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ABSTRACT
Air springs with auxiliary chambers are widely used by automobile manufacturers due to their
lightweight design, low noise, superior shock absorption performance, and adjustable stiffness.
The structural parameters of the auxiliary chamber and connecting pipeline play a decisive
role in the shock absorption performance of air springs. This paper established a numerical
simulation model for air springs with auxiliary chambers and studied the influence of the
connecting pipeline diameter and the auxiliary chamber volume on the dynamic characteristics
of air springs. The results indicate that, under the same initial internal pressure, the position
where the stiffness tends to flatten shifts to higher frequencies as the pipeline diameter increases.
As the pipeline diameter increased, the auxiliary chamber affected the stiffness over a broader
frequency range. At lower loading frequencies, smaller pipeline diameters had a greater impact
on stiffness, while larger pipeline diameters had a lesser impact. As the frequency increases,
larger pipeline diameters gradually exert a stronger influence on stiffness. Between 2 and 6
Hz, the stiffness under different initial internal pressures decreased as the auxiliary chamber
volume increased, while between 14 and 30 Hz, the opposite trend was observed. At all loading
frequencies, the stiffness under different initial internal pressures decreased with increasing
auxiliary chamber volume at 2 Hz, but as the loading frequency increased, this trend gradually

reversed.

Keywords: Agricultural engineering, agricultural machinery, numerical simulation, stiffness,

connecting pipe, finite element analysis.

INTRODUCTION

At present, the springs used in vehicles are mainly divided into two categories: ordinary
springs and air springs (Figure 1). Ordinary springs include leaf springs, helical
springs, and torsion bar springs. As modern automotive design and manufacturing
have become increasingly aware of the importance of passenger comfort, air springs
are increasingly being adopted by automakers due to their lightweight design, low
noise, superior shock absorption performance, and road friendliness. Based on
different structures of their air bags, air springs can be classified into three types:
membrane-type, bellows-type, and sleeve-type (Kong et al., 2025).
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Figure 1. Comparison of springs used in vehicles.

Membrane-type air springs are commonly utilized in passenger vehicles due to
their lower stiffness compared to bellows-type air springs. They also possess a
straightforward structure, which allows for variations in elastic characteristics by
simply adjusting structural parameters (Atindana et al., 2023; Van and Tung, 2023).
However, traditional single-chamber air springs are now struggling to meet people’s
demands for vehicle ride smoothness. Therefore, this paper focused on the study of
membrane-type air springs with auxiliary chambers (ASWAC). Due to the influence of
connecting pipelines and auxiliary chambers, the stiffness characteristics of ASWAC
differ significantly from those of single-chamber air springs. The structural parameters
of the connecting pipeline and auxiliary chamber present major challenges in ASWAC
research (Zheng et al., 2016).

Numerous scholars, both domestically and internationally, have investigated this
topic. Toyofuku et al. (1999) proposed a model to analyze the dynamic characteristics
of air springs equipped with auxiliary chambers and pipelines, considering the
relationship between vibration frequency and spring response and examining the
effect of the pipeline on the dynamic spring constant. Zhang et al. (2020) verified the
effectiveness of a proposed semi-active control system for air suspensions through
numerical simulations. Mendia-Garcia et al. (2022) used the Abaqus software to
analyze the effects of selected structural parameters and initial internal pressure on
the load-bearing performance of the main air chamber. These studies offer limited
information on the structural parameters of ASWAC. As a result, it is challenging to
accurately characterize the relationships and variation patterns between the structural
parameters of the connecting pipelines and auxiliary chambers, as well as their
dynamic stiffness.

This paper takes the air spring of a certain Mercedes-Benz model as the structural basis
and adds an auxiliary chamber to it (Figure 2). By utilizing the Fluent software, a finite
element simulation model is established to explore the variation patterns between
the auxiliary chamber and its connecting pipeline and the dynamic characteristics
of the air spring. This provides a certain theoretical foundation for the design and
development of membrane-type ASWAC.
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Figure 2. Structural configuration of the modified air suspension assembly.

