M Fluid Dynamics &

G uid Dynamic: _ )

| Materials Processin Tech Science Press
[— o L/
Doi:10.32604/fdmp.2025.067497 .

ARTICLE Check for

updates

CFD-Based Optimization of Aerodynamic Noise in High-Speed Hair Dryer
Flow Channels

Ya Li"", Min Deng’, Shanyi Hao’, Yucong Lin' and Yu Lu'

'College of Mechanical Electronical and Engineering, Zhuhai City Polytechnic, Zhuhai, 519000, China
*Technology Department, Kretech Tech (Dongguan) Co., Ltd., Dongguan, 523000, China

*Design Department, Guangdong Vastron Technology Co., Ltd., Foshan, 528225, China
*Corresponding Author: Ya Li. Email: shuangxiugezhul6@163.com or liyal2301230@163.com

Received: 05 May 2025; Accepted: 03 July 2025; Published: 31 July 2025

ABSTRACT: The noise generated by high-speed hair dryers significantly affects user experience, with aerodynamic
design playing a crucial role in controlling sound emissions. This study investigates the aerodynamic noise charac-
teristics of a commercial high-speed hair dryer through Computational Fluid Dynamics (CFD) analysis. The velocity
field, streamline patterns, and vector distribution within the primary flow path and internal cavity were systematically
examined. Results indicate that strong interactions between the wake flow generated by the guide vanes and the
straight baffle in the rear flow path induce vortex structures near the outlet, which are primarily responsible for high-
frequency noise. To address this, the guide vanes and rear flow path geometry were redesigned and optimized for
improved acoustic and aerodynamic performance. Underrated operating conditions (28 V; 20,000 rpm), the optimized
configuration achieves a noise reduction of more than 2.2 dB while increasing outlet wind speed by over 9%. Moreover,
the noise suppression effect becomes more pronounced at lower rotational speeds.

KEYWORDS: High speed hair dryer; aerodynamic noise; computational fluid dynamics (CFD); channel design; noise
optimization

1 Introduction

With the continuous improvement of the quality of life, consumers have put forward higher require-
ments for the noise performance of household appliances. As a small household appliance that is used
frequently, the noise level of hair dryer directly affects the user experience. Studies have shown that the noise
of hair dryers is mainly composed of motor vibration and aerodynamic noise, of which aerodynamic noise
accounts for more than 60% [1]. When high-velocity airflow flows through complex flow channels, broad-
band noise caused by flow separation, vortex shedding, and turbulent pulsation is particularly significant
[2]. In recent years, some progress has been made in the optimization of aerodynamic noise in the fields of
centrifugal fans and axial fans. For example, the bionic airfoil blade design reduces centrifugal fan noise by
3-5dB [3], and the spiral volute structure effectively suppresses eddy vortex noise [4]. However, there is still
a lack of research on aerodynamic noise in small high-speed runner systems such as hair dryers, especially
the coupling mechanism between flow field and noise is still unclear [5]. Noise prediction is one of the
main research directions in the field of aerodynamic noise research, and with the development of research
methods, the research of noise prediction methods has entered a new field.
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Traditional noise reduction methods rely on experimental testing and empirical judgment, but they are
limited by the cost and resolution of the test, and it is difficult to capture the microscopic characteristics of the
flow field [6]. The development of Computational Fluid Dynamics (CFD) technology provides a new way for
the refined analysis of flow fields. The results show that the k- model combined with Large Eddy Simulation
(LES) can effectively predict the spectral characteristics of turbulent noise, while the Ffowcs Williams-
Hawkings (FW-H) acoustic analogy method can quantify the contribution of dipole and quadrupole sound
sources in the flow field [7,8]. In terms of experimental research, the hemi-anechoic chamber and sound
pressure array technology provide a high-precision means for the location of noise sources. However, most
of the existing studies focus on large-scale fan systems, and there is a lack of systematic discussion on the
optimization of flow channels for small equipment such as hair dryers [9,10]. The design of the guide impeller
and rear runner is the key to aerodynamic noise optimization. Studies have shown that the optimization
of the leading edge inclination angle of the guide impeller can reduce the flow separation loss, and the
optimization of the curvature of the rear flow channel can reduce the turbulent intensity by up to 15% [11,12].
In addition, the Aerodynamic Approach shows potential in the co-design of impeller geometry [13-15].
However, the compactness and high speed of the hair dryer flow channel lead to a significant difference
in flow characteristics from that of large equipment. For example, the flow velocity at the outlet of the
hair dryer often exceeds 20 m/s, and the Reynolds number in the flow channel is as high as 105, which
is easy to induce high-frequency eddy current noise. The existing studies have not yet formed a unified
theoretical model for the noise generation mechanism of this kind of high Reynolds number flow. At
present, the main methods of noise prediction: 1. A purely theoretical approach; 2. Computational Fluid
Dynamics (CFD) and Computational Aeroacoustics (CAA) methods; 3. Semi-empirical approach; 4. Purely
numerical methods [16,17]. Computational Aeroacoustics (CAA) is a numerical simulation method that
combines Computational Fluid Dynamics (CFD) and acoustic theory to predict and analyze the generation
and propagation of flow noise. In hair dryer design, the CAA model is widely used to optimize the air
duct structure, impeller design, and airflow organization to reduce aerodynamic noise and improve user
experience [18,19]. Compared with traditional experimental testing, CAA technology can predict noise
characteristics in the early stage of product development, greatly shortening the development cycle and
reducing costs [20].

