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Abstract: Reducing aerodynamic noise from rotating fans while preserving their aerodynamic performance remains a major challenge in the design of low-noise flow-control and ventilation systems. Motivated by this challenge, the present study performs a comprehensive numerical investigation of the coupled aerodynamic and aeroacoustic behavior of a rotating fan equipped with straight and serrated trailing-edge blades under both quiescent and inflow operating conditions. The effects of rotational speed, external inflow, and blade trailing-edge geometry on flow structure, pressure distribution, and acoustic response are systematically examined. Simulations are conducted for two rotational speeds and two inlet conditions to isolate rotation-induced mechanisms from inflow-dominated effects governing noise generation and propagation. Aerodynamic results show that under quiescent inflow, the flow field is primarily driven by fan rotation, leading to localized acceleration, non-uniform outlet mass flow, and a strong dependence on rotational speed. The presence of external inflow leads to a more uniform flow field and increased mass flow rates, while reducing the sensitivity to trailing-edge geometry. Moreover, rotational speed emerges as the dominant factor governing both aerodynamic and acoustic responses. Trailing-edge serrations mainly affect low-frequency acoustic behavior at low rotational speeds under quiescent conditions, whereas their influence diminishes at higher speeds and in the presence of inflow. External inflow also raises baseline acoustic levels and modifies the spatial distribution of the acoustic field. Overall, the results highlight the regime-dependent effectiveness of trailing-edge serrations and underscore the importance of accounting for realistic inflow environments in the aerodynamic and aeroacoustic design of low-noise rotating machinery. 
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1 Introduction

The evolution of modern industrial design has increasingly prioritized the mitigation of noise pollution, transitioning from a secondary consideration to a primary engineering constraint [1]. Axial fans, as fundamental components in thermal management, HVAC systems, and propulsion modules, represent a significant source of aeroacoustic emissions [2]. The noise generated by these systems is not merely an environmental nuisance but a marker of aerodynamic inefficiency and structural vibration [3]. It is well-established that the interaction between a rotating blade and the surrounding fluid medium triggers a cascade of pressure fluctuations [4], originating from the turbulent boundary layer and the subsequent wake shedding, that manifest as both broadband noise and discrete tonal components. As rotational speeds increase, the energy contained within these turbulent structures scales exponentially, necessitating a deeper understanding of the near-field flow physics [5]. The complexity of these interactions is further compounded when the fan operates in non-quiescent environments, where external inflow conditions introduce additional layers of turbulence and non-uniformity into the system [6]. The physical
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mechanisms underlying fan noise are primarily governed by the unsteady loading of the blades and the thickness of the displacement layer at the trailing edge [7]. The literature often refers to the Lighthill analogy and its subsequent derivations as the foundational framework for understanding how fluid motion is converted into acoustic energy [8]. 

In the context of axial fans, the dipolar source term, resulting from the fluctuating force exerted by the blade on the fluid, is typically the dominant noise contributor [9]. Previous research has consistently demonstrated that the spatial distribution of these pressure fluctuations is highly concentrated at the blade tips, where the relative velocity is at its maximum [10]. These acoustic hotspots are the primary targets for geometric optimization. 

To reduce noise, the modification of the blade’s trailing-edge geometry has emerged as one of the most effective passive control strategies [11]. The concept seeks to disrupt the spanwise correlation of the shedding vortices. 

Traditional straight-edged blades facilitate the formation of large-scale, coherent structures that shed simultaneously across the span, creating a powerful and synchronized acoustic pulse [12]. By introducing serrations, whether sinusoidal, sawtooth, or notched, engineers can force a phase shift in the pressure fluctuations [13]. Scholarly works have provided extensive evidence that these serrations act as a mechanism for vortex breaking, where large eddies are fragmented into smaller, less energetic filaments [14, 15]. This process not only redistributes the acoustic energy across a broader frequency spectrum but also reduces the peak sound amplitude (SA) by promoting destructive interference at the blade edge [16]. The sensitivity of the acoustic field to the specific shape of the serration cannot be overstated. Experimental studies have shown that the depth and wavelength of the serrations must be carefully tuned to the local boundary layer thickness to achieve optimal results [17]. For instance, in low-rotational speed regimes, the impact of the edge geometry might be subtle, as the turbulent energy is insufficient to be significantly affected by the serration scale [18]. However, as the rotational speed increases, the interaction becomes more violent, and the role of the serrated edge in managing the wake-induced noise becomes more pronounced [19]. 

