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Abstract. When air flows through pipelines, it will cause significant pressure loss, resulting in a
sharp change in speed and direction, which in turn forms turbulence and generates noise. Taking
the air duct pipeline of automotive air conditioning as the research object, the responses of
computational fluid dynamics and acroacoustics were studied based on the CFD method. Through
comparative analysis, the characteristics of different turbulence models, discretization methods
and solution algorithms and their applicable working conditions were discussed. Through the
calculation of the flow field and sound field in the air conditioning duct pipeline, the causes of
pressure loss and aerodynamic noise generation within the duct pipeline were explored. Through
spectral analysis, it can be known that the aerodynamic noise within the duct pipeline has no
obvious main frequency and belongs to broadband noise.

Keywords: computational fluid dynamics, aerodynamic noise, air conditioning, finite element,
flow field.

1. Introduction

The air conditioning pipeline serves as a critical conduit for transmitting refrigerants and other
media within the automotive air conditioning system [1]. However, during actual operation,
vibration issues frequently arise. Changes in the refrigerant's flow rate, pressure, and other
parameters exert forces on the pipe walls. Additionally, during the startup, shutdown, and mode
transitions of the air conditioning system, the refrigerant's flow state undergoes abrupt changes,
further intensifying the dynamic loads on the pipeline. By employing Computational Fluid
Dynamics (CFD) to conduct an in-depth analysis of the vibrations in the car air conditioning
pipeline, a more precise understanding of the refrigerant's flow characteristics and its interaction
with the pipe wall can be achieved [2, 3]. Once these factors are accurately identified, the pipeline's
design parameters, such as pipe diameter, bending angles, and wall thickness, can be optimized to
ensure smoother refrigerant flow and mitigate vibrations caused by poor flow or sudden local
pressure fluctuations [4, 5]. This directly enhances the cooling efficiency and stability of the
automotive air conditioning system, ensuring that the vehicle's interior quickly achieves and
maintains a comfortable temperature environment, thereby improving overall comfort. Vibration
in the car air conditioning pipeline often generates noise, which propagates through the vehicle
structure and other pathways into the cabin, negatively impacting the acoustic environment and
ride comfort [6, 7]. Through thorough research and resolution of the pipeline vibration issue, the
noise sources generated by pipeline vibrations can be effectively reduced, thus enhancing the
vehicle’s overall NVH performance.
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2. Theoretical fluid dynamics computation
2.1. Control equations of fluid mechanics

The fluid motion within the air conditioning ducts of a car exhibits similarities to solid motion,
governed by the principles of conservation of mass, momentum, and energy. The mathematical
representation of these conservation laws forms the basis for establishing the control equations.
The law of conservation of mass can be expressed as: over any given time interval, the mass of
the fluid within the same infinitesimal control volume remains unchanged. In the context of air
conditioning duct pipelines, the fluid is assumed to behave as a continuous and homogeneous
medium, with its velocity and density being continuously differentiable functions in both space
and time. Let the velocity at a certain point (x, ¥) be (u, v) and the temperature be t. The unsteady
mass continuity equation and momentum equation can be respectively expressed as:
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According to the law of conservation of energy, the unsteady energy equation in the two-
dimensional space of air can be derived:
at+ at+ a2 62t+62t ;
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2.2. Turbulence model

The standard k-& model was proposed by Launder and Spalding [8]. It determines the turbulent
length and time scales by solving the transport equations of turbulent kinetic energy k and its
dissipation rate €. It has the advantages of strong robustness and fast convergence speed. However,
the accuracy of this model is relatively poor and it is difficult to meet the accuracy requirements
for non-standard turbulent problems. The RNG k-¢ model takes into account the viscous effects
between molecules at low Reynolds numbers and is generally used to predict moderately complex
turbulent flows. Although the RNG k-& model requires more computational time compared to the
standard k-& model, it offers higher accuracy and reliability. Therefore, it can be employed for the
calculation of the steady-state flow field inside the air ducts of automotive air conditioning
systems. The LES model distinguishes the velocity fields of large eddies and small eddies based
on the self-similarity theory. By setting the grid size, small vortices are filtered out, and only
large-scale vortices are calculated.