In this study, we systematically explored the mechanism of aerodynamic noise in the flow channel of
a household appliance blowing air by combining CFD simulation and experimental tests. By constructing a
three-dimensional runner model, the steady-state results of the k-¢ turbulence model are used to calculate the
internal flow characteristics and the Large-Eddy Simulation (LES) model combined with the transient slip
grid technology to simulate the internal flow characteristics, and the influence of the interference between
the wake of the guide impeller and the rear runner on the noise spectrum is revealed. On this basis, a runner
optimization scheme based on NACA airfoil combined with spiral deflector was proposed, and its noise
reduction effect was verified by experiments. The purpose of this study is to provide theoretical support for
the low-noise design of hair dryers in the home appliance industry and to fill the gap in the research on
aerodynamic noise of small high-speed runner systems.

2 Experimental Method

The noise test experiment is based on GB/T4214.6 and GB/T4214.1 Chapter 7 test sample upgrade level
test. The test is carried out by adjusting the voltage, and the voltage gear is set to 16, 20, 22, 24, 26, 28, and
30 V, respectively. The whole test process is carried out in a silent box, using the hemispherical test method,
and the test device is shown in Fig. 1. The wind speed test experiment is to measure the wind speed by placing
the anemometer 10 cm in front of the hair dryer outlet, and Fig. 1d is the C-MER AS856 anemometer.
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Figure 1: Hair dryer test. (a) Test location diagram; (b) Hair dryer; (c) Experimental test; (d) Anemometer

Test environment: ambient temperature: 20°C~23°C, ambient humidity: 48% RH.

Test conditions:

(1)  Hotair II gear, the machine reaches a stable state after 2 min of operation;
(2) Noise test layout: R = 1 m hemispherical arrangement of multiple radio devices;
(3) Wind speed test layout: Place an anemometer 10 cm in front of the air outlet.

According to the general standards of the industry, the original hair dryer was tested in detail, focusing
on its wind speed and noise level. According to the current industry standard, the noise level of the hair
dryer should be controlled below 75 dB to ensure that it will not have a significant negative impact on the
user’s hearing health and user experience during normal use. As shown in Table 1, the noise and wind speed
increase as the voltage (rotational speed) increases. Experimental test results showed that the noise level of
the original hair dryer reached 79.8 dB, which significantly exceeded the industry standard limit of 75 dB.
This indicates that the current noise control situation of hair dryers has not yet met the requirements of
industry standards, and its design still needs to be further optimized to reduce noise levels and improve the
overall performance and user experience of the product.