A critical yet often overlooked aspect of fan aeroacoustics is the influence of the global boundary conditions and the presence of an external inflow velocity. In real-world applications, fans rarely operate in a perfectly still environment; they are subjected to crosswinds, duct constraints, or directed inlet flows that fundamentally alter the flow topology [20, 21]. The introduction of an inlet velocity can change the fan’s operation, which is frequently explored through the lens of mass flow distribution and outlet uniformity. Previous investigations into fan-in-duct systems have shown that an imposed inflow velocity acts to homogenize the flow field, reducing the steep pressure gradients typically observed in quiescent tests [22, 23]. This homogenization has a direct impact on the acoustic propagation, as the background flow acts as a medium that can either amplify or mask the noise generated by the blades [24]. Furthermore, the interaction between the incoming flow and the rotating blades introduces a directional bias into the pressure field. While a fan operating in a zero-velocity environment exhibits a largely symmetric pressure distribution relative to its axis [25], the introduction of a velocity vector breaks this symmetry, shifting the pressure peaks and altering the far-field acoustic radiation pattern. Studies using computational fluid dynamics have demonstrated that the velocity streamlines within the domain undergo a significant reorganization when an external flow is present [26]. This change in flow topology suggests that the masking effect of the inlet velocity may reduce the relative impact of blade geometry on the global mass flow [27], as the momentum of the external stream begins to dictate the fluid transport through the domain. 

Recent simulations often employ hybrid methods, where the unsteady flow field is solved using Large Eddy Simulation or Detached Eddy Simulation, and the acoustic propagation is calculated via the Ffowcs Williams-Hawkings (FW-H) analogy [28, 29]. These models are particularly adept at capturing the Surface Acoustic Pressure Level (SAPL) on the confining walls of the computational domain, which serves as a proxy for the noise perceived by the surrounding environment [30]. SAPL distribution is highly sensitive to the convective transport of pressure fluctuations [31]; As the fluid advects toward the outlet, it transports acoustic energy, resulting in elevated noise levels concentrated near the downstream boundaries of the domain. Frequency-domain analysis remains the gold standard for interpreting the output of these complex simulations. By extracting the SA at various monitoring points, A clear distinction can be made between the tonal noise associated with the blade-passing frequency and the broadband noise arising from turbulence [32]. 

This study, therefore, presents a rigorous numerical examination of the aeroacoustic and aerodynamic characteristics of an axial fan, focusing specifically on the impact of trailing-edge serrations under a diverse range of operational conditions such as blade geometries, rotational speed, and various inlet boundary conditions. The study is structured around a comparative analysis of two distinct blade geometries, a standard straight-edged configuration and a specialized serrated-edge design, operating at rotational speeds. The computational domain is constructed to capture both the near-field pressure fluctuations on the blade surfaces and the far-field propagation through a cylindrical volume. In this work, we conduct a series of high-fidelity simulations to extract and analyze a range of key parameters. This multi-faceted approach enables a comprehensive assessment of how geometric modifications interact with rotational and environmental variables to influence the overall performance of the fan system. 
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2 Materials and Methods

2.1 Geometry and Computational Domain

Figure 1 presents the computational domains, fan configurations, and measurement locations considered in this study. As illustrated in Figure 1a, two axial fans with identical overall dimensions but different trailing-edge geometries are investigated: one fan with a straight trailing edge and another with a serrated trailing edge. This configuration allows the isolated assessment of the effect of trailing-edge shape on aerodynamic noise generation while keeping all other geometric parameters unchanged. 

Figure 1. Schematic of the computational domain and boundary conditions Both fans have an outer diameter of 360 mm and a height of 120 mm and are centrally located within a cylindrical computational domain representing the surrounding air. The domain has a circular cross-section with a diameter of 800 mm and a height of 700 mm, providing adequate spatial extent to reduce confinement effects and to allow the development and propagation of flow structures and acoustic waves generated by the rotating blades. The fan axis coincides with the axis of the cylindrical domain to preserve geometric and flow symmetry. 

To evaluate the acoustic response, four monitoring points, labeled P1 through P4, are defined within the external domain for both fan geometries. At these locations, the SA is extracted and used to characterize the spatial distribution of the radiated noise under different operating conditions. 

