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Abstract

With the significant increase in the number of motor vehicles in plateau regions, the adapt-
ability and reliability requirements of diesel engines operating under high-altitude and
cold conditions have become increasingly critical. In this study, a one-dimensional tran-
sient simulation model of the overall engine lubrication system was developed based
on a physical experimental prototype. The multiphysics-coupled lubrication system was
numerically modeled and analyzed, with particular emphasis on elucidating the influence
mechanisms of high-altitude and cold environments on the startup performance of diesel
engine lubrication systems. System responses under different ambient pressures (0.88 bar,
0.92 bar, 0.96 bar, and standard atmospheric pressure) and oil temperatures (30 °C, 55 °C,
and 100 °C) were systematically investigated. In addition, variations in the opening degree
of the oil pump pressure relief valve (closed, 4%, 30%, 60%, and 100%) were incorporated to
reveal the governing effects of high-altitude and cold environments on lubrication system
startup behavior. The results indicate that under high-altitude and cold conditions, the de-
crease in oil temperature is the dominant factor and exerts the most significant influence on
the steady-state oil pressure and flow rate of the lubrication system. Variations in ambient
pressure lead only to an equivalent shift in absolute oil pressure, with negligible effects
on relative oil pressure, steady-state flow rate, response time, or filling rate. However,
a reduction in atmospheric pressure leads to a decrease in the peak oil flow rate at the
outlet of the oil pump. The opening degree of the pressure relief valve exhibits a nonlinear
influence on the startup performance of the lubrication system, and significantly decreases
the oil filling rate. This study innovatively develops a lubrication system performance
prediction model under high-altitude, low-pressure, and low-temperature conditions. Cal-
ibrated using vehicle road-test data, the model quantifies for the first time the relative
contributions of the three key factors to start-up lubrication performance, thereby pro-
viding a clear decision-making framework and prioritized improvement directions for
the reliability-oriented design and safety threshold calibration of lubrication systems in
high-altitude diesel engines.

Keywords: high-altitude and cold environment; diesel engine lubrication system; transient
startup; lubrication
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1. Introduction

Plateau regions are characterized by thin air, low atmospheric pressure, and large
diurnal temperature variations; consequently, plateau atmospheric conditions exert a
significant influence on the performance of diesel engines [1-3]. Under high-altitude and
cold environments, increased oil viscosity leads to higher resistance during the engine
startup process. As the lubrication system serves as the core guarantee for the efficient
operation of diesel engine friction pairs, it directly determines the overall mechanical
efficiency and service life of the engine [4,5]. Therefore, against the dual background
of global energy conservation and emission reduction, as well as the rapid increase in
vehicle ownership in plateau regions [6,7], investigating the effects of high-altitude and
cold environments on the startup performance of engine lubrication systems constitutes
a critical step toward improving engine altitude adaptability and operational reliability.
To predict these effects, a considerable number of theoretical analyses and experimental
studies have been conducted both domestically and internationally.

Zhang et al. [8] conducted experimental and simulation-based validation using a test
bench and performed transient analyses of the engine cold-start process. Their results
showed that extending the start-up duration effectively reduces the average dry-sliding
velocity of bearings, thereby significantly decreasing friction and wear of critical friction
pairs during start-up. Chen et al. [9] developed a transient mixed lubrication model to
predict the time-dependent wear behavior of main bearings under dynamic loading con-
ditions and systematically investigated the influence of engine start-up on main bearing
lubrication and wear characteristics. The results indicated that the wear rate of the main
bearings gradually stabilizes with increasing numbers of start-up cycles, and that the ef-
fect of start-up duration on bearing wear is significantly more pronounced than that of
radial clearance. Celik et al. [10] explored the influence of a vortex tube on the cold-start
performance of diesel engines through full-engine experiments, demonstrating that the
vortex tube improves cold-start performance by increasing intake air temperature, short-
ening start-up duration, and reducing fuel consumption. Yang et al. [11] investigated the
cold-start performance of high-pressure common-rail hybrid diesel engines and found
that under extreme plateau conditions, diesel engines tend to experience incomplete com-
bustion. This phenomenon leads to dilution of the lubricant by unburned fuel, thereby
reducing the overall lubrication performance of the system. Lu et al. [12], through compu-
tational fluid dynamics (CFD) analysis of the dynamic response parameters of steam relief
valves, pointed out that optimizing fuel injection strategies can shorten engine start-up
time, enabling faster oil filling within the lubrication system and reducing the duration of
boundary lubrication. Liu et al. [13] conducted experiments to identify the fundamental
causes of diesel engine performance degradation in plateau regions, concluding that the
increased thermal load on the lubrication system arises from reduced combustion and
thermal efficiency in high-altitude environments.