Table 1: Original impeller test results

Voltage (V) 16 20 22 24 26 28 30
Noise (dB) 70 73 74.2 75.0 75.6 76.3 76.8
Wind speed (m/s) 11.5 15 16 17.6 20.7 22.4 23.5

3 CFD Numerical Simulation
3.1 Mathematical Model

The FW-H equation of Fluent software is used to integrate far-field sound propagation and sound
radiation. The turbulence model of Reynolds averaged method adopts standard x—¢ model for steady-state
simulation. After steady-state flow field calculation, the flow field calculation mode switches from constant
mode to unsteady mode, and the unsteady model adopts LES model [21].
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The gas flow of a hair dryer belongs to: steady-state three-dimensional non-compressible flow, so the
equation for the conservation of mass can be simplified as:
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Since air is a Newtonian fluid, the equation for the conservation of momentum can be simplified as:
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Since the influence of the impeller on the fluid flow is not considered at the beginning of the hair dryer
simulation, there is no strong swirl in the whole flow process, and the standard x—e model is used to calculate
the calculation first.

In the standard x— model, x and ¢ are two fundamental unknowns, and the corresponding transport
equations are:
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In LES model, large eddies are resolved directly, while small eddies are modeled. Filtering the time-
dependent Navier-Stokes equations in either wave-number space or physical space can get the governing

equations employed for LES [22,23].

The unsteady filtered mass continuity equation is:

op 90 , _
§+a—xi(Pui)—0 (7)

The filtered incompressible unsteady three-dimensional Navier-Stokes equations are:

? d ;
(Pu)+ - (i) = a—xi(f’u)—a—xl—a—xj (8)

where p and u; are the density and velocity component, respectively, p and 7;; are the pressure and sub-grid
stress tensor, and o;; is the stress tensor due to molecular viscosity, respectively.
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In the Smagorinsky-Lilly model, the eddy-viscosity is modeled by:

ue = pL3 S| (9)

Ls = min (kd, CsA) (10)

|§‘ =1/ 2§1]§1] (11)

where Lj is the mixing length for subgrid scales, S;; the rate of strain tensor, k is the von Karman constant,
d is the distance to the closest wall, Cs is the Smagorinsky constant, and A is the local grid scale.

The Ffowcs-Williams and Hawkings (FW-H) equation is essentially an inhomogeneous wave equa-
tion that can be derived by manipulating the continuity equation and the Navier-Stokes equations. This
formulation has been successfully used for helicopter rotor and propeller noise predictions [24].
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In the formula: u; is the velocity component of the fluid in the x-direction; u,, is the normal component
of the fluid velocity on the solid wall surface; v; is the velocity of the moving solid surface in the x-direction;
vy is the normal component of the solid surface motion velocity on the surface; § (f) is the Dirac delta
function; H ( f) is the Heaviside function. p is the far-field sound pressure; « represents the far-field sound
speed; p;; represents the fluid compression stress tensor; T;; represents the Lighthill stress tensor.

3.2 Mesh Models and Boundary Conditions

This model has conducted a detailed physical modeling for a certain hair dryer, and its flow channel
module is shown in Fig. 2. In order to improve the efficiency of aerodynamic noise calculation and ensure
the pertinence of the research, this study simplified the model by removing non critical components such
as the housing and handle, and only retaining the core structure of the flow channel system, including the
impeller, guide impeller, and rear flow channel.

