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ABSTRACT

Thermal load has a vital influence on the normal operation and service life of diesel engines. In this study, the
thermal load and oil-cooling effect on diesel engine pistons were investigated by means of computational fluid
dynamics. In particular, the flow and heat transfer characteristics of the cooling gallery were determined during
the oscillation of the piston. Moreover, the temperature field distribution of the piston with and without the cool-
ing gallery were compared. The results revealed that the cooling gallery has a prominent effect on reducing the
thermal load on the piston crown and piston lands. To fully understand the oscillating heat transfer effect related
to the cooling gallery and verify the accuracy of the calculation, the numerical results were also compared with
temperature values experimentally measured at key positions of the piston. The measurements were found to be
consistent with the calculation results within an acceptable error range, which proves the rationality and accuracy
of the mathematical and numerical models used.
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1 Introduction

As the power of internal combustion engines continues to increase, the thermal load on pistons is also
getting higher. Consequently, piston cooling has become a very important topic in the internal combustion
engine industry. As an efficient method of enhancing heat transfer [1], oscillating cooling has been widely
used in most modern diesel pistons [2,3]. Oil-cooled pistons utilize the oscillating cooling method, which can
remove a huge amount of heat transferred to the piston by the working of the cooling gallery, thereby greatly
reducing the thermal load of the piston [4].

Because the cooling of the piston is affected by many factors, such as the shape of the cooling gallery,
the diameter of the nozzle hole, and the engine speed [5–8], performing experiment research can entail
considerable expenses in terms of labor and hardware resources, as well as take a very long time, slowing
the progress of product development. With the development of computer technology, numerical
simulation calculations have become a common tool to provide guidance and reference for design and
experiments [9–11].
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In the past, for calculating the temperature field of a piston with a cooling gallery, empirical formulas
were mostly used for the heat transfer coefficient of the cooling gallery surface. However, in the actual
cooling process, the heat transfer coefficient of the cooling gallery surface varies with the movement of
the piston, and the distribution is extremely uneven [12–15]. Therefore, if only an empirical formula is
used to calculate the convective heat transfer coefficient of the cooling gallery in the piston, the
calculated temperature field may be quite different from the actual one. As such, the heat transfer
coefficient and the temperature of the cooling gallery in the piston were averaged in time and space. The
averaged heat transfer coefficient and boundary temperature were used as the third boundary conditions
for the calculation of the piston temperature field [16]. However, a spatial average of different areas of
the cooling gallery cannot accurately explain the heat exchange conditions at a specific location of the
cooling gallery.

The dynamic mesh method and the volume of fluid (VOF) method are now widely used in
computational fluid dynamics (CFD) calculations [17–19]. This study uses the Fluent dynamic mesh
method and the VOF multiflow model to perform transient simulations on the oscillating cooling of a
diesel piston, and the flow and heat transfer of the cooling oil can be obtained when the piston is located
at different positions. Meanwhile, the transient heat transfer coefficient of the cooling gallery is extracted
as a time average value, and it is projected onto the finite element of the piston as the heat transfer
boundary condition to determine the temperature inside the solid parts. Finally, the temperature is
measured by thermocouples at key positions of this piston, and the oscillating heat transfer effect of the
cooling gallery is validated using test data. Fig. 1 shows a flow-process diagram of the fluid–solid
interaction method used in this study.

Figure 1: Flow-process diagram of the fluid–solid interaction method
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2 Implementation of the Calculation Model

2.1 Geometric Model and Meshing
Fig. 2 shows a schematic of a certain type of diesel engine piston with a cooling gallery using oscillating

cooling. Piston oscillating cooling means that a cooling gallery is cast in the piston head. Cooling oil is injected
at a high speed from an oil injector fixed on the body. The oil is injected into the cooling gallery through the
inlet of the cooling gallery, causing oscillation during the movement of the piston to cool the piston [20,21].

To accurately simulate the movement of the piston, the Fluent dynamic mesh method was used in this
study for the fuel injection flow field. Fig. 3 shows the mesh of the piston passing through 90° crank angle
(CA). To simplify the model and obtain a hexahedral mesh suitable for calculation, the fluid space area below
the nozzle was simplified to a cylinder. Because the velocity and temperature near the wall of the cooling
gallery may change drastically, the mesh near the wall was refined and the enhanced wall treatment
provided in Fluent was used.

Figure 2: Geometric model of the cooling gallery

Figure 3: CFD mesh model of a piston at 90° CA
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The violent oscillation of the cooling oil in the cooling gallery can enhance heat transfer. Assessing
whether the cooling effect of the cooling gallery meets the requirement requires calculation of the piston
temperature field [22–24]. The mesh was implemented according to the geometrical shape of the piston,
as shown in Fig. 4, which is tetrahedral.