Zare et al. [14] conducted customized cold-start tests on diesel engines to investigate
lubrication oil particulate emissions and engine performance during cold-start and hot-
running phases. Their findings revealed a strong correlation between increasing engine
temperature and enlarged lubricant particle size during cold start, whereas during hot
operation, further temperature increases were closely associated with a reduction in particle
size. He et al. [15] simulated the emission characteristics of heavy-duty diesel engines under
plateau conditions and reported that combustion deterioration and accelerated lubricant
degradation at high altitudes indirectly impair the lubrication performance of the system.
Ceballos et al. [16] examined the effects of plateau environments on the performance of
naturally aspirated engines, highlighting that the lubrication system is strongly affected
by increased thermal load and viscosity variations in the lubricant. Qi et al. [17], using
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a portable emission measurement system, analyzed vehicle emission variations under
plateau conditions and found that engine thermal management becomes more challenging
and the lubrication system experiences increased load. Liu et al. [18] developed a cylinder
liner—piston ring wear simulation model and demonstrated through simulations that rising
altitude leads to higher engine thermal loads and reduced oil viscosity. They suggested
that the lubrication system must adapt to the thermomechanical coupling characteristics of
high-altitude environments to prevent aggravated wear. Tobar et al. [19] investigated the
performance of lubricants with different viscosities under high-load conditions, showing
that high-viscosity oils can increase CO, emissions at high altitudes and heavy loads.
They recommended developing new lubricant formulations tailored for low-pressure, low-
oxygen plateau environments, achieving a balance between low-temperature fluidity and
high-temperature oxidation resistance.

In previous studies on engine low-temperature start, research efforts have primar-
ily focused on the effects of different low-temperature start strategies on critical engine
friction pairs, whereas investigations into the influence of high-altitude environments on
low-temperature start characteristics remain relatively limited. Moreover, most studies
addressing engine operation under high-altitude conditions have inferred the effects of
altitude on the thermal load and material composition of lubricating oil indirectly through
analyses of combustion processes and emission characteristics, and subsequently discussed
the overall impact on the lubrication system. However, such indirect approaches exhibit
inherent limitations in terms of comprehensiveness and accuracy, making it difficult to
elucidate the direct mechanisms by which high-altitude environments affect the engine’s
low-temperature start process. In contrast to these prior approaches, the present study
directly investigates the startup process of a diesel engine lubrication system under high-
altitude and cold conditions. A system-level one-dimensional transient simulation model
was developed based on a physical experimental prototype, aiming to elucidate the di-
rect effects of low pressure and low temperature in plateau environments on the startup
performance of the lubrication system. By setting the gradient variations of atmospheric
pressure and oil temperature, the study systematically analyzes their influence on the
startup behavior of the lubrication system.

During the startup experiments of diesel engines conducted under high-altitude and
low-temperature conditions, severe lubrication failures were observed, accompanied by
instances where the pressure sensors installed along the oil galleries registered no readings.
It is hypothesized that this phenomenon may be related to wear or malfunction of the oil
pump relief valve. Under high-altitude and low-temperature conditions, reduced ambient
pressure and low temperature may cause the actual relief pressure of the valve to fall below
its design value and alter the reference pressure differential, ultimately resulting in a larger
actual opening of the relief valve and premature pressure relief [20-22].

Based on these observations, this study considers oil temperature, atmospheric pres-
sure, and the opening of the oil pump relief valve as key variables. The lubrication
performance during the startup process under high-altitude and cold conditions is compre-
hensively evaluated from four perspectives: transient oil pressure curve, transient oil flow
rate curve, oil film thickness, and pressure of each main bearing and the transient oil filling
process within the lubrication system. By analyzing these simulation results, the study
reveals the influence mechanisms of high-altitude and low-temperature environments on
the startup performance of diesel engine lubrication systems.