(b)

Figure 2: (Continued)



1616 Fluid Dyn Mater Process. 2025;21(7)

(c) (d)

Figure 2: Hair dryer. (a) Impeller and guide grid; (b) Flow channel grid; (c) Overall regional grid; (d) Wall plus (Y+)
distribution

In CFD simulations, grid independence is usually confirmed by monitoring changes in certain key
parameters, and the torque coefficient Cm is one of the commonly used characterization indicators for
rotating machinery. This simulation conducted simulations with 5 sets of grid quantities, including 1 million,
2 million, 3 million, 4 million, 10 million, and 5 million. The specific results are shown in Table 2. When
the number of grids is 1 million and 2 million, the torque coefficients Cm calculated are 0.2031 and 0.2152,
respectively, with deviations of 12.37% and 6.91%. When the number of grids reaches 3 million, the value of
torque coefficient Cm is 0.2289, with a deviation value of 0.72%. And when the number of grids continues to
increase to 4 million and 5 million, the change in Cm value is very small, with a deviation value of 0.23% for
4 million grids. It can be concluded that the grid independence has been verified, and configuring 3 million
grids is appropriate. The mesh model of the hair dryer calculation area is shown in Fig. 2a—c.

Table 2: Grid independence verification results

Number of grids (million) 1 2 3 4 5
Torque coeflicient (cm) 0.2031 0.2152 0.2289 0.2300 0.2305
Deviation value (%) 12.37 6.91 0.72 0.23 0

In addition, in CFD, the Y+ value is a dimensionless numerical value that describes the resolution of
the boundary layer mesh and is typically used to evaluate the degree of mesh refinement near the wall. The
selection of Y+ value is crucial for the accuracy of the results based on the characteristics, flow state, and
simulation requirements of the fluid. To ensure accuracy under dynamic loads and complex flow conditions,
especially at high speeds where fluid velocities are high and the boundary layer develops rapidly. When
conducting grid convergence research and boundary layer resolution analysis this time, the boundary layer
thickness was 0.001 mm, and the impeller Y+ < 2, ensuring that the Y+ value between 1 and 5 is a suitable
choice, as shown in Fig. 2d. This can effectively capture the characteristics of the boundary layer and improve
the accuracy of the calculation results.

In this study, Computational Fluid Dynamics (CFD) was used to numerically simulate its internal flow
characteristics. The mesh file of the simplified physical model of the hair dryer generated by ICEM was
imported into the fluid simulation software FLUENT with the following boundary conditions:
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Rotation domain processing: The slip mesh model is adopted, and the impeller area is set to the rotation
domain, and the rotation speed is 20,000 revolutions per minute.
Boundary conditions:

- Inlet: Pressure Inlet, total pressure set to atmospheric pressure (101,325 Pa);

- Outlet: Pressure Outlet, static pressure is the ambient pressure;

- Fluid domain: The impeller area, volute area and air duct area are all defined as the fluid zone, with
an air density of 1.225 kg/m’® and a dynamic viscosity of 1.789 x 107> Pa-s;

- Time step size: The blade rotation angle method is usually used to define the time step, and it is
recommended to rotate the blade by 1 degree at each time step. The blade rotation period is 0.003 s,
s0 a calculation time step of 1 x 10> s is sufficient.

Solver and discrete format: The standard interpolation scheme was used to compute the face value of
the pressure for a controlled volume. The SIMPLEC algorithm was used to adjust the velocity fields
by correcting the pressure fields in pressure-velocity coupling in the segregated solver. The spatial
discretization adopts the Second Order Upwind style, and the temporal discretization is the Second-
order implicit format. The criterion for convergence was that the residual value of all the variables had
to be less than 1 x 1074,

Based on its aerodynamic parameters, the Acoustic module in FLUENT is used for acoustic field
calculation. This article calculates the aerodynamic noise in the wake flow field caused by a rotating
wind turbine, so the surface of the rotating wind turbine is selected as the integration surface to activate
the FW-H equation. Then, the aerodynamic parameters of the unsteady flow field are integrated and
calculated. Finally, the time-domain spectrum is processed using FFT to calculate the sound pressure
signal under different operating conditions.

3.3 Analysis of Numerical Simulation Results

By using the CFD software FLUENT to simulate the flow channel of the main body of the hair dryer,

the velocity field streamline diagram and vector distribution contour diagram of the cavity of the main flow
channel of the hair dryer are obtained, as shown in Fig. 3.