MATERIALS AND METHODS

Theoretical basis of air springs with auxiliary chambers
The physical model of the air spring system with an auxiliary chamber (Figure 3)
consists of a main chamber that includes a rubber bladder, an upper cover plate, and a
piston. The auxiliary chamber comprises a cavity, and the main chamber is connected
to the auxiliary chamber through a pipeline (Piller et al., 2002). Wherein P,, V, and
T, represent the absolute pressure, gas volume, and gas temperature in the main
chamber, respectively; P,, V,, and T, represent the absolute pressure, gas volume, and
gas temperature in the auxiliary chamber, respectively; and P, V,, and T represent
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Figure 3. Physical model of the air spring system with auxiliary chamber and connecting
pipeline.
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the absolute pressure, gas volume, and gas temperature in the pipeline, respectively.
During the operation of an air spring, its primary load comes from forces acting in the
vertical direction (Chen et al., 2011; Wong et al., 2024). In this study, only the vertical
motion of the air spring was considered.

While a vehicle is driving on the road, it experiences vibrations due to road
irregularities or other external excitations. These vibrations are transmitted to the air
spring through the vehicle’s suspension system, causing deformation of the bladder
in the main chamber. As the excitation intensifies, the air spring undergoes significant
up-and-down vibrations, which alter its internal volume and pressure. At this point,
changes in the internal pressure of the bladder will cause gas to flow between the
main chamber and the auxiliary chamber, which are connected by a pipeline or orifice.
The auxiliary chamber, serving as an additional volume, can accommodate more gas,
thereby buffering the changes in pressure within the main chamber to a certain extent.
The orifice or pipeline plays a crucial role in the process of gas flow (Karpenko et
al., 2023; Mehmood et al., 2023). They not only restrict the gas flow velocity but also
create a certain damping effect during the flow. This damping effect helps to attenuate
vibrations, enabling the air spring to better absorb and disperse impacts from the road
surface (Karachinskii and Timofeev, 2023). Through the synergistic effect of the main
chamber, auxiliary chamber, and orifice or pipeline, the ASWAC can maintain stable
performance under different vibration conditions.

The energy conservation equation for the main chamber of an ASWAC was defined as
follows (Wissink, 2003; Zhang et al., 2005; Zhu et al., 2008):

dQl + d(hlin - hlout) + dWl = dEl

where Q, represents the heat exchange between the main chamber of the air spring

and the external environment; k,__ is the inflow enthalpy of the main chamber; k,_ is

the outflow enthalpy of the main chamber; W, is the work done by external forces on
the main chamber; and E| is the total energy of the gas within the main chamber.

Similarly, based on the energy conservation equation for the main chamber, the energy
conservation equation for the auxiliary chamber can be expressed as:

dQ, +d(h,, ~h, )+dW,=dE,

2out
where Q, represents the heat exchange between the auxiliary chamber of the air spring

and the external environment; &, is the inflow enthalpy of the auxiliary chamber; i

2in 2out

is the outflow enthalpy of the auxiliary chamber; W, is the work done by external forces
on the auxiliary chamber; and E, is the total energy of the gas within the auxiliary
chamber.

When an ASWAC is in operation, due to the presence of the connecting pipeline,
an exchange of gas and energy occurs between the main chamber and the auxiliary
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chamber (Berg, 2000; Quaglia and Sorli, 2001). Therefore, the energy conservation
equation and the gas state equation were used to describe the process of air changes
within the air spring and the auxiliary reservoir. The gas flow rate equation was
utilized to describe the mass exchange of air between the air spring and the auxiliary
reservoir. To simplify the problem, discussions were held regarding the following
scenarios:

1) During the operation of an air spring, as the frequency of displacement excitation
increases, heat exchange between the air spring and the auxiliary chamber with
the external environment becomes extremely difficult. When the amplitude of
displacement excitation in the main chamber of the air spring is limited to 10 mm,
the gas exchange between the main and auxiliary chambers decreases (Williams,
1997; Mao et al., 2023).

2) In general, the air spring and the auxiliary chamber are installed in a basically
horizontal position on a vehicle, with almost zero height difference between them.
Therefore, the potential and kinetic energy between the main chamber of the air
spring and the auxiliary chamber can be ignored.

3) According to the static experimental results of automotive air springs (Liu and Lee,
2011), when the excitation amplitude is +10 mm, the relative error in the effective
area change is only 6.37 %. Therefore, when conducting theoretical modeling, the
effective area can be treated as a constant.

