameter, is set at 0.00016 m in this study; p signifies the injection pressure magnitude;
n, the nozzle efficiency coefficient, is assigned a value of 1.2; p*, the diesel fuel density, is
established at 0.84 g/cm?.

All calculations are summarized in Table 2 below.

Table 2

DIESEL FUEL QUALITY ACROSS VARIOUS INJECTION PRESSURES
Injection pressure (MPa) Diesel quality (kg)

50 5.53E-06

60 5.96E-06

70 6.40E-06

80 6.84E-06

90 7.37E-06

100 7.77E-06

Results and discussion

1. Effects of altitude on the development of spray patterns:

Figure 2 shows the comparison of the development of diesel spray patterns at different times
under the condition of 50 MPa injection pressure and three different conditions of altitude [plains
(4.85 MPa, 872 K), 1670m (4.35 MPa, 860 K), 2400 m (3.84 MPa, 850 K)]. From Figure 2, the
development trend of spray at different altitudes is the same, all of them are conical droplet-like
expansion, but careful observation can be found that the spray pattern is slightly different, with the
increase of altitude, the oil beam is slightly elongated, which shows that the spray through the
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distance in the slow increase, this is due to the pressure inside the cylinder is reduced, the spray
diffusion process when the resistance is reduced, which leads to the diffusion of This is due to the
fact that when the pressure inside the cylinder decreases, the resistance during spray diffusion also
decreases, leading to an increase in the spread.

0.0004s 0.0008 0.0012 0.0015s.
* (a) Phad = 0.0004s 0.0008s 0.0012s 0.0015s.
Y T () 1670m

0.0004s 0.0008s 0.0012s 0.0015s

Figure 2. Development of spray patterns at different altitudes

2. Effect of altitude on spray rate:

Figure 3 illustrates the comparison of spray penetration velocity at various altitudes under a
50 MPa injection pressure, captured at 0.0015 seconds. The area of the blue zone is notably smaller
than those observed at 1670 m and the plains. Observations indicate that at an altitude of 2400 m,
the blue region's area is significantly smaller compared to those at 1670 m and the plains,
suggesting an increase in spray penetration velocity with altitude. Consequently, spray penetration
velocity is found to escalate with altitude. This escalation is attributed to decreased ambient density,
reduced air intake volume, increased combustion-to-air equivalence ratio, and diminished
interaction force between gas and liquid as altitude rises.

3. Effect of altitude on spray penetration distance:

Figure 4 displays the variation in spray penetration distance over time at various altitudes,
under a control injection pressure of 90 MPa. Analysis of Figure 4 reveals that in the initial phase of
oil spraying, spray penetration distance progresses nearly linearly with time and overlaps across
different altitudes. In the later phase, however, variations in spray penetration distance at different
altitudes become evident: as altitude increases, so does the spray penetration distance. This increase
is attributed to the reduced ambient density and decreased resistance of the ambient gas at higher
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altitudes, which facilitates spray development in the axial direction, resulting in greater spray
penetration distances.

Plain 1670m 2400m
Figure 3. Spray rate at different altitudes
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Figure 4 Spray penetration distance at different altitudes. Red line is plain; gray line is 1670 m
above sea level; yellow line is 2400 m above sea level

4. Effect of altitude on the mean diameter of sot:

Figure 5 illustrates the comparison of the average Sauter Mean Diameter (SMD) at various
altitudes under an injection pressure of 50 MPa. According to Figure 5, as altitude increases, the
averageSMD also increases. This trend is attributed to decreasing ambient temperatures at higher
altitudes, with temperatures recorded at 872 K on the plains, 860 K at 1670 m, and 850 K at 2400
m. Higher ambient temperatures lead to more complete disintegration of spray droplets, resulting in
a smaller average SMD.
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Figure 5. SMD at different altitudes. Red line is plain; gray line is 1670m above sea level; yellow line
is 2400m above sea level

5. Effect of altitude on evaporation rates:

Figure 6 depicts the evaporation rate curve over time at various altitudes under an injection
pressure of 100 MPa. As illustrated in Figure 6, the evaporation rate curve generally trends upward
over time, while simultaneously decreasing with altitude. The evaporation rate is observed to
decrease as altitude increases, primarily due to lower ambient temperatures at higher altitudes,
resulting in less diesel mass evaporating and thus a lower evaporation rate.
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Figure 6. Evaporation rates at different altitudes. Red line is plain; gray line is 1670m above sea level;
yellow line is 2400m above sea level

6. Effect of altitude on turbulent kinetic energy:

Figure 7 illustrates the comparison of the spray equivalence ratio at various altitudes under a
spray pressure of 80 MPa and a spray duration of 0.0015 seconds. As depicted in Figure 7, the red
area at the center of the oil beam notably expands with rising altitude. Thus, it is concluded that the
equivalence ratio increases progressively with altitude. This phenomenon is attributed to higher
medium density at lower altitudes, resulting in a greater mass of convolved air compared to higher
altitudes, thereby yielding a lower equivalence ratio at lower altitudes compared to higher ones.
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Figure 7. Equivalent ratios at different altitudes.