(b)

Figure 3: Air blower. (a) Velocity streamline diagram; (b) Velocity vector contour
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As can be seen in Fig. 3a, the gas flows backwards along the guide impeller under the influence of inertia
after passing through the fan, enters the rear flow channel, and finally flows into the air. However, there is a
certain blank area at the outlet, which leads to the generation of eddy currents.

Fig. 3b clearly shows that the size of the vector arrow represents the magnitude of the velocity, and the
direction of the arrow represents the direction of the velocity. This indicates that the wind velocity, after being
exported through the fan, acts directly on the guide impeller and enters the rear flow channel through the
guide impeller. The rear flow channel is mainly composed of straight plates, which has a certain obstruction
effect on the flow direction, so that a large vortex is formed in the flow channel. These eddy currents not only
have an impact on the formation of noise, but also cause energy losses and affect the outlet flow velocity.

Hair dryer noise can be divided into rotational noise and eddy current noise. Rotating noise, also known
as discrete noise, is a discrete peak on a spectrogram. Eddy current noise is known as broadband noise, which
is a relatively flat and broad part of the spectrum. The noise spectrum of the hair dryer obtained by numerical
simulation in this paper is shown in Fig. 4.

80

@
(=]

40

20

Sound Pressure Level (dB)

. | 1 A 1 . | -
. 0 10000 20000 30000 40000 50000

Frequency (Hz)

Figure 4: Spectrogram of the sound pressure level of the original impeller

From the spectrum above, it can be seen that the maximum noise values are all located at the
fundamental frequency of the rotational noise at the corresponding speed. And as the rotational speed
increases, the proportion of rotational noise in the overall aerodynamic noise continues to expand. However,
overall, aerodynamic noise is still mainly composed of eddy current noise. The turbulent flow and random
pulsation of the fluid on the blade surface and in the flow channel are large, which easily leads to boundary
layer separation, vortex mixing, and shedding. Therefore, vortex noise contributes the most to the entire
aerodynamic noise at this time. When the fan speed increases and the flow rate increases, the load on the
fan blades is relatively small, and the eddy current noise will decrease accordingly, while the rotational
noise will increase accordingly. According to the flow field simulation data, the wind speed at the outlet
of the hair dryer under standard working conditions (28 V, 20,000 rpm) is 23 m/s, the deviation value
between the original impeller experimental test result of 22.4 m/s is 2.61%, the simulated noise result is
75.5 dB, and the deviation value between the original impeller experimental test result of 76.3 is 1.05%.
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The comparison of noise and wind speed data proves that the simulation model is basically in line
with the actual situation, as shown in Table 3. The design of the guide impeller and runner of the hair
dryer is flawed, which has a significant impact on the aerodynamic noise, which in turn affects the
overall performance of the hair dryer. In order to effectively reduce the aerodynamic noise, the following
optimization scheme is proposed in this study, which improves the uniformity of the flow field and reduces
the eddy current phenomenon by optimizing the number, shape and angle of the guide impeller and the rear
runner baflle, so as to achieve the purpose of reducing noise.

Table 3: Comparison of the experimental and simulation results of the original impeller

Rotate speed (rpm) 12,000 13,000 14,500 16,000 17,500 20,000 21,000
Simulations 69.6 72.4 73.6 74.5 75.1 75.5 76.1
Noise (dB) Experiments 70.0 73.0 74.2 75.0 75.6 76.3 76.8

Deviations (%)  0.57 0.82 0.81 0.67 0.66 1.05 0.91

Simulations 11.8 15.2 16.4 17.9 21.1 23.0 23.9
Wind Speed (m/s)  Experiments 11.5 15.0 16.0 17.6 20.7 22.4 23.5
Deviations (%) 2.54 1.32 2.44 1.68 1.90 2.61 1.26