3. Establishment of the finite element model
3.1. Geometric models

To efficiently calculate the fluid dynamics characteristics, ANSYS Fluent 2020R2 was
employed. Since the focus is on calculating the internal flow field of the air duct pipeline, only the
inner wall surface of the pipeline needs to be considered. However, due to the irregular cross-
sectional shape and complex inner wall structure, the number of grids and the complexity of grid
arrangement increase, leading to higher computational loads and costs.
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To establish the fluid domain mesh model of the automotive air conditioning duct pipe, the
surface meshing is carried out first. The surface mesh mainly consists of two types: triangular
mesh and quadrilateral mesh. Due to the complex structure of the air conditioning duct pipe
studied in this paper and the large curvature changes in some local areas, triangular mesh is used
for surface meshing of the fluid domain of the air conditioning duct pipe. The surface mesh size
is set to 3 millimeters according to the actual situation, and mesh refinement is carried out at the
turning parts and areas with large curvature changes. After checking and optimizing the quality of
the surface mesh, the volume mesh of the fluid domain is generated. The volume mesh is divided
into structured mesh and unstructured mesh. Structured mesh has the advantages of good quality,
simple structure, and fast convergence speed, but most structured meshes can only be applied to
simple and regular-shaped models. Unstructured mesh has a slower generation speed, lower
calculation accuracy and efficiency, but it can better adapt to complex geometric models. Since
the size, shape and position of the mesh nodes in unstructured mesh are easier to control, compared
with structured mesh, unstructured mesh has more mesh elements and higher requirements for
computer hardware. Considering the advantages and disadvantages of the two types of meshes
and the actual situation of the air conditioning duct pipe, the type of volume mesh selected in this
paper is unstructured tetrahedral mesh. The mesh model of the air conditioning duct pipe is shown
in Fig. 1(a). At the same time, to ensure calculation accuracy and accurately simulate the turbulent
motion in the near-wall region, a boundary layer mesh is established. According to engineering
experience, the number of boundary layer mesh layers is set to 7, and the size of the outermost
layer is 0.2 millimeters, as shown in Fig. 1(b). The final number of mesh elements is approximately
792,508.
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a) The grid model of the pipeline b) Boundary layer grid
Fig. 1. The result of meshing

3.2. Physical model and boundary conditions

After establishing the finite element model for the fluid calculation of the air conditioning duct,
the boundary conditions and physical model of the model are set. In the computational fluid
dynamics software, the inlet end of the air conditioning duct is set as a mass flow inlet, with the
fluid flow direction along the normal direction of the inlet surface, uniformly flowing into the air
conditioning duct. The outlet of the air conditioning duct is connected to the atmosphere, and the
outlet is set as a pressure outlet, with the reference pressure being the standard atmospheric
pressure and the relative pressure set to 0 Pa. The wall surface of the duct is set as an impermeable,
adiabatic and no-slip wall.

Before conducting numerical simulation of the flow field, under the premise of ensuring the
accuracy and authenticity of the calculation results, to facilitate the calculation and reduce the
computational load, the following assumptions are made for the fluid domain:

(1) As the air flow velocity in the air conditioning duct is much lower than the local speed of
sound, its compressibility can be ignored. It is assumed that the fluid in the air conditioning duct
is an incompressible gas with a density of 1.225 kilograms per cubic meter, and the heat exchange
process with the outside is ignored.

(2) It is assumed that the fluid flow is three-dimensional steady-state turbulence, and the slight
deformation of the pipe wall caused by the fluid motion is ignored.
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(3) It is assumed that the fluid is uniformly distributed at the inlet and outlet of the air
conditioning duct.

