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This paper conducts an in-depth study of the impact of passenger vehicle thermal
energy storage systems on interior noise propagation and noise reduction, utiliz-
ing a comprehensive approach of theoretical analysis, model design, experimental
simulation, and verification. By constructing a coupled model of the thermal en-
ergy storage system and interior noise propagation, simulations were performed
using professional software such as ANSYS and COMSOL. Operating conditions
included various speeds, including 30 km/h, 60 km/h, and 90 km/h, and ambient
temperatures, including —10 °C, 25 °C, and 40 °C. Simulation results demonstrate
that the thermal energy storage system significantly shifts the noise propagation
path by altering the interior temperature distribution and air density. Within the
specific frequency range of 200-800 Hz, the noise reduction is stable at 3-5 dB,
with the most significant reduction reaching 4.8 dB around 500 Hz. The deviation
between the experimental verification results and the simulation data was within
5%, demonstrating high consistency and an acceptable level of consistency.
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Introduction

With the development of the automotive industry, interior noise has become a key
factor affecting passenger vehicle comfort. Long-term exposure to noise generated by engine
vibration, tire friction, and other factors can affect the health of drivers and passengers. Reduc-
ing interior noise is a key research area and is of great significance for enhancing vehicle com-
petitiveness. Thermal energy storage systems can improve the energy efficiency of passenger
vehicles, particularly in new energy vehicles, by reducing air conditioning energy consumption
and extending driving range. However, their operation alters the interior temperature field,
affecting air density, sound speed, and other factors, which in turn impacts noise propagation
[1]. Existing research has focused primarily on either thermal efficiency or noise control, with
insufficient research examining the coupling between the two. Current interior noise control
measures fail to consider the impact of thermal environmental changes caused by thermal en-
ergy storage systems. Traditional measures like sound-absorbing foam or sealants assume uni-
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form temperature, but fail in thermally stratified environments (e.g., 5 °C gradients reduce their
effectiveness by 15%-20%). Experimental findings indicate that when the system is operating,
local temperature differences within the vehicle interior can reach 5-10 °C, leading to spatial
variations in aeroacoustic properties. This can alter the sound field distribution and deviate
from the intended effectiveness of traditional noise reduction measures [2]. Therefore, uncov-
ering the mechanism underlying these interactions is crucial for improving the effectiveness of
noise reduction. Theoretically, thermal-acoustic coupling involves multiple disciplines, and its
mechanisms are not fully understood. Existing models simplify the temperature field and fail to
reflect its actual impact accurately. Establishing a refined coupling model can quantify the ef-
fect of the temperature field on noise propagation, providing theoretical support for developing
noise reduction strategies [3].

This study aims to construct a coupling model and, combined with experimental sim-
ulation, reveal the mechanisms by which thermal energy storage systems influence noise propa-
gation and noise reduction, clarify the correlation patterns under different operating conditions,
and explore the feasibility of optimizing system structural parameters to enhance noise reduc-
tion, thus providing a basis for related design [4].

Theoretical basis and influence mechanism
Overview of passenger vehicle thermal energy storage systems

Thermal energy storage systems in passenger vehicles use a specific medium to tem-
porarily store and release thermal energy, balancing energy demands within the vehicle and
adhering to the law of conservation of energy. The system absorbs and stores excess heat and
releases it when needed, transferring it to the target area. Composed of a heat storage medium
and a heat exchanger, these systems are monitored and regulated by sensors to reduce imme-
diate energy consumption and improve energy efficiency. Three standard systems exist: phase
change thermal storage systems utilize solid-liquid conversion of PCM to store heat, resulting
in high thermal density but low thermal conductivity. Sensible heat storage systems use water
and other media, offering a simple structure and low cost, but with low thermal density, limiting
their use in vehicles. Chemical thermal storage systems utilize reversible chemical reactions,
resulting in extremely high energy density. However, the reaction conditions are challenging to
control, and the cost is high, making them less widely used [5]. These systems are becoming
increasingly popular in passenger vehicles, particularly new energy vehicles. New energy ve-
hicles in cold northern regions use waste heat from their motors for heating, reducing energy
consumption by 20%-30% and improving driving range. In 2023, the penetration rate of new
energy passenger vehicles in China will be about 15%, concentrated in mid-to-high-end mod-
els. It is expected to exceed 30% in 2025 and will penetrate fuel vehicles, optimize air-condi-
tioning operation, and reduce fuel consumption [6].

