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Abstract: The oleo-pneumatic shock absorber involves a complex two-phase flow in the working
process. In this paper, a simple oleo-pneumatic shock absorber model was established, and the
volume-of-fluid (VOF) two-phase flow model was adopted to accurately simulate the distribution
of the two-phase flow field in the shock absorber through the commercial software FLUENT 2020
R2. The accuracy of the simulation model was verified by the method of engineering damping
force estimation, and the error of the numerical simulation results compared with the engineering
estimation results was 7–8%. By numerical simulation, the influence of different orifice lengths and
diameters on the maximum pressure, temperature, velocity and oil damping force inside the shock
absorber was studied. The results showed that with the increase of the orifice length, the maximum
pressure, flow rate and oil damping force in the shock absorber decreased. The temperature decreased
first and then increased, but the overall effect was small. However, according to the oil volume
fraction contour, the gas–liquid distribution in the shock absorber with an orifice larger than 15 mm
was more chaotic. Increasing the diameter of the orifice had a great impact on the shock absorber. The
maximum pressure, flow rate and damping force of the oil inside the shock absorber were sharply
reduced, and the temperature continued to rise. These research results can provide reference for the
optimization design of oleo-pneumatic shock absorbers.

Keywords: oleo-pneumatic shock absorber; two-phase flow; damping orifice; oil damping force

1. Introduction

The landing gear is the supporting part of an aircraft when it is taxiing on the ground.
When the landing gear is subjected to a large impact load during the landing process, the
internal pressure of the shock absorber will increase sharply; therefore, the shock absorber
will require high structural strength and sealing properties [1]. The oleo-pneumatic shock
absorber is widely used in modern aircraft landing gear because of its remarkable efficiency
of absorbing a large amount of energy in a short time [2]. During the working process
of the shock absorber, the oil is compressed through the damping orifice, resulting in a
local pressure loss due to the throttling effect of the oil orifice, thus dissipating the impact
energy. At the same time, nitrogen, as an elastic element, is compressed to absorb and
store some of the energy in order to propel the piston back to its pre-compression position.
When designing a shock absorber, the structural parameters of the damping orifice are an
important factor affecting the performance of the shock absorber. M. Bharath et al. [3] estab-
lished a simple shock absorber model and used the computational fluid dynamics (CFD)
method to study the impact of the structural parameters of the shock absorber damping
orifice and cavity on the shock absorber’s performance. Ding and Zhang et al. [4] used a
CFD numerical simulation method to change the geometric parameters of oil orifices and
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analyzed the influence of oil orifices of different sizes on the oil damping force. Nie et al. [5]
used the CFD method to study the impact of orifice size and chamfering on the maximum
air pressure and velocity in the shock absorber. Most of the above studies discussed the
shock absorber performance by changing the damping orifice parameters through the CFD
method. In addition, there are related studies discussing the performance of the shock
absorber from the perspectives of energy loss, temperature change and pressure change
of each cavity during the working process. Heirendt [6] proposed a method to charac-
terize the thermal frictional mechanical response of shock absorbers for aircraft landing
gear and analyzed each part of the landing gear. The numerical results indicated that the
runway amplitude dominates the landing gear thermal response. Lou et al. [7] deduced
the pressure formula of each chamber of the landing gear shock absorber, and through a
MATLAB/Simulink simulation analyzed the variation of each chamber pressure with time
and buffer stroke. Jiao et al. [8] used FLUENT to simulate the dynamic flow process of oil
in the damping orifice and combined this analysis with a theoretical calculation method to
determine the damping energy loss of the shock absorber. The damping energy loss values
were calculated by the total pressure difference. These studies from different perspectives
have helped us better analyze the performance of the landing gear.

Most of the above studies on the oleo-pneumatic shock absorber of the landing gear fo-
cused on a single-phase flow simulation; therefore, we cannot know the flow characteristics
of the two-phase flow inside the shock absorber. The working principle of the automobile
hydro-pneumatic suspension is similar to that of the landing gear oleo-pneumatic shock
absorber. Wu [9] developed a computational fluid dynamics (CFD) model for hydropneu-
matic suspensions (HPS) and performed transient calculations using the volume-of-fluid
(VOF) method to simulate the fluid dynamics characteristics and determine the damping
and stiffness forces of the HPS. The effects of temperature, oil viscosity, nitrogen dissolution
rate and suspension vibration rate on the nonlinear characteristics of HPS were studied.
Deng et al. [10] studied the influence of nitrogen dissolution and density variation on the
performance of a hydro-pneumatic suspension during operation. Through the study of
two-phase flow, we can clearly see the transient gas–liquid two-phase distribution and flow
mechanism in the hydro-pneumatic suspension.