Establishment of a finite element model
According to Kong et al. (2024), the characteristics of the main chamber of the air
spring under different initial internal pressures and displacements were analyzed. The
loads and actual internal pressures of the main chamber under these conditions were
obtained. Therefore, the equivalent area of the air spring at different initial internal
pressures and displacements could be calculated (Table 1).
The equivalent area of the air spring within an excitation amplitude of +10 mm was
calculated under different initial internal pressures (Figure 4). At the same initial
internal pressure, the equivalent area of the air spring varies slightly within a certain
range for different displacements. The maximum difference in area occurs at an
initial pressure of 0.25 MPa, with a value of 693.0939 mm?, which is relatively small.
Furthermore, taking the equivalent area at a displacement of 0 mm as the reference
value, it can be determined that the maximum relative error in the equivalent area of
the air spring appears at an initial internal pressure of 0.2 MPa, and it is only 2.45 %.
Therefore, in this simulation experiment, when the excitation amplitude is £10 mm,
the effective area of the air spring can be considered a constant value.
The overall structure of the ASWAC is relatively simple, consisting solely of the main
air chamber, connecting pipeline, and auxiliary chamber. By simplifying this structure
and only considering the internal flow field, the finite element model was obtained
(Figure 5).
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Table 1. Equivalent effective area of the air spring within +10 mm displacement under varying initial

internal pressures (0.1-0.3 MPa).

Pressure 01MPa  0.15MPa 0.2 MPa 0.25 MPa 0.3 MPa
Displacement

-10 21 740.45 22 413.26 23934.71 25121.07 25908.84

-8 21 868.72 22 443.53 23 762.01 25 049.99 26 009.93

-6 21 996.99 22 546.37 23 578.05 24 983.17 26 058.25

-4 22 038.93 22 649.20 23 394.09 24 916.34 26 106.57

-2 22 080.87 22 642.92 23377.77 24 827.99 26 093.62

0 22 048.19 22 636.65 23 361.45 24 739.63 26 080.67

2 22 015.51 22 684.95 23 409.42 24 623.80 26 076.54

4 22 018.78 22 733.26 23 457.39 24 507.96 26 072.40

6 22 022.05 22792.23 23 527.75 24 467.97 26 045.27

8 22 094.48 22 851.20 23 598.10 24 42797 26 018.13

10 22 166.91 22 851.12 23 587.41 24 476.50 25961.50

Maximum area (mm?) 426.45 437.94 573.26 693.09 197.74
Maximum relative error 1.40 % 0.99 % 2.45 % 1.54 % 0.66 %
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Figure 4. Variation of equivalent effective area within +10 mm excitation amplitude under

different initial internal pressures.



Agrociencia 2026. DOI: https://doi.org/10.47163/agrociencia.v60i2.3579
Scientific Article

Reference point

Connecting Dynamic
pipeline mesh area

Figure 5. Simplified finite element model of the air spring with auxiliary chamber (ASWAC)
internal flow field.

Mesh generation for the computational domain

A conformal algorithm was adopted to ensure the accuracy and efficiency of the
simulation (Papkov et al., 2023). From the finite element model of the ASWAC, the
entire computational domain can be divided into three parts: the main chamber, the
auxiliary chamber, and the connecting pipeline. The dimensions of these three parts
vary significantly, and the internal gas flow patterns are also different. Therefore,
different mesh sizes were selected to discretize each region. Due to the small size of
the connecting pipeline and the complexity of its internal flow field, a finer mesh size
was required. Thus, preliminary mesh sizes of 1, 2, 3, 4, and 5 mm were selected. The
main chamber and the auxiliary chamber have larger dimensions and simpler internal
flow fields, allowing for larger mesh sizes. Hence, preliminary mesh sizes of 6, 8, 10,
12, and 14 mm were selected.

Mesh convergence analysis for the computational domain

When the mesh size was reduced to 2 mm, the stiffness was 33.157 N mm™, requiring
approximately 600 min of simulation time (Figure 6). When the mesh size was further
reduced to 1mm, the stiffness was 33.139 N mm™, showing a minimal difference
compared to the stiffness at 2 mm, but the simulation time increased to 690 min.
Considering both the accuracy and computational efficiency of the simulation, 2 mm
was selected as the optimal mesh size for the pipeline. When the piping mesh size was
2 mm, its element quality and skewness were both within acceptable ranges (Table 2).
As the mesh size decreased, the stiffness gradually diminished (Figure 7). When the
mesh size was reduced to 6 and 8 mm, the stiffness remained stable, and no significant
changes were observed, indicating that the influence of mesh size on the simulation
results can be neglected at these sizes. The element quality and skewness were both
within reasonable ranges when the mesh size was 6 and 8 mm (Table 3). Considering
both the accuracy and efficiency of the simulation, the 8 mm mesh size was selected
for the chamber.
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Figure 6. Pipeline mesh independence analysis based on dynamic stiffness and computational

time.