2. Simulation Model

In this study, the lubrication system of a high-power V8 diesel engine was selected
as the research object, and its specific structure is illustrated in Figure 1. The lubrication
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system is driven by an oil pump and delivers lubricating oil through the pressurized oil
circuit to key friction pairs such as the crankshaft, camshaft, and piston/cylinder liner
assemblies. The system performs essential functions, including friction reduction, cooling,
cleaning, sealing, and corrosion prevention. During operation, the lubricating oil circulates
sequentially through the oil sump, oil pump, oil cooler, oil filter, and various friction pairs,
before returning to the oil sump, thus forming a complete closed-loop circuit.
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Figure 1. Structural diagram of the lubrication system of a specific high-power V8 diesel engine.

In this study, a system-level one-dimensional transient simulation model of the diesel
engine lubrication system was established using GT-Suite, as illustrated in Figure 2. The three-
dimensional lubrication system pipelines were equivalently reduced to a one-dimensional
oil circuit model through the GEM-3D module in GT-Suite, followed by discretization using
computational grids. Based on the compressible one-dimensional Navier-Stokes equations,
including the continuity, momentum, and energy equations [23-25], the model employs a
fully implicit SIMPLE algorithm to couple pressure, flow rate, and temperature within a
maximum time step of 1 ms, thereby enabling efficient simulation of the startup process of
the diesel engine lubrication system.

During transient startup simulations, the model simultaneously solves all conservation
equations while incorporating nonlinear phenomena such as oil pump speed fluctuations
and transient bearing clearances. Additionally, it accounts for wall thermal inertia and the
dynamic variation of the oil film clearance, thereby improving the accuracy of the transient
response prediction of the lubrication system under the startup process.

Considering that the flow resistance at various nodes within the lubrication system
significantly influences the dynamic oil filling behavior [26,27], this study further refines
the accuracy of simulating the oil filling process during engine startup by modeling and
parameterizing key components of the lubrication system. These components include the oil
pump, oil cooler, oil filter, main crankshaft bearings, connecting rod big end bearings, valve
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camshaft bearings, fuel pump camshaft bearings, and piston cooling nozzle. As illustrated
in Figure 2, the main bearings are sequentially numbered from one to six in the order
of decreasing proximity to the oil pump. Moreover, the local flow resistances generated
by structures such as the piston rings, piston skirt, and cylinder liner are equivalently
integrated as additional flow resistances within the piston cooling nozzle module, thereby
ensuring a comprehensive characterization of the overall flow characteristics of the system.
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Figure 2. One-dimensional simulation model for the lubrication system of a specific high-power V8

diesel engine.

The fluid dynamic characteristics of the oil filter, oil cooler, and piston cooling nozzles
were incorporated into the transient simulation model in the form of oil flow rate—pressure
drop resistance curves. The dynamic response of the lubrication system during the startup
process was driven in real time by the coupled engine—crankcase assembly, with the in-
cylinder pressure curve (as shown in Figure 3) used as the boundary condition. By applying
this curve as a dynamic input, a full-cycle numerical solution of the transient dynamics
of the lubrication system during startup could be achieved. The opening degree of the oil
pump relief valve was controlled by the diameter of the relief channel, and the relationship
between the channel diameter and the relief valve opening is summarized in Table 1.

Table 1. The relationship between pipe diameter and the opening degree of the pressure relief valve.

The Opening Degree of the Pressure Relief Valve Pressure Relief Channel Diameter

(%) (mm)
0 No Channel
4 1.8
30 493
60 6.97
100 9
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Figure 3. The curve of cylinder pressure with crankshaft angle at 600 rpm condition.

The engine oil used in this study was of grade 15W40. The primary flow resistance
components in the lubrication system are the bearing elements. A parametric modeling
approach was adopted to achieve coupled modeling between the bearing components and
the engine—crankcase dynamic system, enabling accurate calculation of the fluid resistance
characteristics within the bearing regions.

In the model, the oil pump component determines the oil flow rate and pressure
rise during the startup process by interpolating a measured rotational speed—oil flow—
oil pressure rise MAP. It should be noted that the oil pressure rise refers to the pressure
increase generated by the oil pump rather than the absolute system pressure. The MAP
was obtained from experimental measurements of the prototype engine, and the engine
input speed profile applied in the simulation is shown in Figure 4.
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Figure 4. MAP of engine oil pump flow rate, pressure rise, and rotational speed, along with the input
rotational speed curve.