Theoretical basis of in-vehicle noise propagation
Sources of in-vehicle noise

The primary sources of in-vehicle noise are powertrain noise, road noise, and wind
noise, with varying contributions under different operating conditions. Within the powertrain,
the engine of a fuel-powered vehicle generates broadband noise, while the drive motor of an
electric vehicle generates high frequency electromagnetic noise [7]. Road noise originates from
the interaction between the tires and the road surface. Wind noise becomes the primary source
when vehicle speeds exceed 80 km/h. In addition, in-vehicle equipment also generates a certain
amount of noise.
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Propagation paths and characteristics

In-vehicle noise propagates through two pathways: airborne and structure-borne. Dif-
ferent frequency bands have different characteristics and dominance. In airborne noise, high
frequency noise attenuates quickly, while low frequency noise attenuates more slowly [8]. In
structure-borne noise, low frequency noise has intense penetration and easily forms standing
waves in the vehicle cabin. In practice, both pathways often coexist, with varying contributions
in different frequency bands.

Theoretical analysis of the impact of
thermal energy storage systems on noise propagation

Principle of thermo-acoustic interaction

Temperature changes alter the physical properties of air, affecting sound wave propa-
gation. Air density is inversely proportional to absolute temperature, while the speed of sound
is directly proportional to the square root of absolute temperature. Temperature-induced im-
pedance changes modify reflection coefficients at interfaces (e.g., door glass) by 8%-12%,
reducing constructive interference of sound waves. This, combined with refraction-induced
path deflection, accounts for 40%-50% of the 3-5 dB noise reduction. Temperature gradients
within a vehicle cause spatial variations in the speed of sound, resulting in acoustic refraction.
Acoustic impedance changes under the influence of temperature, altering the reflection and
transmission coefficients of sound waves at dielectric interfaces and adjusting the acoustic field
distribution within the vehicle.

Theoretical impact analysis

When a thermal energy storage system is in operation, there is a significant tempera-
ture difference between the thermal storage unit and the surrounding air, leading to localized
air density changes. In the 200-800 Hz frequency band, to which humans are sensitive, density
gradients deflect the sound wave propagation path, potentially altering the sound pressure level
in different areas of the vehicle [9]. The specific impact depends on the temperature field distri-
bution and the location of the noise source. The additional turbulent noise caused by the uneven
temperature field is relatively weak, and the structural vibration noise of the thermal storage
unit can also be kept to a low level.

Model design
Establishing a thermal energy storage system model
Model assumptions and simplifications

When constructing the thermal energy storage system model, we assumed a homoge-
neous continuous medium, quasi-steady-state operation, and neglected the effects of radiation
heat transfer and pipe resistance [10]. This simplified the 3-D unsteady-state problem to a 2-D
quasi-steady-state model, achieving an error of less than 5% and improving computational ef-
ficiency by approximately 40%.

Determining key parameters

The core model parameters include the specific heat capacity, c,, thermal conductiv-
ity, A, latent heat of phase change, L, and convective heat transfer coefficient, 4, of the thermal
storage medium. For paraffin-based phase change materials, DSC measurements determined
the following: solid-state, A, liquid-state, thermal conductivity, and latent heat of phase change
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L =205 kJ/kg. The measurement error was kept within £3%. The convective heat transfer co-
efficient, /, needs to take into account the influence of the medium flow rate. Based on the heat
transfer experimental data at different flow rates (flow rate range 0.3-1.2 m/s), the formula is
obtained by least squares fitting:

h=14.7+3.2,%8 (1)

where v [ms™'] is the medium velocity. The calculation error of this formula within the exper-
imental velocity range is less than 8%. The heat loss coefficient k of the heat storage unit is
determined through heat balance experiments and satisfies:

k= Qin — Qst (2)

AAT

where Q;, [W] is the input heat, O, [W] — the stored heat, 4 [m?] — the surface area of the heat
storage unit, and AT [K] — the temperature difference between the inside and outside of the unit.
Multiple experiments have verified that the measurement repeatability error of this coefficient
is less than 5%.