7. Effect of spray pressure on the development of spray patterns:

Figure 8 presents the comparison of diesel fuel spray shape development over time in plains at
altitude, under various injection pressures: 50 MPa, 60 MPa, 70 MPa, 80 MPa, 90 MPa, and 100
MPa. The six plots in Figure 8 illustrate that, at a given altitude, the fuel spray maintains a
consistent development pattern across different injection pressures, though variations in spray
penetration distance are observed, increasing with higher injection pressures.
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Figure 8. Spray pattern development at different injection pressures.

8. Effect of spray pressure on spray velocity:

Figure 9 illustrates the relationship between spray penetration velocity and injection pressure
at 0.0015 seconds, under the condition of plains altitude. As observed in Figure 9, with the increase
in injection pressure, the high-velocity region at the center of the spray (denoted by the red area)
expands, indicating a corresponding increase in the penetration velocity of diesel fuel.
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This phenomenon occurs as the injection pressure rises, leading to a greater pressure
difference across the nozzle orifice. Consequently, the diesel fuel receives more initial energy,
which boosts its initial velocity.
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Figure 9. Spray rate at different injection pressures

9. Effect of spray pressure on spray penetration distance:

Figure 10 depicts the variation curve of spray penetration distance over time for diesel fuel at
various injection pressures, under the plains' elevation condition. According to Figure 10, the
influence of injection pressure on spray penetration distance appears minimal in the evaporative
state.
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Figure 10 Spray penetration distance at different injection pressures.
10. Effect of Injection Pressure on the Mean Diameter of Sot:
Figure 11 displays the comparative curves of the SMD over time for diesel spray at various

injection pressures at plains altitude. According to Figure 12, the SMD of the spray decreases as
injection pressure increases. This reduction is attributed to the increasing pressure difference across
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the nozzle orifice as injection pressure rises, enhancing the initial momentum of oil droplets. This
amplifies the coalescence-absorption effect between the spray and ambient gases, intensifying
droplet fragmentation and evaporation, thus favoring the formation of smaller diameter oil droplets,
resulting in a decreased average SMD.
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Figure 11. Mean diameter of Sauter at different injection pressures

11. Effect of Injection Pressure on Evaporation Rate:

Figure 12 illustrates the evaporation rate of diesel fuel over time under various injection
pressures at plains altitude. As depicted in the figure, the evaporation rate of diesel fuel gradually
increases with higher injection pressures. This increase is attributed to the growing pressure
difference across the nozzle orifice with rising injection pressures, enhancing the initial momentum
of the oil droplets. This amplifies the coalescence and entrainment effects between the spray and
ambient gases, facilitating droplet fragmentation and accelerating the evaporation process.
Consequently, the evaporation rate escalates with higher spray pressures.
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Figure 12. Evaporation rate of diesel fuel at different injection pressures.
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12. Effect of Injection Pressure on Turbulent Kinetic Energy:

Figure 13 illustrates the impact of varying injection pressures on the turbulent kinetic energy
of the spray at plains altitude. As depicted in Figure 13, the turbulent kinetic energy of the spray
gradually increases with higher injection pressures. This increase is attributed to the rising injection
pressure, which enhances the pressure difference across the nozzle orifices, boosting the initial
energy and, consequently, the initial velocity of the diesel fuel. Thus, higher injection pressures
result in increased turbulent kinetic energy.
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Figure 13 Turbulent kinetic energy at different injection pressures.

Conclusions

This study investigates "Diesel Fuel Spray Characteristics in Low-Temperature and Low-
Pressure Environments" using CFD software AVL Fire. A constant volume bomb simulation model
was established to perform diesel fuel spray calculations under various conditions, analyzing the
effects of different injection pressures and altitudes on diesel fuel spray characteristics. The main
findings are summarized as follows:

1. Effects of Altitude on Diesel Fuel Spray Characteristics: With rising altitude, diesel fuel
spray penetration distance, spray penetration velocity, SMD, and turbulence kinetic energy increase,
while evaporation rate and atomization effectiveness decrease. Additionally, the equivalence ratio
elevates at higher altitudes.

2. Effects of Injection Pressure on Diesel Spray Characteristics: Diesel fuel spray velocity,
evaporation rate, and turbulence kinetic energy augment with increasing injection pressure, while
the SMD diminishes. In the evaporative state, injection pressure has a minimal impact on spray
penetration distance. Higher injection pressures enhance atomization and promote more complete
mixing of diesel fuel and air.
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