In the lubrication system of the diesel engine, the oil pump is mechanically driven by
a gear located at the free end of the crankshaft within the crankcase. The rotational speed
ratio between the oil pump and the crankshaft is 1.68:1.

https:/ /doi.org/10.3390/lubricants14020088


https://doi.org/10.3390/lubricants14020088

Lubricants 2026, 14, 88

7 of 19

The model employed in this study is highly similar to that used by Guo et al. [28] in
their investigation of cold-start pre-lubrication of diesel engine lubrication systems, which
provides a certain level of confidence in its reliability. In addition, the accuracy of the
model is validated using vehicle test data obtained from a high-altitude dedicated proving
ground. Owing to the technical difficulties associated with installing external pressure
sensors under on-vehicle testing conditions, the pressure sensor originally equipped at
the downstream end of the left main oil gallery is used for data comparison. The specific
calibration conditions and accuracy assessment are presented in Table 2.

Table 2. Calibration conditions and accuracy of the model.

Oil Atmospheric ~ Relief Valve Opening Test Oil Simulated Oil
Accuracy
Temperature Pressure Degree Pressure Pressure (%)
0 (Bar) (%) (Bar) (Bar) °
30 0.88 4 1.65 1.59 96.36

For uncertainty assessment of the proposed model, a preliminary evaluation was
conducted using the parameter range perturbation method. Pipeline friction loss and
pump efficiency were selected as key parameters, and three operating scenarios were
defined: baseline, worst-case, and best-case conditions. The results indicate that the model
provides reasonable credibility in predicting system-level trends; however, limitations
remain in the prediction of absolute values. Therefore, it is recommended that engineers
apply the conclusions of this study using conservative design margins that account for
tolerance variations specific to the target engine platform.

3. Simulation Results and Discussion

To systematically investigate the influence mechanisms of ambient pressure and
oil temperature on the startup performance of a diesel engine lubrication system under
high-altitude and cold conditions, three sets of variables were introduced to examine
the parametric gradient effects. First, in high-altitude environments, the oil temperature
of an engine typically remains no lower than 20-30 °C after shutdown, owing to the
thermal inertia of the cylinder block. Therefore, with the oil temperature fixed at 30 °C
and the pressure relief valve opening set to 4%, the ambient pressure was varied across
four levels: 1.00 bar, 0.96 bar, 0.92 bar, and 0.88 bar. Second, with the ambient pressure fixed
at 0.88 bar and the pressure relief valve opening maintained at 4%, the oil temperature was
varied at 30 °C, 55 °C, and 100 °C. Third, with the oil temperature fixed at 30 °C and the
ambient pressure fixed at 0.88 bar, the pressure relief valve opening was varied at 4%, 30%,
60%, 100%, and the fully closed condition.

To evaluate the overall startup performance of the lubrication system, four key loca-
tions were selected as observation points: the oil pump outlet, the main oil gallery inlet,
and the ends of the left and right galleries, as illustrated in Figure 2. By analyzing the
simulated data at these locations, the direct effects of high-altitude and cold environments
on the startup process of the diesel engine lubrication system were quantitatively revealed.

3.1. Influence of Atmospheric Pressure on the Startup Performance of Lubrication Systems

Under different ambient pressure conditions, the transient oil pressure curves at the oil
pump outlet, the inlet of the main oil gallery, and the downstream ends of the left and right
main oil galleries are shown in Figure 5. It should be noted that the pressures presented in
Figure 5 are absolute oil pressures. As illustrated in Figure 5, with increasing altitude, the
steady-state oil pressure at all monitored locations exhibits a monotonic decreasing trend.
When the ambient pressure decreases from 1.00 bar to 0.88 bar, the steady-state absolute
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oil pressure at the oil pump outlet decreases from 2.19 bar to 2.06 bar, corresponding to
a reduction of approximately 5.9%. Similarly, the steady-state absolute oil pressure at
the inlet of the main oil gallery decreases from 1.78 bar to 1.66 bar, with a reduction of
approximately 6.7%. The steady-state absolute oil pressures at the downstream ends of
both the left and right main oil galleries decrease from 1.71 bar to 1.59 bar, representing a
reduction of approximately 7.0%.
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Figure 5. The influence of different altitude levels on the oil pressure of each node.

However, when the ambient pressure decreases from 1.00 bar to 0.88 bar, no noticeable
variation is observed in the relative oil pressure at the key locations. Specifically, the steady-
state relative oil pressure at the oil pump outlet remains at approximately 1.19 bar, while that
at the inlet of the main oil gallery and at the downstream ends of the left and right main oil
galleries remains at approximately 0.78 bar and 0.71 bar, respectively. These results indicate
that a reduction in ambient pressure leads to an overall downward shift in the absolute oil
pressure level of the lubrication system, whereas its relative pressure distribution remains
essentially unchanged. In addition, ambient pressure exerts no significant influence on the
rate at which the absolute oil pressure reaches steady state during the cold-start process,
with the oil pressure at all key locations stabilizing at approximately 2.2 s.