In order to better simulate the working process of the shock absorber, FLUENT was
used to simulate the shock absorber, and the boundary motion of the shock absorber was
controlled by the dynamic mesh and boundary motion user-defined function (UDF) method.
The interaction between nitrogen and oil was simulated by the two-phase flow method.
Compared with a single-phase analysis, the two-phase flow simulation allowed obtaining
the volume distribution of oil and nitrogen. The accuracy of the numerical simulation was
verified by the engineering estimation method of the buffer oil damping force, and then the
influence of the oil orifice parameters on the shock absorber performance was studied.

2. Working Principle and Analysis of the Shock Absorber
2.1. Working Principle of the Shock Absorber

Figure 1 shows the structure diagram of the single-cavity oleo-pneumatic shock ab-
sorber. The working process of the shock absorber is divided into two stages: compression
stroke and extension stroke. During the compression stroke, the force on the tire causes the
piston to be compressed and move upward, and the oil will convert the kinetic energy into
heat energy through the main oil orifice. Meanwhile, the compressed nitrogen converts a
large amount of absorbed energy into elastic potential energy. When the piston is extended,
the nitrogen releases energy, which converts the stored energy into heat and kinetic energy.
The nitrogen acts as a spring throughout the process.
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Figure 1. Schematic diagram of the oleo-pneumatic shock absorber structure.

2.2. Oil Damping Force

In the process of the shock absorber movement, the internal oil flowing through the
oil orifice creates a problem of orifice outflow. Figure 2 shows a schematic diagram of
oil outflow. It can be seen in the figure that the oil flows uniformly before reaching the
orifice. Near the orifice, the oil flow section becomes narrow, the oil contracts, and the
flow rate increases. The oil flow velocity reaches its maximum when the oil enters the
orifice. When the oil outflow orifice reaches the c-c section, the oil flow bundle begins
to expand continuously, and then the flow rate decreases, and a steady flow is restored.
Since there was no oil and gas mixing at the orifice during the numerical simulation, a
calculation model of oil damping force could be deduced according to the relevant theories
of engineering fluid mechanics.
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For sections 1-1, 2-2 of Figure 2, according to Bernoulli equation, the following equation
were obtained:
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where, P1, Pc are the pressure in the 1-1 and c-c sections, V1, Vc are the average flow velocity
in the 1-1 and c-c sections, respectively, ρ is the oil density, and ξ is the local flow discharge
coefficient of the orifice.

According to the continuity equation, the following equation was obtained:

V1 =
Ac

A1
Vc = VcCc (2)

where A1, Ac are the cross-sectional areas of the 1-1 and c-c sections, respectively, and Cc
are the shrinkage coefficients.

By combining the continuity equation and the Bernoulli equation, the expressions of
flow velocity and orifice flow coefficient in the contraction section were obtained as follows:

Vc =
1√

1 + ξ

√
2∆P

ρ
= Cv

√
2∆P

ρ
(3)

where Cv is the velocity coefficient.
The expression of the orifice flow is:

Q = Vc Ac = Cc A0Cv

√
2∆P

ρ
= Cd A0

√
2∆P

ρ
(4)

where Q is the oil orifice flow rate, A0 is the oil orifice area, and Cd is the damping orifice
flow coefficient.

Finally, the damping force calculation formula could be deduced [11]:

Foil = ∆p · Ah =
Ah

3ρv2

2A02Cd
2 (5)

where Foil is the oil damping force, ∆p is the pressure difference between two sides of the
oil orifice, Ah is the effective oil pressure area, and v is the piston rod compression speed.

3. Model Design and Grid Division

Considering the complexity of the shock absorber, the model was simplified appro-
priately. In this paper, the influence of the main oil orifice on the flow field characteristics
was studied; therefore, the structure of the reflux orifice was simplified. Considering the
symmetry of the model, as well as the accuracy and time of the solution, a quarter of the
model was selected for meshing. In the shock absorber model studied in this paper, grid
encryption was needed to improve the calculation accuracy because of the drastic changes
in the flow field near the orifice. The grid model is shown in Figure 3:
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Figure 3. D mesh model of the shock absorber.

For the numerical simulation, the number of independent mesh cells should be deter-
mined for different models [12], In order to study the relationship between the grid density
and the calculation results and eliminate the interference of the mesh number on the calcu-
lation results in the subsequent calculation, this study gridded the same shock absorber
model according to different mesh densities. Table 1 shows the calculation results of the oil
damping force under the same compression speed for different mesh cell density models.
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Table 1. Mesh independent test.