Because of the relatively low air flow velocity, the flow can be categorized as incompressible
or weakly compressible. In this case, the pressure-based solver is a more appropriate choice. The
pressure-based solver utilizes a segregated solution algorithm that effectively addresses the
coupling between pressure and velocity, demonstrating excellent stability and accuracy when
solving low-speed flow problems. For air conditioning duct flows, the SIMPLEC algorithm is
particularly suitable. It enhances the pressure correction equation based on the SIMPLE algorithm,
improving convergence rates while maintaining high precision. This makes it especially effective
for low Mach number flows, enabling rapid and accurate resolution of the coupling relationship
between pressure and velocity.

4. Calculation of flow field and aerodynamic noise
4.1. Wall pressure distribution

In the computational fluid dynamics software, steady-state flow field simulation was
conducted on the air conditioning duct pipe. After the simulation was completed, the average flow
velocity and average pressure at the pipe inlet and outlet were calculated. The pressure loss of the
pipe was the difference between the average pressure at the inlet and the average pressure at the
outlet. As the average flow velocity of the fluid in the automotive air conditioning duct increases,
the ratio of pressure loss is higher than the square ratio of the fluid flow velocity. Therefore, it is
speculated that in addition to the friction loss along the duct, there are other sources of pressure
loss within the duct. It is necessary to analyze the simulation results of the flow field in the air
conditioning duct to explore the relationship between pressure loss and the flow field. After the
steady-state flow field calculation of the automotive air conditioning duct converges,
post-processing of the simulation results is carried out to obtain the static pressure distribution
cloud diagrams of the automotive air conditioning duct under different working conditions, as
shown in Fig. 2. It is observed that as the inlet flow rate increases, the static pressure on the pipe
wall also rises. Pressure pulsations predominantly occur in two regions: first, at the front end of
the pipe inlet, where the abrupt change in cross-sectional area induces turbulent airflow, creating
a negative pressure zone within the pipe and thereby generating pressure pulsations. The energy
loss at these pulsation points is relatively high, which tends to produce aerodynamic noise; second,
at the bends of the pipe, where pressure variations are significant and unevenly distributed.
Specifically, the pressure on the inner side of the pipe corner is lower, while it is higher on the
outer side due to the centrifugal force acting on the gas flow during the turning process. During
the flow process, frictional resistance along the pipe leads to energy dissipation, resulting in an
uneven pressure distribution with distinct high-pressure and low-pressure zones. Consequently, it
can be concluded that the pressure loss in the air duct increases with the rise in inlet flow rate,
primarily attributed to the friction between the air and the pipe wall, as well as the negative
pressure zones caused by air turbulence.
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a) Inlet flow of 0.034 kg/s b) Inlet flow of 0.050 kg/s
Fig. 2. Simulation results of static pressure distribution
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4.2. Air turbulence distribution

The steady flow field of the air conditioning duct pipe in the car was simulated. The streamline
diagram and the velocity streamline diagram are shown in Fig. 3. The streamline diagram indicates
the movement trajectory of the fluid, while the magnitude of the values in the velocity streamline
diagram represents the movement speed of the fluid in different movement trajectories. It can be
seen that the flow trend of the fluid is roughly the same under each working condition. In the area
of sudden change in cross-sectional area near the entrance of the air conditioning duct, the fluid
flow is rather disordered. Due to the significant change in the cross-sectional area of the pipe, the
airflow may separate from the wall at this time, forming high and low pressure zones. Meanwhile,
the airflow velocity changes significantly, causing turbulence and ultimately leading to the
formation of a negative pressure zone. There are also obvious vortices at the outlet of the pipe.
This is because when the gas flows through the corner of the pipe, the airflow accelerates. In the
area behind the corner, the airflow separates from the wall, causing the gas to become disordered
and form a vortex at the outlet.
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a) Inlet flow of 0.034 kg/s ‘ b) Inlet flow of 0.050 kg/s
Fig. 3. Simulation results of streamline diagram of flow velocity