Figure 6 presents the transient oil flow rate curves at the oil pump outlet, the inlet
of the main oil gallery, and the downstream ends of the left and right main oil galleries
under different ambient pressure conditions. When the ambient pressure decreases from
1.00 bar to 0.88 bar, no significant variation is observed in the steady-state oil flow rate.
However, the peak oil flow rate at the oil pump outlet exhibits a slight reduction with
decreasing ambient pressure, decreasing from 79.62 L/min to 60.12 L/min, corresponding
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to a reduction of approximately 24.5%. In contrast, no obvious changes are observed in the
peak oil flow rates at the inlet of the main oil gallery or at the downstream ends of the left
and right main oil galleries.

80
i
i Oil Pump Outlet Atmospheric Pressure =) Main Oil Passage Inlet Atmospheric Pressure
' Ibar & Ibar
1 —
1 —— 0.96bar = ol —— 0.96bar
860
' ——0.92bar S b —— 0.92bar
I ~
. ——0.88bar z M —0.88bar
_: 7\ = 40 ! *\
— 2 4128 L/min| £7[! o 41.28 L/min
| 80 72 Linin = L / ™S —
: 60 ’ éé;zlll,“min § | 40! i ‘
Ly 40 5 20} : 154.98 L/min
| ) 20
) 20 R=| !
| 2 |
| (foo 0.02 0.04 . oS 0 : . 8o 0.1 02 03 04
0 2 4 6 8 10 0 2 4 6 8 10
Time (s) Time (s)
The End Of the Left Passage f§4 The End Of the Right Passage
L g4t
2
Atmospheric Pressure @ Atmospheric Pressure
<
- — lbar M3 — lbar
—— 0.96bar 2 —— 0.96bar
——0.92bar = ——0.92bar
- —— 0.88bar g 2+ —— 0.88bar
G
>
_ 3.1
(]
=
. &b .
0.19 L/min 5 0.19 L/min
1 1 1 1 0 1 1 1 L
0 2 4 6 8 10 0 2 4 6 8 10
Time (s) Time (s)

Figure 6. The influence of different altitude levels on the oil volume flow rate of each node.

Overall, variations in ambient pressure have a negligible effect on the steady-state oil
flow rate during the startup process of the lubrication system and only result in a moderate
reduction in the peak oil flow rate at the oil pump outlet.

Figure 7 presents the oil filling status of the lubrication system at 2 s of the engine
startup at various atmospheric pressures. Ambient pressure has no discernible effect on
the oil filling rate of the lubrication system during the startup process. Furthermore, under
all ambient pressure conditions, the final result indicates the oil reaches and fills the last
crankshaft main bearing at approximately 9.7 s.

Figure 8 presents the calculated minimum steady-state oil film thickness and maximum
steady-state oil film pressure for each main bearing under different ambient pressure
conditions. The results indicate that the minimum steady-state oil film thickness of the
main bearings is approximately 10 um, while the maximum steady-state oil film pressure
is about 250 MPa. As ambient pressure varies, no pronounced changes are observed in
the lubrication performance parameters of the crankshaft main bearings. These findings
suggest that a reduction in ambient pressure has no significant influence on the bearing
lubrication state and is insufficient to directly exacerbate bearing wear.
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Figure 8. The lubrication status of each bearing: (a) maximum steady-state oil film pressure of each
main bearing under different atmospheric pressure conditions; (b) minimum steady-state oil film
thickness of each main bearing under different atmospheric pressure conditions.