Number of Mesh Elements 454,300 552,300 721,000 850,000 102,500 116,400 135,800

Oil damping force (KN) 49.832 53.53 52.741 54.13 54.32 54.21 53.68

As can be seen in the table, when the number of grids was small, the calculation results
fluctuated greatly, and there was a large residual. With the increasing of the number of
grids, the calculation results tended to be stable. However, when the density of the mesh
reached a certain level, the continuous increase in the number of grids had a little effect
on the calculation results. At the same time, since the remeshing method was used in
the dynamic mesh, an excessive number of grids would greatly affect the computational
efficiency, so an appropriate number of grids should be selected. In this paper, the selected
number of grids was 85,000.

4. Numerical Simulation and Experimental Design of a Two-Phase Flow
4.1. Conservation Equation for the Numerical Simulation of a Two-Phase Flow

In this paper, a gas–liquid two-phase flow was used to simulate the buffer. The compress-
ibility of nitrogen was not considered. For a gas–liquid two-phase flow with a compressible
phase, the relevant conservation equation is as follows:

∂ρ

∂t
+∇(ρu) = 0 (6)

∂(ρu)
∂t +∇ · (ρu⊗ u) = −∇p +∇ · [µ(∇u + (∇u)T)+

(ζ − 2
3 µ)∇ · uI] + ρg + Fθ

(7)

where ρ is the density, u is the velocity, ζ is the second viscosity, I is the identity matrix, p is
the pressure, g is the gravitational acceleration, µ is the hydrodynamic viscosity, Fθ is the
surface tension.

The energy conservation equation is

∂T
∂t

+∇ · (uT) = ∇ · (k∇T) + ST (8)

where T is the fluid temperature, u is the fluid velocity, k is the fluid heat conduction
coefficient, and ST is the energy source.

4.2. VOF Method

In the simulation of a gas–liquid two-phase flow in the shock absorber, there is an
interface between hydraulic oil and nitrogen in the initial stage. For such problems with
an obvious initial interface, the VOF method is usually employed [13]. The VOF model
constructs and tracks the free interface by introducing the volume fraction a of each
phase fluid in the grid cell at each time. The free interface is reconstructed by solving the
following equation:

∂αn

∂t
+ (u · ∇)αn = 0 (9)

In the calculation of the VOF model, the sum of the volume fractions of all phases in
the cell is defined as 1. For the oil–gas buffer, the nitrogen volume fraction is αn, and the oil
volume fraction is 1− αn. That is, the following happens in the cell:

αn(x, t) =


1

0 < αn < 1
0

(10)

where αn = 1 means that the unit is filled with nitrogen, 0 < αn < 1 indicates that both
nitrogen and oil exist in the unit, and αn = 0 indicates that the unit is full of oil.



Fluids 2022, 7, 360 6 of 13

The density and viscosity of the fluid are calculated according to the following equation:

ρ(x, t) = αnρn + (1− αn)ρo (11)

µ(x, t) = αnµn + (1− αn)µo (12)

where ρn and ρo are the density of nitrogen and oil, µn and µo are the viscosity of nitrogen
and oil.

According to the VOF modeling, nitrogen was set as the first phase and defined as a
compressible fluid. Oil was the second phase and was defined as an incompressible fluid.
Figure 4 shows the schematic diagram of the VOF.
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4.3. Boundary Conditions and Solution Settings

In the process of shock absorber compression, the oil cavity and the nitrogen cavity
are compressed. Therefore, the dynamic mesh technology was adopted to simulate the
shock absorber compression process by writing the UDF program to control the boundary
motion [14]. Table 2 shows the UDF control functions. The motion of Moving-wall1 and
Moving-wall2 was controlled by this function. The smoothing and remeshing in a dynamic
mesh can guarantee the quality of the mesh in motion. Table 3 shows the settings of the
initial conditions related to CFD. Figure 5 shows the schematic diagram of the boundary
conditions.
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Table 2. Boundary motion function.

DEFINE_CG_MOTION(piston, dt, vel, omega, time, dtime)
{

real x [ND_ND];
real y;

face_t f;
if (time ≤ 1)

{
vel [0] = −0.4;

}
}
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Table 3. CFD model properties.