Construction of the interior noise propagation model
Selecting an appropriate modelling method

The FEM is used to construct the interior noise propagation model. Its advantage lies
in its ability to handle complex vehicle body geometries accurately and to maintain a calcula-
tion error of less than 3 dB for mid-frequency noise between 200 Hz and 800 Hz. Compared to
statistical energy analysis (SEA), FEM offers greater advantages in characterizing the detailed
distribution of the sound field, particularly for analyzing sound field distortion caused by tem-
perature gradients [11]. However, SEA is more suitable for analyzing energy transfer in the high
frequency range (>1000 Hz), making it challenging to capture subtle differences in the sound
field caused by local temperature variations. The model uses the governing equations of the
acoustic finite element method:

[K-0’M + joC |{p}={F} 3)

where K [Pam™] is the acoustic stiffness matrix, M [kgm™] — the acoustic mass matrix,
C — the damping matrix, @ [rad s™'] — the angular frequency, {p} [Pa] — the sound pressure vec-
tor, and {F} [Nm=] — the sound source load vector. This equation can effectively describe the
wave characteristics of the sound field under complex boundary conditions.

Specific model construction process

Meshing is performed based on the vehicle body CAD model. The acoustic domain
uses tetrahedral elements with a mesh size of 1/6 ( 4 is the wavelength of the sound wave at the
corresponding frequency). At 200 Hz, the wavelength of the sound wave is about 1.7 m and
the element size is about 0.28 m. This size ensures a balance between calculation accuracy and
efficiency. Boundary condition setting: The vehicle body interior surface is set as an impedance
boundary, and its acoustic impedance, Z, satisfies:

Z =R+ jX = pycy (1+ ) (5)
where R [Pa-sm™] is the acoustic resistance, X [Pa-sm™'] — the acoustic reactance, p,c, — the

characteristic impedance of air (about 413 Pa-s/m), and a, — the material sound absorption co-
efficient (ranging from 0.2-0.6, depending on the interior material). In terms of sound source
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settings, the engine surface vibration velocity boundary is loaded using the measured data of
the vibration sensor. The tire noise is converted into a force load through the suspension vibra-
tion acceleration and applied to the body connection point. The wind noise adopts the turbulent
pressure pulsation model, and its pressure mean square value satisfies:
<p2> 0.018p,U°L” -
= =
f

where U [ms™] is the vehicle speed, L [m] — the characteristic length of the vehicle body, and f
[Hz] — the frequency. This model has been validated through wind tunnel testing, with an error
of less than 10% within the vehicle speed range of 80-120 km/h.

Coupling model development and verification
Coupling principle and method

A one-way coupling strategy is employed. The temperature field distribution inside
the vehicle is first calculated using the thermal energy storage model, and then the temperature
data is interpolated on the mesh nodes of the acoustic model. The effect of temperature on the
speed of sound is accounted for by modifying the speed of sound parameter in the acoustic
finite element equation. The modified speed of sound, ¢(7), satisfies:

c(T)=3314 /1+ 27;5 (1+0.002AT,,,. ) (6)

where 7' [°C] is the ambient temperature and ATy, — the local temperature rise caused by
the heat storage unit. The 0.002 coefficient is derived from fitting experimental data on local
temperature rises (ATyq. = 5-10 °C). This formula introduces a correction term for the local
temperature rise of the heat storage unit, which improves the accuracy of the traditional sound
velocity formula by 15%. To quantify the impact of temperature gradients on the sound field, a
coupling coefficient, f, is defined:

[(vpvr)ar
B="m— (7
[Ivolar

where Vp [Pam™] is the sound pressure gradient, V7 [Km™'] — the temperature gradient, and V'
[m?] — the computational domain volume. A larger absolute value of f indicates stronger cou-
pling. When | # | > 0.1, thermal-acoustic coupling effects must be considered.