3.2. Influence of Oil Temperature on the Startup Performance of Lubrication Systems

Figure 9 presents the transient oil pressure curves at the oil pump outlet, the inlet of the
main oil gallery, and the downstream ends of the left and right main oil galleries under an
ambient pressure of 0.88 bar for three oil temperature conditions (30 °C, 55 °C, and 100 °C).
When the oil temperature decreases from 100 °C to 30 °C, the steady-state oil pressure
at the oil pump outlet increases from 1.40 bar to 2.07 bar, corresponding to an increase
of approximately 47.9%. Similarly, the steady-state oil pressure at the inlet of the main
oil gallery increases from 1.09 bar to 1.66 bar, representing an increase of approximately
52.3%. This behavior can be attributed to the increase in oil viscosity at lower temperatures,
which reduces system leakage and enhances the volumetric efficiency of the oil pump [29].
Meanwhile, the increased oil viscosity improves the load-carrying capacity of the oil pump
and strengthens the throttling effect of leakage paths across the clearances of friction pairs,
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leading to an overall rise in the system pressure level [30]. As indicated in Figure 8, under
the 30 °C condition, a pronounced delay is observed in the oil pressure build-up process:
the oil pressure at the oil pump outlet reaches its steady-state value at approximately 2.2 s,
whereas only 1.9 s is required under the 100 °C condition. The oil pressure at the inlet of
the main oil gallery exhibits a similar trend.
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Figure 9. The influence of different oil temperatures on the oil pressure at each node.

Figure 10 illustrates the transient oil flow rate curves at the oil pump outlet, the inlet
of the main oil gallery, and the downstream ends of the left and right main oil galleries
under an ambient pressure of 0.88 bar for three oil temperature conditions (30 °C, 55 °C,
and 100 °C). As shown in Figure 9, when the oil temperature decreases from 100 °C
to 30 °C, the steady-state oil flow rates at both the oil pump outlet and the inlet of the
main oil gallery decrease from 44.6 L/min to 41.2 L/min, corresponding to a reduction
of approximately 7.6%. However, at the initial stage of the startup process, a pronounced
decrease is observed in the peak oil flow rate at the oil pump outlet, which drops from
214.31 L/min to 60.12 L/min, representing a reduction of approximately 71.9%, whereas
the peak oil flow rate at the inlet of the main oil gallery shows no significant variation.
These results indicate that a decrease in oil temperature has a substantial impact on the
peak oil flow rate at the oil pump outlet during the startup transient.

Moreover, a reduction in oil temperature delays the response time required for the
oil flow rate to reach steady state. Under the 30 °C condition, the oil flow rate at the
oil pump outlet reaches its steady-state value at approximately 2.1 s, whereas only 1.8 s
is required under the 100 °C condition. A similar trend is observed at the inlet of the
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main oil gallery, where the time required to reach steady state increases by approximately
16.7%. This behavior can be attributed to the higher inertia and increased flow resistance of
low-temperature, high-viscosity oil, which prolongs the oil filling process of the lubrication
system during cold start. In contrast, high-temperature, low-viscosity oil exhibits lower
flow resistance, resulting in a faster transient response during the startup process.
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Figure 10. The influence of different oil temperatures on the oil volume flow rate at each node.

When the oil temperature decreases from 100 °C to 30 °C, the peak oil flow rate at
the downstream end of the left main oil gallery increases from 2.32 L/min to 2.99 L/min,
corresponding to an increase of approximately 28.9%, while the steady-state oil flow rate
decreases from 0.41 L/min to 0.19 L/min, representing a reduction of approximately 53.7%.
Similarly, at the downstream end of the right main oil gallery, the peak oil flow rate increases
from 2.74 L/min to 3.92 L/min, with an increase of approximately 30.1%, whereas the
steady-state oil flow rate decreases from 0.43 L/min to 0.17 L/min, corresponding to a
reduction of approximately 60.5%. This phenomenon arises because, at the initial stage
of diesel engine startup, the oil pump speed increases rapidly, and the oil flow rate is
predominantly governed by the pump. As the oil temperature decreases, the increase in oil
viscosity leads to an enhancement in the volumetric efficiency of the oil pump [24], thereby
increasing the peak oil flow rate at the downstream ends of the main oil galleries. The
time required for the oil flow rates at the downstream ends of the left and right main oil
galleries to reach steady state is also prolonged by approximately 16.7%, which is consistent
with the delays observed at the oil pump outlet and the inlet of the main oil gallery. These
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30°C

results further confirm the dominant role of oil temperature in governing the overall flow
characteristics of the lubrication system during the diesel engine startup process.