Table 2. Element quality and skewness metrics of the pipeline mesh under different mesh sizes.

Mesh size (mm) 1 2 3 4 5

Element quality 0.85082 0.8439 0.84113 0.83949 0.83953
Skewness 0.20701 0.21777 0.22253 0.22565 0.22568
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Table 3. Element quality and skewness evaluation of the chamber mesh under

different mesh sizes.

Mesh size (mm) 6 8 10 12 14
Element quality 0.8438 0.8439 0.8457 0.8464 0.8467
Skewness 0.21808 0.21777  0.21477 0.21363 0.21327

Loading pressure

To ensure that the ASWAC had the same load-bearing capacity as the main chamber
of the air spring under the same initial internal pressure, the actual internal pressure at
the design height of the main chamber of the air spring was considered as the loading
pressure for the ASWAC at its design height. The correspondence table details the
relationship between the initial internal pressure and the actual internal pressure at

Parameters for the simulation model

the design height (Table 4).
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Table 4. Initial internal pressure and actual internal pressure at design height.

Initial internal pressure (MPa) 0.1 0.15 0.2 0.25 0.3
Actual internal pressure (MPa) 0.1497 0.2037 0.2551 0.3066 0.3590

Selection of the auxiliary chamber

Studies have indicated that the air spring performs optimally when the volume ratio of
the auxiliary chamber to the main chamber does not exceed two (Constantin et al., 2024).
The air spring selected for this work has a main chamber volume of approximately 5.4
L. Therefore, the relationship between the volume of the auxiliary chamber and the
stiffness of the air spring was explored by selecting auxiliary chamber volumes of 4,
6,8, and 10 L.

Selection of the connecting pipelines

To minimize the obstruction to air flow caused by the connecting pipeline and to
accommodate the installation position of the air spring on the vehicle, a pipeline
length of 800 mm was selected for this simulation. Additionally, pipeline diameters
of 8, 10, 12, 16, 18, and 20 mm were chosen to investigate their relationship with the
stiffness of the air spring.

Extraction of research parameters

After initializing the loading pressure for the ASWAC, a dynamic mesh was utilized
to apply a sinusoidal resonant frequency with an amplitude of +10 mm to the airbag
section. The frequency values were the same as those used in the dynamic characteristic
analysis of the main chamber, namely 30, 23, 14, 6, and 2 Hz. Concurrently, the
surface pressure on the moving part of the airbag mesh surface was recorded when
the sinusoidal resonant frequency was applied, and a fitting function was used to
obtain the stiffness value of the ASWAC at the design height. Combining different
loading frequencies, a total of 250 simulation experiments were conducted, with each
simulation lasting approximately 7 h, amounting to a total of 1750 h.

To facilitate further exploration of the relationship between the stiffness of the ASWAC
and its internal gas, a reference point inside the connecting pipeline was established.
This allowed the measurement of the internal gas flow velocity during the operation of
the air spring, with the flow direction from the main chamber to the auxiliary chamber
designated as the positive direction. The reference point was positioned in the middle
of the connecting pipeline (Figure 5).
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RESULTS AND DISCUSSION

Impact of the connecting pipeline diameter (CPD) on the dynamic characteristics
of air springs under different initial internal pressure (IIP)

By varying the CPD, the dynamic characteristic curves of the ASWAC at its design
height for different CPDs were obtained under various IIPs (Figure 8). The stiffness
of CPDs 8 and 10 mm was relatively high at 2 Hz, while the stiffness of CPDs 12, 16,
18, and 20 mm was lower at 2 Hz, with little difference among them. As the loading
frequency increased, the stiffness of CPD 8 mm rose rapidly between 2 and 6 Hz but
more slowly between 6 and 30 Hz, with the rising speed decreasing as the frequency
increased. The stiffness of CPDs 10 and 12 mm increased rapidly between 2 and 14 Hz
but more slowly between 14 and 30 Hz, with the rising speed gradually decreasing
as the frequency increased. For CPDs 16, 18, and 20 mm, the stiffness increased from
slow to fast and then slowed down again between 2 and 30 Hz, with slower increases
between 2—-6 Hz and 23-30 Hz and faster increases between 6 and 23 Hz.