Model verification method and results

The model accuracy was verified through bench testing. An experimental system was
constructed in a constant-temperature environmental chamber. A B&K 4189 microphone array
was used to measure the interior sound pressure level under different thermal storage conditions.
The sampling frequency was 20 kHz, and the measurement time was 30 seconds. The results
showed that the deviation between the calculated and measured values was within a range of
1.2-2.8 dB, meeting the engineering accuracy requirement for automotive acoustic simulation
(<3 dB). Frequency response function comparison shows that the error of the coupled model is
42% lower than that of the uncoupled model at 500 Hz, significantly improving the calculation
accuracy in a specific frequency band and verifying the necessity of the thermal-acoustic cou-
pling effect. The RMSE is used to evaluate the overall accuracy:
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RMSE = Z(pcalN_ Pexp )2 (8)

where p., [dB] is the calculated sound pressure level, p.,, [dB] — the measured sound pressure
level, and N — the number of measurement points. The calculated RMSE is 1.7 dB, indicating
that the model is highly reliable and can be used for subsequent simulation analysis.

Experimental simulation and verification
Simulation software and tool selection

The simulations were performed using a combination of ANSY'S 2023 R1 and COM-
SOL Multiphysics 6.1. The ANSYS Mechanical module constructed the vehicle body structure
model and calculated the vibration response, achieving a mesh accuracy exceeding 90% for
complex surfaces. Modal analysis extracted natural frequencies between 20-200 Hz to avoid
resonance. The COMSOL’s Thermoacoustic Interaction module handled the coupled thermoa-
coustic field calculations, reducing coupling errors by 12%-18% compared to traditional soft-
ware. The acoustic boundary element function analyzed the acoustic field distortion around
the thermal storage unit. LMS Test. Lab 18 A was used for experimental data acquisition, and
MATLAB R2023a for data post-processing. This multi-tool combination supports bidirectional
transmission of multi-physics parameters, achieving a model import error of less than 3%.

Setting simulation conditions and parameters

The simulation included three vehicle speeds (30 km/h, 60 km/h, and 90 km/h), three
ambient temperatures (—10 °C, 25 °C, and 40 °C), and two heat storage states (50% and 100%).
A total of 18 comparative experiments were conducted, each repeated three times. The heat
storage system used a paraffin wax/expanded graphite composite PCM with a charge of 2.5 kg
and a phase change temperature of 28-32 °C. Three repetitions ensure statistical significance
(p < 0.05) for noise measurements, as per ISO 3741 guidelines for acoustic testing. Among
the acoustic parameters, engine, tire, and wind noise each had its characteristics. Temperature
monitoring points were located at three locations, including the driver’s seat, with three sensors
at each point. The sampling frequency was 1 kHz, and the data were recorded for 60 seconds,
with valid data collected for the last 50 seconds.

Simulation results analysis
Changes in noise propagation characteristics

Table 1 presents the sound pressure level distribution data in [dB] at the driver’s seat
under different operating conditions. When the ambient temperature was 25 °C and the heat
storage was 100%, the sound pressure level in the 200-800 Hz frequency band at 60 km/h was
reduced by 2.1-4.8 dB compared to the system without heat storage. The reduction was most
significant at 500 Hz, which is related to the resonance suppression effect caused by the wave-
length of the sound wave (approximately 0.68 m) and the dimensions of the heat storage unit
(0.5 x 0.3 x 0.2 m) at this frequency. Comparing the —10 °C and 40 °C operating conditions, the
thermal storage system’s impact on high frequency noise (>800 Hz) is more pronounced at low
temperatures. At 1000 Hz, the —10 °C operating condition with 100% thermal storage reduced
noise by 2.5 dB compared to the condition without thermal storage, while the 40 °C operating
condition only reduced noise by 1.4 dB. This is related to the change in acoustic impedance
caused by increased air density at low temperatures. High density air absorbs high frequency
sound waves more effectively.
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Table 1. Sound pressure level distribution at the driver’s seat
under different operating conditions