Figure 1b presents detailed information on the fan blade geometry. Each fan comprises blades with a linear twist distribution, defined by a root pitch angle of 15° and a tip pitch angle of 35°. The blade planform has a chord length of 80 mm and a span of 150 mm. The sole geometric distinction between the two fan models is the trailing-edge configuration: one blade has a smooth, straight trailing edge, whereas the other incorporates a serrated trailing edge designed to modify wake dynamics and suppress coherent vortex shedding, thereby influencing the fan’s aeroacoustic behavior. 

2.2 Computational Fluid Dynamics Simulation and Governing Equations

All numerical simulations are performed using ANSYS Fluent 16.1. The flow is assumed to be three-dimensional, unsteady (transient), and Newtonian, with constant density and viscosity. Heat transfer effects are neglected, and the flow is treated as isothermal. The governing equations for mass and momentum conservation are the unsteady Reynolds-averaged Navier–Stokes equations, expressed as [33]:

The continuity equation is given by:

∂ρ + ∇ · (ρu) = 0

(1)

∂t

For incompressible flow with constant density:

∇ · (u) = 0

(2)
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The momentum equation is given by:

∂(ρu) + ∇ · (ρu ⊗ u) = −∇p + ∇ · (µ + µt) ∇u + ∇uT

(3)

∂t

where, u represents the velocity vector; p is the static pressure; µ represents the molecular dynamic viscosity; and µt is the turbulent eddy viscosity. 

The transient formulation is essential to capture unsteady flow structures, blade-wake interactions, and time-dependent pressure fluctuations, which are critical for accurate aeroacoustic prediction. Turbulence effects are modeled using the k − ω turbulence model, which is well suited for rotating machinery and near-wall flows due to its robust performance in regions with adverse pressure gradients [34]. 

The transport equations for the turbulent kinetic energy k and the specific dissipation rate ω are given by:

∂(ρk) + ∇ · (ρk⃗u) = Pk − β∗ρωk + ∇ · [(µσk + µt) ∇k]

(4)

∂t

∂(ρω)

ω

+ ∇ · (ρω⃗

u) = α

Pk − βρω2 + ∇ · [(µ + σωµt) ∇ω]

(5)

∂t

k

where, Pk is the production of turbulent kinetic energy, and α, β, β∗, σk, and σω are model constants. 

The turbulent eddy viscosity is defined as:

k

µt = ρ

(6)

ω

2.3 Aeroacoustic Modeling

To predict noise generation and propagation, a hybrid aeroacoustic approach is employed. First, the Broadband Noise Source Model available in ANSYS Fluent is used to estimate the local acoustic source strength generated by turbulence–structure interaction, particularly near blade surfaces and wakes. This model is based on semi-empirical formulations derived from Lighthill’s acoustic analogy and expresses the acoustic power as a function of turbulence quantities such as turbulent kinetic energy and dissipation rate. This step enables identification of dominant noise-generating regions and provides an initial estimate of broadband noise levels [9]. 

To compute far-field acoustic pressure fluctuations, the FW-H acoustic analogy is applied in the time domain. 

The FW-H equation is written as [35]:

1 ∂2 ˙

p

∂2

∂

∂

+ ∇2 ˙

p =

[TijH(f )] −

[Fiδ(f )] +

[Qδ(f )]

(7)

c2 ∂t2

∂x

∂x

∂t

0

ixj

i

where, ˙

p, c0, Tij, H(f ), δ(f ), Fi, and Q represent the acoustic pressure fluctuation, speed of sound, Lighthill’s stress tensor, Heaviside function, Dirac delta function, dipole and monopole source terms, respectively. 

In this study, the FW-H formulation accounts primarily for dipole sources associated with unsteady pressure loading on the blade surfaces, which are dominant in low-Mach-number rotating machinery flows. The FW-H

surface is defined around the rotating fan, and time-resolved pressure data from the transient computational fluid dynamics simulation are used as input for acoustic post-processing at the receiver points. Air is used as the working fluid, and its properties are assumed constant throughout the simulations. The values employed in the simulation are summarized in Table 1. 