2.2 CFD Method and the VOF Model
Mass, momentum, and energy conservation are the three basic laws that address the problems of flow and

heat transfer. The expressions for mass, momentum, and energy conservation, respectively, are as follows:

Mass conservation:

@q
@t

þr � quð Þ ¼ 0: (1)

Momentum conservation:

D quð Þ
Dt

¼ qF �rpþ lr2u: (2)

Energy conservation:

D qcpT
� �
Dt

¼ �þ �r2T þ qq; (3)

where Φ = 2 le1, cp represents the specific heat capacity, � represents the thermal conductivity, l represents
the dynamic viscosity, F represents the mass force, q represents the heat absorption, � represents the
dissipation function, and e1 represents the deformation tensor of the fluid.

The multiflow model used in this calculation was the implicit VOF model provided in Fluent, and the
discretization model was activated. A clear interface between immiscible liquids can be obtained by using
this model. In this model, each phase of the fluid shares a set of momentum equations, and the governing
equations are as follows [25]:

Figure 4: Piston mesh model
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where a represents the volume fraction occupied by the fluid of each phase, ui represents the velocity, Fi

represents the body force, jeff represents the effective thermal conductivity, E represents the energy, and
T represents the temperature.

The volume fraction of each phase of the fluid is calculated in each unit of the flow field and the sum of
the volume fractions for all phases is equal to 1. During the piston-cooling process, the air and the cooling oil
do not mix with each other. The clear boundary between them is a layered free surface flow. Therefore, the
VOF model was used for the calculation in this analysis.

When the turbulence is fully developed, the turbulent stress equation and the turbulent kinetic energy
equation can be obtained through the k-ε equations:
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where lt ¼ qCl
k2

e , k represents turbulent kinetic energy, lt represents turbulent viscosity, e represents
turbulent energy dissipation rate, Gk refers to the production term of turbulent kinetic energy k caused by
average velocity gradient, C1e, C2e, Cl, rk , re are empirical constants, and their values C1e ¼ 1:44,
C2e ¼ 1:92, Cl ¼ 0:09, rk ¼ 1:0, re ¼ 1:3.

The PISO algorithm was used in the simulation [26]. The time step was confirmed according to the
minimum grid size and flow rate. The mathematical models, numerical methods, and boundary conditions
are listed in Tab. 1. At the beginning, the calculation area was all an air medium. The thermophysical
properties of oil and air were fitted to temperature T because they vary with temperature. The velocity
inlet and the pressure outlet were set as the inlet and outlet, respectively, in the simulation. The injector
outlet velocity was 32.8 m/s, and the temperature was 343 K. The wall temperature of the cooling gallery
can be obtained from the simulation results, as shown in Fig. 5.

Table 1: The mathematical models, numerical methods and boundary conditions

Item Configuration

Pressure-velocity coupling equation PISO algorithm

Turbulence model k-ε model

Mesh type tetrahedral mesh and hexahedral mesh

Inlet boundary condition Velocity inlet

Outlet boundary condition Pressure outlet

Discretization scheme Second order upwind scheme

Injector outlet velocity/ms-1 32.8

Injector outlet temperature/K 343
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The maximum temperature of the cooling gallery was selected as a physical variable to observe the
effect of the change in the number of grid points on the results of the calculation, as given in Tab. 2.

2.3 Boundary Conditions for the Finite Element Calculation
The finite element method was used to determine the temperature field inside the solid parts. Generally,

third boundary conditions were used, which means that the temperature and the heat transfer coefficient at the
piston boundary are known. The temperature and the equivalent heat transfer coefficient of the piston ring
area, the outside of the piston skirt, and the piston cavity were derived from the experiment. The gas side
of the piston crown was simulated by using three-dimensional numerical simulation software to simulate
the working process in the cylinder. The simulation result of the transient heat transfer of the wall was
averaged over a period and then projected to the finite element mesh. The temperature and heat transfer
coefficient of the cooling gallery were time-integrated and averaged from the transient calculation of the
oil cooling and finally projected to the finite element mesh.

3 Calculation Results and Analysis

3.1 Flow Distribution in the Cooling Gallery
Fig. 6 shows the oil distribution of the cooling gallery at different positions to where the piston moves.

When the piston moves from the top dead center (TDC) to the bottom dead center (BDC), the piston
accelerates downward at the beginning, and the oil mainly accumulates at the top of the cooling gallery.
When the piston passes through the BDC and goes upward, it starts to decelerate and the oil leaves the
top of the cooling gallery as a result of inertia. In the same way, when the piston moves from the BDC to

Figure 5: Wall temperature of the cooling gallery

Table 2: Mesh sensitivity analysis

Number of grid points (×105) Temperature (×102°C)

1.53 2.557

1.87 2.581

2.00 2.614

2.34 2.619

2.75 2.624

3.18 2.626
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the TDC, most of the oil accumulates at the bottom of the cooling gallery during the acceleration period.
When the piston moves upward close to the TDC, the oil breaks from the bottom of the cooling gallery
to the top as a result of inertia caused by deceleration of the piston, and the flow at the top begins to
increase again. In general, the movement of the piston causes the oil to oscillate in the cooling gallery at
a high speed, which can greatly enhance heat transfer [27].