Figure 11 presents the oil filling status of the lubrication system at 2 s of the engine
startup at various oil temperatures. As shown in the figure, with decreasing oil temperature,
the oil requires a longer time to fill the entire lubrication system during the startup process.
This phenomenon is attributed to the increased flow resistance associated with higher oil
viscosity at lower temperatures, which slows the oil transport along the lubrication passages.
Furthermore, the final result indicates that the oil completely fills the fifth crankshaft main
bearing at approximately 5.1 s, at an oil temperature of 100 °C. When the oil temperature is
reduced to 55 °C and 30 °C, the fifth crankshaft main bearing is fully filled at approximately
7.3 s and 8.7 s, respectively. As the oil temperature decreases from 100 °C to 30 °C, the oil
filling time is prolonged by approximately 70.6%.
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Figure 11. Oil filling status of the lubrication system at 2 s of the engine startup at various oil temperatures.

Figure 12 presents the calculated results of the minimum steady-state oil film thickness
and the maximum steady-state oil film pressure of each main bearing under different
oil temperature conditions. The results indicate that at an oil temperature of 30 °C, the
steady-state minimum oil film thickness of the main bearings is approximately 10 pm,
while the maximum oil film pressure is about 250 bar. When the temperature increases
to 55 °C, the minimum oil film thickness decreases to approximately 7 pm, accompanied
by an increase in the maximum oil film pressure to about 290 bar. As the temperature
further rises to 100 °C, the minimum oil film thickness is significantly reduced to around
3 um, whereas the maximum oil film pressure sharply increases to approximately 430 bar.
Under this condition, the bearings are subjected to an elevated risk of boundary lubrication,
making them more susceptible to severe wear. These results demonstrate that under
high-altitude conditions, temperature reduction has a pronounced influence on bearing
lubrication behavior: lower temperatures facilitate oil film formation and reduce oil film
pressure, thereby improving the overall lubrication performance of the bearings.
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Figure 12. The lubrication status of each bearing: (a) maximum steady-state oil film pressure of each
main bearing under different oil temperature conditions; (b) minimum steady-state oil film thickness
of each main bearing under different oil temperature conditions.

3.3. Influence of Relief Valve Opening Degrees on the Startup Performance of Lubrication Systems

Figure 13 illustrates the transient oil pressure curves at the oil pump outlet, the inlet of
the main oil gallery, and the downstream ends of the left and right main oil galleries under
an ambient pressure of 0.88 bar for different opening degrees of the oil pump pressure
relief valve. During the diesel engine cold-start process, as the opening degree of the oil
pump pressure relief valve increases from the fully closed to the fully open condition,
the steady-state oil pressure at the oil pump outlet decreases from 2.10 bar to 1.30 bar,
corresponding to a reduction of 38.1%. The steady-state oil pressure at the inlet of the main
oil gallery decreases from 1.69 bar to 1.15 bar, representing a reduction of 31.9%. At the
downstream end of the left main oil gallery, the steady-state o0il pressure decreases from
1.62 bar to 1.12 bar, with a reduction of 30.9%, while that at the downstream end of the right
main oil gallery decreases from 1.61 bar to 1.12 bar, corresponding to a reduction of 30.4%.

The overall increase in oil pressure level during the startup process is reduced, which
can be attributed to the decrease in oil leakage at the pump outlet due to the reduced
opening of the pressure relief valve. In addition, as the opening degree of the oil pump
pressure relief valve increases, a slight delay is observed in the time required for the oil
pressure to reach its steady-state value.
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Figure 13. The influence of different relief valve opening degrees on the oil pressure at each node.
Under an ambient pressure of 0.88 bar, Figure 14 shows the transient oil flow rate
curves at the oil pump outlet, the inlet of the main oil gallery, and the downstream ends of
the left and right main oil galleries for different oil pump pressure relief valve openings.
During the diesel engine startup process, as the opening of the oil pump pressure relief
valve increases from fully closed to fully open, the steady-state oil flow rates at both the oil
pump outlet and the inlet of the main oil gallery decrease from 42.3 L/min to 16.9 L/min,
corresponding to a reduction of approximately 60%. In addition, the peak oil flow rates at
these two key locations are also reduced, and the time required for the oil flow to reach a
steady state is significantly prolonged.
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Figure 14. The influence of different relief valve opening degrees on the oil volume flow rate at each node.
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In contrast, the steady-state oil flow rates at the downstream ends of the left and right
main oil galleries exhibit only minor variations under different relief valve openings, with
differences remaining within 0.2 L/min. However, as the relief valve opening increases, the
time required for the oil flow at the downstream ends of the left and right main oil galleries
to reach steady state increases markedly, following a trend similar to that observed at the
oil pump outlet and the inlet of the main oil gallery, with an increase of approximately 19%.