Table 1. Physical properties of air used in the simulations

Constant

Value (Unit)

Density

1.184 (kg/m3)

Specific heat ratio

1.4

Speed of sound

342 (m/s)

Dynamic viscosity

1.81 × 10−5 (kg/m·s)
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2.4 Boundary Conditions

The boundary conditions applied in this study are designed to systematically investigate the effects of fan rotational speed and ambient inflow velocity on the aerodynamic noise generated by different blade geometries. A schematic representation of all imposed boundary conditions is provided in Figure 1. Several operating scenarios are considered by combining two distinct rotational speeds with two inlet flow conditions. The fan rotation is modeled using a rotating reference frame with two prescribed angular velocities: 1000 revolutions per minute (R1) and 3000 revolutions per minute (R3). These values are selected to represent low- and high-speed operating regimes commonly encountered in practical ventilation and cooling applications. For each rotational speed, two inlet velocity conditions are imposed at the outer boundary of the computational domain. In the first case, a zero inlet velocity (V0) is applied, representing a quiescent ambient environment in which the flow is generated solely by the rotating fan. In the second case, a uniform inlet velocity of 2 m/s (V2) is prescribed to model the presence of an external cross-flow or background ventilation. This formulation enables evaluation of the interaction between the incoming flow and the rotating blades, which is known to significantly affect turbulence development, pressure fluctuations, and acoustic emission. 

At the outlet boundary of the external domain, a zero gauge-pressure condition is enforced for all simulations. This pressure-outlet specification provides a consistent acoustic reference level and allows pressure waves generated by blade rotation and flow–structure interaction to exit the domain without artificial reflection or constraint. Maintaining identical outlet conditions across all cases ensures direct and meaningful comparisons among different rotational speeds, inlet velocities, and blade geometries. 

In total, eight simulation scenarios are systematically designed to examine the individual and combined effects of three key parameters on the aerodynamic and aeroacoustic performance of the fan system. An overview of all cases is provided in Table 2, which summarizes the simulation matrix and facilitates direct comparison across the investigated configurations. 

Table 2. Overview of the simulation scenarios, detailing inlet velocities, fan rotational speeds, and trailing-edge geometries

No. 

Velocity Inlet (m/s)

Rotational Speeds

Leading Edge Shape

1

0

1000

Straight

2

0

1000

Serrated

3

0

3000

Straight

4

0

3000

Serrated

5

2

1000

Straight

6

2

1000

Serrated

7

2

3000

Straight

8

2

3000

Serrated

The computational domain was discretized using a three-dimensional unstructured mesh to accurately capture the complex flow structures and acoustic source mechanisms around the rotating blades. To ensure the reliability of the numerical results, a mesh independence study was systematically conducted. Several mesh configurations ranging from coarse to progressively finer resolutions were generated and evaluated. For each mesh level, transient simulations were performed and the acoustic power level (APL) was calculated as the primary assessment criterion. 

The relative difference in APL between two successive mesh refinements was used as the convergence metric. Mesh independence was established once the variation in APL between successive mesh refinements dropped below 2%. 

Based on this criterion, a mesh with a characteristic element size of 10 mm was selected as an optimal compromise between numerical accuracy and computational efficiency and was therefore adopted for all simulations presented in this study. In addition to spatial discretization, particular attention was given to temporal resolution due to the transient nature of the simulations and the requirement to accurately resolve unsteady flow and acoustic phenomena. 

A constant time step of 1.0 × 10−4 s was employed for all cases. This time step was chosen to capture the temporal evolution of turbulent structures and pressure fluctuations associated with blade rotation and noise generation, while ensuring numerical stability and maintaining a reasonable computational cost. 

2.5 Evaluated Parameters

In the present study, several aerodynamic and aeroacoustic parameters were evaluated in order to provide a comprehensive assessment of the fan performance and noise characteristics under different operating conditions. 

The APL was analyzed as a key global indicator of noise generation, representing the overall intensity of pressure fluctuations induced by unsteady flow and blade-flow interactions. This parameter provides an integrated measure of the acoustic response and is particularly useful for comparing the noise levels between different rotational speeds, inlet 5
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velocities, and blade geometries. The SAPL was examined to identify the spatial distribution of acoustic sources. 