The stiffness value of CPD 8 mm was the highest at all IIP levels for the respective
loading frequencies when comparing 2 and 6 Hz. At 14 Hz, when the IIP was 0.1
and 0.15 MPa, the stiffness value of CPD 8 mm was the highest. However, as the IIP
increased to 0.2 and 0.25 MPa, the stiffness values of CPDs 10 and 12 mm surpassed
those of 8 mm. At 23 Hz, the stiffness value of CPD 16 mm became the highest. At 30
Hz, the stiffness values increased as CPD decreased.

The flow velocity diagrams at reference points for different CPDs of the ASWAC at its
design height (Figure 9) showed that, across different IIPs, the flow velocities of CPDs
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Figure 8. Influence of the connecting pipeline diameter (CPD) under different initial internal pressures

(ITP) on the dynamic characteristics of air springs.
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Figure 9. Influence of the connecting pipeline diameter (CPD) on flow velocity inside pipelines under

different initial internal pressures (IIP).

8 and 10 mm exhibited a downward trend between 2 and 30 Hz. For CPDs 12, 16, and
18 mm, the flow velocities increased between 2 and 6 Hz and decreased between 6 and
30 Hz. The flow velocity of CPD 20 mm increased between 2 and 14 Hz and decreased
between 14 and 30 Hz. At lower loading frequencies, as the frequency increased, the
reference point velocity of CPD 8 mm decreased, indicating that internal air choking
occurred within CPD 8 mm in this frequency range. As CPD increased, the decrease
in reference point velocity shifted to higher frequencies, suggesting that increasing
CPD facilitated the additional air chamber’s operation at more frequencies. However,
excessively increasing the CPD can weaken its damping effect on vibration elimination
and increase the difficulty of the vehicle’s piping layout.

Under all IIPs, CPDs of 8, 10, and 12 mm exhibited a trend of slow change in both
stiffness values and reference point velocity values between the frequencies of 14 and
30 Hz (Figures 8 and 9). Similarly, CPDs of 16, 18, and 20 mm also showed a similar
phenomenon between the frequencies of 23 and 30 Hz. It can be concluded that as the
loading frequency increases to a certain value, the internal fluid velocity of the CPD
will reach a limit value, which determines the maximum stiffness of the air spring.

The influence of the connecting pipeline diameter (CPD) on the dynamic
characteristics of air springs at different loading frequencies
The dynamic characteristic curves of ASWAC at the design height for different CPDs
were evaluated under various loading frequencies (Figure 10). At a loading frequency
of 2 Hz, stiffness increased with increasing IIP. The stiffness of CPD 8 mm was the
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Figure 10. Influence of the connecting pipeline diameter (CPD) on the dynamic characteristics of air
springs under different loading frequencies.

highest among all CPDs at all IIPs. At 6 Hz, stiffness exhibited a linear growth trend
with increasing IIP. At the same IIP, stiffness decreased as CPD increased. At 14 Hz,
stiffness increased with increasing IIP. At the same IIP, the stiffness values of 16, 18,
and 20 mm decreased as CPD increased. At 23 Hz, stiffness increased with increasing
IIP for all CPDs. At this frequency, the stiffness of 16 mm was the highest among
all CPDs at all IIPs. At 30 Hz, stiffness increased with increasing IIP for all CPDs.
Compared with 23 Hz, the stiffness values further increased, and the stiffness of 20
mm became the highest among all CPDs at all IIPs. At the same IIP, stiffness increased
with increasing CPD.

The overall analysis (Figure 10) revealed that as the loading frequency increased, the
stiffness value of CPD 8 mm began to shift, transitioning from being the maximum
value at lower IIPs to becoming the minimum value. At a loading frequency of 6 Hz,
under the same IIP, the stiffness values of CPD decreased in the order of 8, 10, 12, 16,
18, and 20 mm. However, at a loading frequency of 30 Hz, the stiffness values of CPD
increased in the reverse order (20, 18, 16, 12, 10, and 8 mm). This trend was opposite
compared to that at a loading frequency of 6 Hz. Overall, under the same IIP, as the
loading frequency increased, stiffness decreased while the trend of increasing CPD
reversed, establishing a rule that stiffness increases with higher CPD.