CFD Model Properties Settings

Primary/secondary phase Nitrogen gas/oil
Viscous model Realizable k-e

Gas state Ideal gas
Oil compressibility Incompressible Newtonian fluid

Precharge nitrogen pressure (MPa) 3
Precharge nitrogen height (mm) 340

Temperature (K) 300
Oil dynamic viscosity (Pa s) 0.01976

Oil density (kg/m3) 839.3
Time step size (s) 0.0001

Number of time steps 1250

4.4. Shock Absorber Parameters Design

In this paper, the single factor control variable method was used to study the influence
of different oil orifice parameters on the flow field characteristics of the shock absorber
during compression. The specific parameters are shown in Table 4. This paper conducted a
numerical simulation according to the following parameters of the shock absorber.

Table 4. Shock absorber parameters.

Shock Absorber Parameters Parameter Values

Oil orifice length (mm) 5 10 15 20 25
Oil orifice diameter (mm) 10 13 16 19 22

compressing velocity (m/s) 0.4 0.5 0.6 0.7 0.8
Piston diameter (mm) 135

Outer cylinder Diameter (mm) 150

5. Analysis of the Numerical Simulation Results

In order to study the characteristics of the two-phase flow inside the shock absorber, the
orifice length was 15 mm, the diameter was 10 mm, and the compression speed was 0.4 m/s
for the simulation calculations. The overall calculation time was 0.125 s. Equation (5) is
commonly used to estimate the oil damping force of the shock absorber in engineering.
The main core of engineering damping force calculation is to determine the orifice flow
coefficient. The damping coefficient of the oil orifice is usually an engineering value
determined by the landing gear drop shock test. Then, it is convenient to estimate the oil
damping force when the shock absorber is designed. Based on pipeline hydrodynamics
and the damping orifice structure, Ding [15] established a flow coefficient model of the
oil orifice and carried out a numerical calculation. When the flow coefficient of the oil
orifice is 0.79, the calculated damping force is closer to the experimental result. At the
same time, this method also improves the accuracy of the estimation of the engineering oil
damping force. Therefore, in this paper, the flow coefficient of the oil orifice was set to s 0.8
(Cd = 0.8) to calculate the engineering oil damping force. Figure 6 shows the comparison
between the engineering estimation results and the numerical simulation results of the
shock absorber oil damping force. It can be seen from the figure that the simulation values
were basically larger than the engineering estimation results, with an overall error between
7 and 8%. Therefore, it was reasonable to use the numerical simulation results to analyze
the performance of the shock absorber.

Figure 7 shows the oil volume fraction contour of the shock absorber at 0 s, 0.025 s,
0.05 s, 0.075 s, 0.1 s and 0.125 s, respectively. As can be seen in the figure, there was an
obvious gas–liquid interface before the shock absorber worked. As the piston compressed,
the oil flowed through the oil orifice at a high speed; the oil was mainly in the form of a
jet. The oil jet hit the upper wall and then flowed downward attached to the upper wall
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and mixed with nitrogen. As you can see, the nitrogen eventually became compressed into
a mass.
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Figure 8 shows the pressure, velocity temperature contour of the shock absorber at
0.125 s. It can be seen from the figure that the oil flowed through the orifice. Due to
the throttling effect of the orifice, the oil velocity was large at the orifice and then slowly
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attenuated with continuous upward injection. In the working process of the shock absorber,
the pressure of the oil chamber and of the gas chamber continued to increase, and nitrogen
was compressed to absorb a large amount of heat. It can be seen from the temperature
contour that the highest temperature was concentrated in the nitrogen center.
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Figure 8. Contour of results when the orifice length was 15 mm and the diameter was 10 mm.

5.1. Effect of the Orifice Length on the Shock Absorber Performance

In order to study the effect of the orifice length on the shock absorber, the diameter of
orifice was controlled to be 10 mm, the compression speed was 0.4 m/s, and the calculation
time was 0.125 s. The orifice length was changed to 5 mm, 10 mm, 15 mm, 20 mm and
25 mm, respectively, for the calculation.

Figure 9 shows the oil volume fraction contour inside the shock absorber with different
orifice lengths. It can be seen that with different orifice lengths, the gas–liquid distribution
was different. As the orifice length increased, the flow field of the two-phase flow became
more chaotic, but the overall trend was the same: nitrogen was compressed in the middle
of the upper cavity.
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Figure 10 shows the numerical simulation results of the shock absorber with different
orifice lengths. Figure 10a shows the speed variation diagram of the orifice for different
orifice lengths. It can be seen that, as the orifice length gradually increased, the maximum
speed in the shock absorber first increased and then decreased, but the overall change
was relatively small, and the maximum speed was reached when the orifice length was
10 mm. Figure 10b shows the variation of the maximum temperature inside the shock
absorber under different orifice lengths. It can be seen that the temperature variation first
decreased and then increased with different orifice lengths. When the orifice length was
15 mm, the nitrogen temperature was the lowest. Figure 10c shows the variation of the
maximum pressure inside the shock absorber for different orifice lengths. It can be seen
that the maximum pressure increased first and then decreased with the increase of the
orifice length, and the variation range was small. Figure 10d shows the variation of the oil
damping force of the orifice for different orifice lengths. It can be seen that the orifice length
increased, but the oil damping force decreased slowly and tended to be flat when the orifice
length was larger than 15 mm. It can be seen that the increase in the orifice length had a
certain impact on the shock absorber performance, but the impact was small.
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5.2. Effect of the Orifice Diameter on the Shock Absorber Performance