Fig. 7 shows the variation of the oil fill ratio of the cooling gallery as a function of the crank angle. Fig. 8
shows the variation of the oil flow at the inlet and outlet of the cooling gallery and the piston speed as a
function of the crank angle. From Figs. 7 and 8, it can be seen that variation of the oil fill ratio is closely
linked to the inlet and outlet flow.

Figure 6: Distribution of oil in the cooling gallery of the piston at different positions

Figure 7: Oil fill ratio of the cooling gallery as a function of the crank angle

FDMP, 2021, vol.17, no.4 779



During the downward acceleration movement of the piston from the TDC, the relative velocity between
the inlet oil and the piston increases. The mass flow of oil flowing in and out of the cooling gallery increases
accordingly. Because the oil flowing in the cooling gallery is greater than that flowing out of the cooling
gallery, the total amount of retention in the cooling gallery increases. When the piston starts to decelerate,
the oil is still accelerating downward as the result of inertia and thus it gathers at the bottom of the
cooling gallery. Therefore, the mass flow of oil flowing out of the cooling gallery increases gradually.
Near 120° CA, the same amount of oil flows in and out of the cooling gallery. At this time, the oil fill
ratio of the cooling gallery reaches its maximum. After 120° CA, the oil flowing out of the cooling
gallery is greater than that flowing in, and the oil fill ratio begins to decrease.

After the piston hits the BDC, it begins to accelerate upward. The relative velocity between the inlet oil
and the piston decreases, and the mass flow of oil flowing in the cooling gallery decreases accordingly. The
oil gathers at the bottom of the cooling gallery, and the mass flow of oil flowing out of the cooling gallery
increases, which causes the oil fill ratio to decrease. The oil continues to accelerate upward as the result of
inertia as the piston starts to decelerate, and the mass flow of oil flowing in the cooling gallery increases. The
same amount of oil flows in and out near 330° CA, and the oil fill ratio at this moment reaches its minimum.
After 330° CA, the oil flowing out of the cooling gallery begins to be less than that flowing in, and the oil fill
ratio in the cooling gallery begins to increase again.

3.2 Heat Transfer Analysis of the Cooling Gallery
Fig. 9 shows the variation of the average convective heat transfer coefficient of the cooling gallery

surface as a function of the crank angle. It can be seen from Figs. 7 and 9 that the trend of the average
heat transfer coefficient of the cooling gallery surface in a cycle is similar to that of the oil fill ratio in the
cooling gallery, but the former has a lag period. This is because the moving direction of the piston
changes at the BDC as the oil hits the wall as the result of inertia. Moreover, the turbulent flow is
strengthened, enhancing heat transfer; therefore, the heat transfer coefficient near the BDC is higher [28].
At 120° CA, although the oil fill ratio reaches its maximum, the turbulent flow at this time is weaker
compared to that at the BDC; therefore, the heat transfer coefficient is lower than that at the BDC.

Fig. 10 shows the distribution of the heat transfer coefficient of the cooling gallery surface at different
piston positions. For a more intuitive analysis, the surface of the cooling gallery was divided into four areas,
as shown in Fig. 11.

Figure 8: Inlet and outlet oil flow of the cooling gallery and piston speed as functions of the crank angle

780 FDMP, 2021, vol.17, no.4



The variation of the average heat transfer coefficient of the cooling gallery surface as a function of the
crank angle can be seen in Fig. 12. The heat transfer coefficients in different areas of the cooling gallery
surface often vary along with the crank angle, but the values are quite different. The heat transfer
coefficient of the upper surface is obviously higher than that of the lower surface, which is closely related
to the distribution of oil in the cooling gallery.

When the piston moves downward, the oil mainly accumulates at the top of the cooling gallery, and air
collects at the bottom. Therefore, the heat transfer coefficient of the upper surface increases, and the heat
transfer coefficient of the lower surface decreases. In contrast, when the piston moves upward, the

Figure 9: Average convective heat transfer coefficient of the cooling gallery surface as a function of the
crank angle

Figure 10: Heat transfer coefficient distribution of the cooling gallery surface
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cooling oil mainly accumulates at the bottom of the cooling gallery, and air collects at the top. Therefore, the
heat transfer coefficient of the lower surface increases and the heat transfer coefficient of the upper surface
decreases. In addition, because the inside and outside surfaces of the cooling gallery are less affected by the
impact of the oil, the heat transfer coefficients of these two surfaces are low.