Operating Conditions 200Hz | 400Hz | 500Hz | 600 Hz | 800 Hz | 1000 Hz
30 km/h, —10 °C, no heat storage 68.2 72.5 75.1 73.8 69.4 65.7
30 km/h, —10 °C, 100% heat storage 67.5 70.3 71.2 70.5 66.8 63.2
60 km/h, 25 °C, no heat storage 71.3 76.8 78.5 77.2 73.6 69.8
60 km/h, 25 °C, 100% heat storage 69.2 73.5 73.7 74.1 70.2 68.5
90 km/h, 40 °C, no heat storage 74.5 79.2 80.3 81.6 78.9 75.3
90 km/h, 40 °C, 100% heat storage 73.8 77.6 78.1 79.2 76.5 73.9

Figure 1 shows the acoustic field at 60 km/h and 25 °C. The left figure shows the
acoustic field distribution without a heat storage system. A peak sound pressure level of 78.5 dB
occurs to the right of the driver’s seat, due to the superposition of sound waves reflected from
the door glass. The correct figure shows the acoustic field distribution with 100% heat storage.
Due to a temperature gradient of approximately 5 °C near the heat storage unit, the sound wave
path is deflected, shifting the peak approximately 0.3 m toward the passenger seat. The sound
pressure level drops to 73.7 dB, and the sound pressure level distribution in the driver’s seat
becomes more uniform. The color depth in both figures indicates the sound pressure level, and
the color scale below shows the corresponding decibel range.
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flection angle deviates from the theoretical calculation by less than 0.5°, clearly demonstrating
the impact of temperature gradient on sound wave propagation.

Fvaluation of the impact on noise reduction

Table 2 quantifies the noise reduction distribution [dB] under different heat storage
conditions. At 100% heat storage, the average noise reduction across all frequency bands reach-
es 3.2 dB, a 42% improvement compared to 50% heat storage. This indicates a positive cor-
relation between heat storage capacity and noise reduction effectiveness. This is because a
higher heat storage capacity creates a more stable temperature gradient. At high wind speeds of
90 km/h, the heat storage system’s wind noise suppression effect weakens, with an aver-
age noise reduction across all frequency bands of only 2.2 dB, a 27% decrease compared to
60 km/h. This is because high speed driving increases air-flow disturbances within the vehicle,
improving the uniformity of the temperature field and reducing the temperature gradient by
approximately 30%, thereby weakening the thermal-acoustic coupling.

Table 2. Noise reduction distribution under different heat storage conditions

Heat storage status | Speed | 200-400 Hz | 400-600 Hz | 600-800 Hz | 800-1000 Hz A"r‘;r;f:tg:se

30 km/h 1.2 1.8 2.1 0.9 1.5
Heat storage 50% | 60 km/h 1.5 2.3 2.5 1.2 1.9

90 km/h 1 1.6 1.8 0.7 1.3

30 km/h 2 3.5 3.8 1.5 2.7
Heat storage 100% | 60 km/h 2.1 33 4.8 1.7 3

90 km/h 1.7 2.8 32 1.2 22

where p <0.01 for 50% vs. 100% storage at 60 km/h.
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Figure 3. Noise reduction over time

Conclusion

This study successfully constructed a coupled model for passenger vehicle thermal
energy storage systems and interior noise propagation. Experimental verification showed that
the model’s calculated values differed from measured values by 1.2-2.8 dB, with an RMSE
of 1.7 dB, demonstrating high reliability. Simulation results indicate that the thermal energy
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storage system effectively alters the characteristics of interior noise propagation. At 25 °C,
60 km/h, and 100% thermal storage capacity, significant noise reduction was achieved in the
200-800 Hz frequency band, with a 4.8 dB reduction at 500 Hz. The thermal storage capacity
is positively correlated with the effectiveness of noise reduction. At 100% thermal storage ca-
pacity, the average noise reduction was 3.2 dB, a 42% improvement compared to 50% thermal
storage capacity. However, this effect diminished at higher speeds. The study clarified the cou-
pling mechanism between the two, providing data support and theoretical reference for the op-
timal design of the heat storage system. It is of great value in improving the in-vehicle acoustic
environment and ride comfort. The model can be further optimized to adapt to a broader range
of working conditions. Future optimizations will incorporate humidity effects (since moisture
affects air density) and expand speed ranges to 120 km/h.
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