4 Optimization Design and Experimental Results

After multiple design optimizations of the number, shape, and angle of the guide blades and the rear
flow passage baffles, we found that the leading edge of the guide blades is the area directly in contact with the
fan’s wake, and optimizing its airfoil design can effectively reduce drag. Furthermore, using a straight baffle
design for the rear flow passage may lead to poor flow through the air duct, while a spiral flow passage design
helps stabilize the flow and reduce aerodynamic noise. Based on these findings, a relatively optimal design
model has been evaluated, as shown in Fig. 5. In this model, five rotors are used for the guide vanes, and the
airfoil is selected as NACA2412, forming a specific angle of approximately 30° with the vertical direction,
which is consistent with the incoming flow angle. The NACA 2412 airfoil performs well under low-speed
flight conditions mainly due to its design features, aerodynamic performance, and ease of manufacturing. The
lift-to-drag ratio of the NACA 2412 airfoil varies at different angles of attack, typically resulting in relatively
high lift-to-drag ratios at smaller angles of attack (0° to 12°). In an ideal scenario, the lift-to-drag ratio of the
NACA 2412 airfoil can reach approximately 10 to 15. At the same time, the structure of the rear flow passage
is designed as a spiral guide plate, which works in conjunction with the drain plate corresponding to the tail
of the guide blades, significantly improving the guiding effect.

- =

() )

Figure 5: Hair dryer model. (a) Original model; (b) Optimized model
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The flow channel of the main body of the hair dryer was simulated in detail, and the velocity field
streamline and its vector distribution in the cavity of the runner equipment were successfully reproduced.
Through the cross-sectional analysis of the simulation results, a representative plane was selected for detailed
observation, as shown in Fig. 6. It is clear from the vector diagram that the fluid flows smoothly in the rear
flow channel without any significant eddy currents, and the wind speed under standard operating conditions
indicates that the optimized flow channel design has achieved remarkable results in reducing energy loss and
aerodynamic noise.

(a) (b)

Figure 6: Optimized hair dryer flow channel. (a) Velocity streamline; (b) Velocity vector contour

As can be seen from the sound pressure level spectrogram in Fig. 7 and Table 4, the original impeller
noise is 76.3 dB and the wind speed is 22.4 m/s at the rated operating condition of 20,000 rpm. The noise
of the new impeller is 74.1 dB and the wind speed is 24.4 m/s. At the rated 17,500 rpm, the original impeller
noise is 75.6 dB and the wind speed is 20.7 m/s. The noise of the new impeller is 73.4 dB and the wind speed
is 22.6 m/s. Under the same speed, the new design impeller is significantly better than the original impeller
in terms of noise control and wind speed increase, and the new design impeller has lower noise and higher
wind speed than the original impeller.
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Figure 7: Spectrogram of sound pressure level under rated operating condition (20,000 rpm). (a) Original impeller;
(b) New impeller
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Table 4: Comparison of simulation results between the original impeller and the new impeller

Test samples  Rotational speed 12,000 13,000 14,500 16,000 17,500 20,000 21,000

(rpm)
Original impeller Noise (dB) 70 73 74.2 75.0 75.6 76.3 76.8
Wind speed 11.5 15 16 17.6 20.7 22.4 2355
(m/s)
. Noise(dB) 67 70.2 71.8 72.5 73.4 74.1 74.5
New impeller

Wind speed(m/s) 14.5 15.5 18.9 20.3 22.6 24.4 25.7

5 Conclusion

This study focuses on the aerodynamic noise problem in the flow channel of high-speed hair dryers. By
combining CFD simulation with experimental verification, the structure of the guide impeller and rear flow
channel was optimized, revealing the key influence of flow channel geometry on the flow field. This provides
sufficient theoretical basis for the development of low-noise hair dryer products, and the following results
were obtained:

1. The use of a straight baffle in the original channel design resulted in significant eddy currents in the
channel area, increasing turbulence noise.

2. By optimizing the spiral guide plate design of the flow channel, the uniformity of the flow field is
significantly improved, and the outlet vortex is basically eliminated.

3. Underrated conditions, the optimized impeller reduces noise from 76.3 to 74.1 dB and increases wind
speed from 22.4 to 24.4 m/s, achieving a dual effect of noise reduction and performance improvement.
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