The velocity profiles at the reference points for different CPDs at the design height of
ASWAC under varying loading frequencies were calculated (Figure 11). At the same
IIP, velocity decreased with increasing CPD. In comparison (Figures 10a and 11a),
at 2 Hz, CPD 8 mm experienced severe choking, while CPD 10 mm showed mild
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Figure 11. Influence of the connecting pipeline diameter (CPD) on flow velocity inside the pipeline
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choking. At 6 Hz, the velocities of CPDs 16, 18, and 20 mm remained stable across
different IIPs, whereas CPD 12 mm fluctuated significantly. The velocities of CPD 8
and 10 mm decreased with increasing IIP, and CPD 8 mm reached the lowest positive
value. Furthermore, stiffness differences emerged among CPD 12, 16, 18, and 20 mm,
indicating that choking occurred in different CPDs as the loading frequency increased
(Figures 10b and 11b).

At 14 Hz, the velocities of CPDs 8, 10, and 12 mm first became negative, with CPD
12 mm fluctuating significantly. The velocities of CPDs 16, 18, and 20 mm decreased
with increasing IIP, and CPD 16 mm became negative at 0.3 MPa. At the same IIP, the
velocities and stiffness values of CPDs 8, 10, and 12 mm were similar, indicating severe
choking and reverse flow in these CPDs at 14 Hz (Figures 10c and 11c). The other
CPDs showed stiffness differences; however, comparison of the two figures indicated
partial choking in their pipelines. At 23 Hz, the velocities of all CPDs became negative,
indicating severe choking in all pipelines. The stiffness values of different CPDs were
similar across various IIPs, and the regulatory effect of the additional air chamber
diminished, corresponding to severe choking at this loading frequency (Figures 10d
and 11d).

At 30 Hz, severe choking occurred in all pipelines, with greater reverse flow velocities.
The velocities of CPD 8 and 10 mm exceeded those of CPD 20 mm, and CPD 12 mm
tended to exceed CPD 16 mm. Smaller CPDs, such as 8 and 10 mm, inhibited the
increase in the absolute velocity, resulting in reduced stiffness (Figures 10e and 11e).
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Larger CPDs, including 12, 16, 18, and 20 mm, exhibited higher stiffness due to greater
absolute velocities. Overall analysis showed that as frequency increased, choking in
pipelines of different diameters gradually worsened, particularly in smaller diameters
(Figure 11). This indicated that different CPD sizes exerted varying effects on the
damping regulation of the additional air chamber. Larger CPDs allowed the additional
air chamber to influence stiffness over a wider frequency range.

Influence of auxiliary chamber volume (ACV) on the dynamic characteristics
of air springs under different initial internal pressure (IIP)

By adjusting the ACV, the dynamic characteristic curves of ASWAC at the design
height were obtained for different ACVs under varying IIPs (Figure 12). For ACVs
of 4, 6, and 8 L, stiffness decreased with increasing frequency between 2 and 6 Hz,
whereas between 14 and 30 Hz, stiffness increased with frequency. For the 10 L ACYV,
stiffness increased with frequency across the entire range from 2 to 30 Hz. Across
all IIPs, within the frequency range of 2 to 6 Hz, stiffness decreased with increasing
ACV at a given frequency. In contrast, between 14 and 30 Hz, stiffness increased with
increasing ACV at a given frequency, showing the opposite trend compared to the 2-6
Hz range. This indicated that the influence of ACV on air spring stiffness was largely
independent of IIP.

The flow velocity diagrams at the reference point for different ACVs of the ASWAC
were obtained at the design height under various IIPs (Figure 13). Across different
IIPs, between 2 and 14 Hz, the flow velocity increased with frequency. Between 14
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Figure 12. Influence of the auxiliary chamber volume (ACV) under different initial internal pressures

(IIP) on the dynamic characteristics of air springs.
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Figure 13. Influence of the auxiliary chamber volume (ACV) on flow velocity inside pipes under

different initial internal pressures (IIP).

and 30 Hz, the flow velocity at the reference point decreased with frequency. Under
different IIPs, within the frequency range of 14 to 30 Hz, at the same frequency, the
flow velocity at the reference point decreased with increasing ACV. Between 14 and
23 Hz, the flow velocity became negative, indicating the occurrence of choking within
the pipeline at this point.