Figure 15 presents the oil filling status of the lubrication system at 2 s of the engine
startup at various relief valve opening degrees. As shown in the figure, the opening degree
of the oil pump pressure relief valve has a pronounced influence on the oil filling rate of
the lubrication system during the startup process. As the relief valve opening increases
from the fully closed state to the fully open state, the oil filling rate within the lubrication
system decreases accordingly. Furthermore, the final result indicates that oil reaches and
completely fills the fifth crankshaft main bearing at approximately 8.5 s, when the pressure
relief valve is fully closed. In contrast, when the relief valve is fully open, oil fills the fifth
crankshaft main bearing at approximately 15.4 s, indicating that the total oil filling time of
the lubrication system is prolonged by 86.7%.

—

Closed 4%

T T 1T & P—Jﬁm T T :J
T v T it T 9
L 1 e A SV M L Y S

o ||
| |

WYY Y CEY R Y Y

| [ T Volume
|I| ||| |: ||| : Fraction
T T T T T T T T 17711 (7o)

Figure 15. Oil filling status of the lubrication system at 2 s of the engine startup at various relief valve
opening degrees.

Figure 16 presents the calculated minimum steady-state oil film thickness and max-
imum steady-state oil film pressure of each main bearing under different pressure relief
valve opening conditions. The results indicate that the relief valve opening has only a
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minor influence on bearing lubrication performance. As the valve opening increases, the
minimum steady-state oil film thickness of the main bearings decreases from approximately
11.5 um in the fully closed state to about 10 pm when fully open, while the maximum oil
film pressure increases from 250 bar to 270 bar. These findings suggest that, under high-
altitude conditions, an increase in the oil pump outlet relief valve opening slightly elevates
the risk of boundary lubrication in the bearings; however, the overall effect remains limited.
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Figure 16. The lubrication status of each bearing: (a) maximum steady-state oil film pressure of each
main bearing under different opening degrees of the pressure relief valves; (b) minimum steady-state
oil film thickness of each main bearing under different opening degrees of the pressure relief valves.

4. Conclusions

To investigate the influence mechanisms of high-altitude and cold environments on
the startup process of high-power diesel engine lubrication systems, a one-dimensional
simulation model of the overall lubrication system was developed based on a physical
experimental prototype. Three key variables—ambient pressure, oil temperature, and the
opening degree of the oil pump pressure relief valve—were introduced to evaluate the
direct effects of high-altitude and low-temperature environments on the startup behavior
of the lubrication system. Based on the analysis of the simulation results, the following
conclusions can be drawn:

(1) Variations in ambient pressure primarily cause a uniform shift in the absolute
oil pressure level, without significantly affecting relative oil pressure, steady-state flow
rate, response time, or oil filling rate. Its main role lies in lowering the absolute pressure
boundary, thereby providing a quantifiable environmental parameter for friction pair
reliability design and safety threshold calibration. Nevertheless, under the extrapolation
assumption of the MAP of engine oil pump flow rate-pressure rise-rotating speed, there
is a statistically significant correlation between the decrease in environmental pressure
and a 24.5% reduction in the peak flow rate at the pump outlet. It provides a calculable
early-warning threshold and experimental targeting basis for the lubrication reliability
design of plateau engines.

(2) The pressure relief valve opening exerts a strong nonlinear influence on lubrication
performance, especially on the oil filling process. Increasing the valve opening from fully
closed to fully open prolongs oil filling time by 81.2% and reduces steady-state oil pressures
throughout the system by approximately 30-38%. Flow rates at the oil pump outlet and
main gallery inlet decrease by 60%, while downstream gallery flow remains nearly constant,
with a 19% increase in response time. These results indicate that relief valve opening serves
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as a critical intermediate factor that aggravates lubrication degradation under high-altitude
and low-temperature conditions by increasing internal leakage. This result can serve as an
important intervention target for high-altitude reliability design.

(3) Comparative results show that oil temperature is the dominant factor affecting
startup lubrication under high-altitude conditions. A temperature reduction from 100 °C
to 30 °C leads to nearly a 50% decrease in steady-state oil pressure and downstream flow
rate, far exceeding the effects of reduced ambient pressure or increased relief valve open-
ing. Overall, decreasing oil temperature has a substantially greater impact on lubrication
performance than relief valve opening, while ambient pressure plays a comparatively
minor role. This level of impact quantification provides a crucial basis for making design
priority decisions.
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