The length of the control orifice was 15 mm, the compression speed was 0.4 m/s, and
the calculation time was 0.125 s. The diameter of the orifice was changed to 10 mm, 13 mm,
16 mm, 19 mm and 22 mm, respectively, for the numerical calculation.

Figure 11 shows the oil volume fraction contour inside the shock absorber for different
orifice diameters. It can be seen that, as the diameter increased, the compressed volume of
nitrogen decreased, and the oil around the hole increased.
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Figure 11. Contour of oil volume fraction for different orifice diameters.

Figure 12 shows the calculation results of the internal flow field of the shock absorber
for different orifice diameters. Figure 12a shows the variation of the maximum velocity
inside the shock absorber for different orifice diameters. It can be seen that, as the diameter
increased, the maximum velocity inside the shock absorber decreased continuously and
finally, as the diameter increased, the velocity decreased gradually. Figure 12b shows the
nitrogen maximum temperature inside the shock absorber for different diameters. It can be
seen that the maximum temperature increased with the increase of the diameter and finally
became increasingly flatter. Figure 12c shows the variation of the maximum pressure inside
the shock absorber for different orifice diameters. As the diameter increased, the maximum
pressure decreased sharply at the beginning and became flat at the end. Figure 12d shows
the variation of the oil damping force for different orifice diameters. It can be seen that,
with the increase of the diameter, the oil damping force decreased continuously, with the
largest variation for diameters of 10 mm and 13 mm, and the variation range gradually
decreased with the increase of the diameter. It can be seen that the orifice diameter had a
great influence on the performance of the shock absorber.
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6. Conclusions

In this paper, an accurate two-phase flow model of an oleo-pneumatic shock absorber
was established to simulate the characteristics of an oil–nitrogen two-phase flow in the
shock absorber and to study the performance of the shock absorber with variable oil orifice
parameters. The following conclusions were drawn through the numerical simulation:

1. The results of the oil volume fraction contour showed that the oil flowed out of the
damping orifice and mixed with nitrogen mainly in the form of a turbulent jet when
the oleo-pneumatic shock absorber was working. When the oil jet hit the upper wall,
it fell off the upper wall with gravity. The continuous compression of the nitrogen
cavity and oil cavity made the two phases of oil and nitrogen acquire a mutually
coiling complex movement, and a large amount of oil moved down along the upper
wall. Finally, nitrogen was compressed in the center of the nitrogen cavity. It can be
seen from the temperature contour that the middle of the nitrogen chamber had the
highest temperature, and the temperature rose to about 25 ◦C, which indicated that
nitrogen absorbed a lot of energy.

2. With the increase of the orifice length, the maximum pressure, maximum speed and
oil damping force inside the shock absorber decreased; the values of these parameters
increased for orifice lengths of 5–15 mm and were basically stable for lengths over
15 mm. The orifice length had a great influence on the internal temperature of the
shock absorber, and the maximum temperature was the lowest for a length of 15 mm.
From the analysis of the flow angle of the small orifice, it appears that an increase
in the hole length will increase the flow time through the small orifice of the oil
attached to the small orifice, making the flow rate of the oil more stable; in this way,
the damping force and other parameters of the oil will be reduced, but the changes
will not be large.

3. Increasing the diameter of the oil orifice had a great influence on the performance of
the shock absorber. With the increase of the diameter of the oil orifice, the maximum
velocity decreased from 100.97 m/s to 21.56 m/s, the maximum pressure decreased
from 10 MPa to 6.5 MPa, and the oil damping force decreased from 54.13 KN to
2.28 KN. The temperature decreased as the diameter of the orifice increased. As
a whole, the changes were the largest for diameters between 10 mm and 13 mm,
and then the values tended to stabilize. It can be seen that the selection of the oil
orifice diameter had a great influence on the performance of the shock absorber. This
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indicates that a too large oil orifice diameter will make a shock absorber lose its
damping effect.
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