Within the frequency ranges of 2-6 and 23-30 Hz, the change in flow velocity at the
reference point was relatively slow, corresponding to the slower variation in stiffness
within these ranges (Figures 12 and 13). Between 6 and 23 Hz, the flow velocity
changed more rapidly, and the stiffness values also varied more significantly within
this frequency range.

Influence of the auxiliary chamber volume (ACV) on the dynamic characteristics

of air springs under different loading frequencies
The dynamic characteristic curves for different ACVs of the ASWAC at the design height
under various loading frequencies were obtained (Figure 14). Across different loading
frequencies, stiffness increased with increasing IIP. At higher loading frequencies, the
growth rate of stiffness gradually slowed as IIP increased. At loading frequencies of
2 and 6 Hz, stiffness decreased with increasing ACV at the same IIP. However, at
loading frequencies of 14, 23, and 30 Hz, stiffness increased with increasing ACV at
the same IIP. This finding indicated that as loading frequency increased, the trend
shifted from stiffness decreasing with ACV to stiffness increasing with ACV at the
same IIP.
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Figure 14. Influence of the auxiliary chamber volume (ACV) on the dynamic characteristics of air

springs under different loading frequencies.

The reference point flow velocity diagrams for different ACVs of the ASWAC at the
design height under various loading frequencies were obtained (Figure 15). At a

loading frequency of 2 Hz and relatively low IIP, choking had already occurred in
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Figure 15. The influence of ACV on flow velocity inside the pipeline under different loading

frequencies.



Agrociencia 2026. DOI: https://doi.org/10.47163/agrociencia.v60i2.3579
Scientific Article

18

the pipeline of ACV 4 L (Figures 14a and 15a). As IIP increased, the reference point
flow velocity continued to increase. At 6 Hz, the flow velocities at the reference point
of ACVs 4, 6, and 8 L decreased with increasing IIP, whereas the velocity of ACV 10 L
first decreased slightly and then increased with IIP. The decrease in flow velocity at the
reference point was most pronounced for ACV 4 L, corresponding to a stiffness value
significantly higher than those of the other additional air chambers at this frequency
(Figures 14b and 15b).

At 14 Hz, the flow velocities at the reference point of all ACVs decreased with increasing
IIP. At the same IIP, the flow velocity decreased with increasing ACV, showing a
trend opposite to that observed at 2 Hz. As loading frequency increased to 14 Hz,
both stiffness and velocity exhibited trends opposite to those at 2 Hz (Figures 14c and
15c). This indicated that between 2 and 14 Hz, the flow velocity at the reference point
reflected the changes in stiffness. At 23 Hz, the flow velocities of all ACVs decreased
slightly with increasing IIP. As the variation in flow velocity at the reference point
decreased, the differences in stiffness among different ACVs at the same IIP also
decreased (Figures 14d and 15d). This result indicated that the influence of ACV on
stiffness gradually diminished with increasing IIP. At 30 Hz, the flow velocities at the
reference point of all ACVs remained essentially unchanged with variations in IIP. The
differences in stiffness among different ACVs at the same IIP became less pronounced
(Figures 14e and 15e). At 30 Hz, the influence of ACV on stiffness was minimal.

CONCLUSIONS

Under the same initial internal pressure (IIP), the influence of different connecting
pipeline diameters (CPDs) on the dynamic characteristics of the air spring followed the
same pattern, with the frequency at which stiffness tended to flatten shifting to higher
values as CPD increased. With increasing CPD, the auxiliary chamber influenced
stiffness over a wider frequency range. At lower loading frequencies, smaller CPDs
exerted a greater influence on stiffness, whereas larger CPDs had a smaller effect. As
frequency increased, larger CPDs gradually exerted a stronger influence on stiffness.
Between 6 and 30 Hz, at the same IIP, the pattern of stiffness decreasing with diameter
gradually shifted to stiffness increasing with diameter.

Under all IIPs, the influence of different auxiliary chamber volumes (ACVs) on the
dynamic characteristics of the air spring followed the same pattern. Between 2 and
6 Hz, stiffness decreased with increasing ACV for all IIPs, whereas between 14 and
30 Hz, the opposite trend was observed. At all loading frequencies, particularly at
2 Hz, stiffness decreased with increasing ACV under different IIPs. As loading
frequency increased, this trend gradually reversed. Because air springs are subjected
to substantial longitudinal loads during operation, this study considered only the
influence of longitudinal loads on their static and dynamic characteristics. Future
research could investigate and analyze the effects of transverse loads.
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