4.3. The distribution of aerodynamic sound sources

The noise calculated in the physical model of this paper mainly stems from the interaction
between the gas and the pipe wall, thereby forming aerodynamic noise. Therefore, in the steady-
state simulation, the distribution of dipole sound sources is mainly considered. For the distribution
of surface sound sources of the automotive air conditioning duct under different working
conditions, the broadband noise source model method (BNS) is adopted for calculation to predict
the location of the aerodynamic sound source inside the automotive air conditioning duct.
Simulation results of distribution of flow noise sources are shown in Fig. 4. It can be seen from
the figure that under different working conditions, with the increase of airflow, the maximum
value of noise sound pressure level significantly increases. The distribution area of noise sources
hardly changes, and the noise is mainly concentrated in the area where the inlet cross-sectional
area suddenly changes. As mentioned earlier, the pressure gradient and velocity gradient in this
area are relatively large. The separation of air from the wall causes the fluid flow to become
turbulent, generating aerodynamic noise in the process. The peak sound power level of the noise
source increases with the increase of the inlet flow rate.
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a) Inlet flow of 0.034 kg/s b) Inlet flow of 0.050 kg/s
Fig. 4. Simulation results of distribution of flow noise sources

212 ISSN PRINT 2345-0533, ISSN ONLINE 2538-8479



ANALYSIS OF VIBRATION CHARACTERISTICS OF AUTOMOBILE AIR CONDITIONING PIPING SYSTEM BASED ON CFD.
LIXIAN WANG, HONGQIANG SU, XIAOHUA LOU, SEN ZHANG

4.4. The spectral characteristics of the noise at the air outlet

A monitoring point is set at 500 millimeters from the center of the outlet of the automotive air
conditioning duct. The pressure pulsation information of the unsteady flow field obtained by
computational fluid dynamics is combined with the FW-H acoustic analogy method to calculate
the aerodynamic noise at the outlet of the duct. The noise sound pressure at the outlet of the car
air conditioning duct obtained through calculation was converted into the reference sound pressure
in the air to obtain the noise sound pressure level spectrum at the monitoring point, as shown in
Fig. 5(a). Subsequently, in the finite element software, the noise sound pressure level at the outlet
of the car air conditioning duct was converted into a sound pressure level that is more in line with
the subjective response of the human ear, and its spectrum is shown in Fig. 5(b). The peak value
of the noise sound pressure level at the outlet of the duct is about 54 dB, and the corresponding
peak frequency is 100 Hz. The sound pressure level gradually decreases with the increase of
frequency, and the spectral characteristics of the sound pressure level are consistent with the
characteristics of a dipole sound source.
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Fig. 5. The spectral characteristics of the noise at the air outlet

4.5. Transmission loss verification

To verify the reliability of the finite element model, the sound transmission loss test results
based on the experimental scheme are shown in Fig. 6. It can be seen that the simulated and
experimental values of the sound transmission loss of the air conditioning duct structure have an
overall consistent trend and a good fit. The sound transmission loss is relatively low below 800 Hz,
with the first two peaks approximately at 4.2 dB and 11.2 dB, corresponding to frequencies of
approximately 240 Hz and 750 Hz, respectively. In the frequency band above 800 Hz, the sound
transmission loss gradually increases with the increase in frequency, reaching a maximum of
approximately 70 dB. Due to the limitations of the test bench, no vibration isolation treatment was
carried out. When testing the sound transmission loss of the sound-absorbing structure, the slight
vibration of the acoustic impedance tube caused fluctuations in the test results in the
high-frequency range.
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a) Experimental plan - b) The result of transmission loss
Fig. 6. Transmission loss verification
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5. Conclusions

In order to effectively study the influence of air conditioning ducts on aerodynamic noise, the
fluid domain within the air conditioning duct was discretized, and a simulation calculation model
of the flow field was established. The internal flow field of the duct was simulated using
computational fluid dynamics methods to investigate the pressure loss and fluid motion state
within the duct, providing flow field information for the aerodynamic noise calculation of the air
conditioning duct. By simulating the aerodynamic noise at the outlet of the air conditioning duct,
the aerodynamic noise spectrum information at the monitoring point of the air outlet can be
calculated, which can provide a reference for the design and layout of the noise reduction structure
of the automotive air conditioning duct.
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