3.3 Analysis of the Piston Temperature Field
The oscillating heat transfer effect of the cooling gallery is closely related to the oil fill ratio. If the oil fill

ratio in the cooling gallery is too high or too low, the oscillating heat transfer effect will degrade, which is not
conducive to cooling of the piston. To make full use of oscillating heat transfer, the oil fill ratio should be
between 30% and 60% [25,29]. To further validate the heat transfer effect, the temperature field of the
piston was calculated and analyzed.

Fig. 13 shows the temperature field distribution on the outside surface of the piston without and with a
cooling gallery. The highest temperature of the piston without cooling is 378.9°C, and the highest
temperature of this piston with cooling gallery is 354.2°C, which means the temperature drops by ~24°C.
After adding the cooling gallery, the temperature of the engine combustion chamber and the top and
second land drops by ~20°C, but the temperature of the piston skirt and bottom center does not drop

Figure 11: Partitions of the cooling gallery surface

Figure 12: Average convective heat transfer coefficient of the wall as a function of the crank angle
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significantly. It can be seen that the cooling gallery of the piston has a significant cooling effect on the piston
crown and piston lands.

Fig. 14 shows the temperature field distribution of the piston center section and piston crown with the
cooling gallery. The high-temperature area of the piston is mainly concentrated in the center of the
combustion chamber, and the temperature gradually decreases from the piston head to the lower edge of
the skirt. The temperature of different areas on the piston crown varies greatly. From the center of the
combustion chamber to the bowl to the edge, the temperature first drops and then rises, and the
temperature is the highest in the center of the combustion chamber.

4 Experimental Validation of the Simulation

Thermocouples were used in this study to measure the temperature of key positions of the piston, which
also provided validation of the simulation results. The main parameters of the diesel engine under
measurement conditions are listed in Tab. 3, and the layout of the temperature measurement points is
shown in Fig. 15. The moving coil and the signal amplifier for the sensor were mounted on the piston,
and the stator antenna was fixed on the engine. When the piston moves, the temperature measurement

Figure 13: Temperature field distribution on the outside surface of the piston (a) Piston without cooling
gallery (b) Piston with cooling gallery

Figure 14: Temperature field distribution of the piston center section and crown
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data are transferred to the computer through a data acquisition system. The temperature measurement data are
listed in Tab. 4. The maximum error between the calculated temperature value and the measured temperature
value was 3.18%. The point with the maximum error was at point 6 around the combustion chamber on the
piston crown. The overall error was within 5%. The simulation results were found to be in good agreement
with the experimental results, indicating that the model and numerical simulation method implemented in
this study are reasonable and trustworthy.

Table 3: Main parameters of diesel engine

Parameters Value

Maximum detonation pressure/MPa 16.5

Power/kw 124

Compression ratio 16.5

Bore/mm 150

Stroke/mm 160

Length of the connecting rod/mm 300

Speed/rmin-1 2400

Fuel injection quantity/Lmin-1 8.9

Nozzle diameter/mm 2.4

Figure 15: Positions of the measuring points on the piston

Table 4: Comparison of measured and calculated temperatures of piston

Measuring
points positions

Measured
temperatures/°C

Calculated
temperatures/°C

Error

1 317.6 314.3 –1.04%

2 348.6 354.2 1.61%

3 305.2 296.1 –2.98%

4 296.1 282.6 –3.09%
(Continued)
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5 Conclusions

1. The oil flow and heat transfer characteristics of the cooling gallery were investigated through
transient CFD calculations of piston oscillating cooling. The oil fill ratio of the cooling gallery
was found to be closely related to the inlet and outlet flow of the cooling oil. The same amount of
oil flowed in and out of the cooling gallery at 120° CA, while the oil fill ratio reached its
maximum. Near 330° CA, the oil fill ratio reached its minimum. The trend of the heat transfer
coefficient was similar to that of the oil fill ratio, but there was a lag period.

2. The temperature field distribution of the piston was obtained by using the heat transfer boundary
determined from the transient oil-cooling CFD calculations. The highest temperature of this piston
without cooling gallery was 378.9°C, and the highest temperature with cooling gallery was
354.2°C (a temperature decrease of 24.7°C). After adding the cooling gallery, the temperature of
the combustion chamber and the piston land dropped by ~20°C. The temperature comparison
between cases with and without the cooling gallery indicated that the oscillating heat transfer of
the cooling gallery can effectively reduce the thermal load on the piston crown and the piston lands.

3. Comparison of the piston temperature test results with the calculated results revealed that the
maximum error between the calculated temperature and the measured temperature was ~3.18%.
The method used to obtain a temperature field to calculate the cooling gallery heat transfer
boundary from the transient calculation results is thus well in line with the actual situation and
further validates the accuracy of the oscillating cooling calculation model in this study.
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