SAPL enables the localization of regions with high acoustic activity, which are typically associated with strong turbulence, flow separation, and trailing-edge effects. By comparing SAPL distributions for straight and serrated blade edges, the influence of blade geometry on noise generation mechanisms could be directly assessed. The SA was evaluated at predefined monitoring points in the acoustic field to investigate the frequency-dependent behavior of the emitted sound. Analysis of SA as a function of frequency allows insight into the dominant noise components and their variation with rotational speed and inlet flow conditions, thereby complementing the surface-based acoustic indicators. From an aerodynamic performance perspective, the mass flow rate at the outlet was calculated to quantify the flow capacity of the fan and to evaluate how changes in inlet velocity and blade geometry affect overall throughput. 

In parallel, the static and total pressure distributions were analyzed to assess the pressure rise generated by the fan and to establish a clear link between aerodynamic loading and acoustic emission. Finally, velocity streamlines were used as a qualitative diagnostic tool to visualize the flow structure within and downstream of the fan. These streamlines provide insight into flow uniformity, vortex formation, and possible separation zones, which are closely related to both aerodynamic efficiency and noise generation. Collectively, these parameter evaluations facilitate a coherent and physically justified interpretation of the fan’s coupled aerodynamic and acoustic behavior across all investigated cases. 

3 Results

3.1 Acoustic Pressure Level Distribution

As observed in Figure 2, the overall APL levels are consistently higher for the V2 cases compared to the corresponding V0 cases. In addition, for both inlet conditions, increasing the rotational speed from R1 to R3 leads to a pronounced increase in APL, in the R1-V0 case, the maximum APL reaches 98.46 dB, whereas a substantial increase is observed at the higher rotational speed, with the maximum APL attaining 129.1 dB in the R3 cases. 

When an inlet velocity of V2 is imposed, the peak APL values further increase, reaching a maximum of 133.62

dB. The influence of trailing-edge geometry on the magnitude and distribution of APL is also evident in Figure 2. 

While the overall maximum APL values are only moderately affected by the blade edge shape, the spatial distribution of APL over the blade surfaces exhibits significant sensitivity to the presence of serrations. In the V2 cases in particular, the serrated blades exhibit lower peak APL values compared to the straight-edged blades, along with a distinctly altered distribution pattern along the trailing edge. For the straight blades, regions of high APL are more concentrated and pronounced, whereas the serrated configuration results in a more dispersed distribution of pressure fluctuations. Across all operating conditions, the minimum APL values are consistently observed near the blade root region. This behavior can be attributed to the lower local relative velocity and reduced aerodynamic loading near the root compared to the mid-span and tip regions, where stronger flow separation and higher turbulence intensity are present. 

Figure 2. Spatial distribution of acoustic power level (APL) on the fan blade surfaces for rotational speeds of 1000

rpm (R1) and 3000 rpm (R3) under quiescent (V0) and inflow (V2) conditions, comparing straight and serrated trailing-edge blade geometries
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3.2 Mass Flow Distribution

The overall mass flow distribution is noticeably more uniform under the V2 inlet condition than under V0. 

The presence of an imposed inlet velocity promotes a more homogeneous flow field at the outlet, reducing spatial gradients and smoothing the distribution across the outlet surface. In contrast, under the quiescent inlet condition (V0), the mass flow is primarily driven by fan-induced motion, resulting in a more non-uniform pattern (Figure 3). 

For the V0 cases, a clear dependence of mass flow magnitude on rotational speed is observed. At the lower rotational speed (R1), the mass flow values are significantly smaller than those obtained at R3. Specifically, in the R1-V0

cases, the maximum mass flow reaches approximately 2 × 10−6 kg/s for both straight and serrated trailing-edge configurations, indicating that at this rotational speed the fan induces only a limited throughflow and that the influence of trailing-edge geometry on both the magnitude and spatial pattern of mass flow is negligible. The highest mass flow values are concentrated near the center of the outlet surface, while the lowest values appear near the peripheral regions, reflecting the axial-dominant nature of the induced flow. At the higher rotational speed (R3), the mass flow magnitude increases substantially, with peak values reaching approximately 6 × 10−6 kg/s, which is three times larger than those observed at R1. Moreover, in the R3-V0 cases, the effect of blade trailing-edge geometry becomes more pronounced, leading to noticeable changes in the spatial distribution of mass flow across the outlet surface, even though the global flow direction remains predominantly axial. When an inlet velocity of 2 m/s (V2) is imposed, the mass flow behavior changes significantly. Under these conditions, all cases, regardless of rotational speed or trailing-edge geometry, exhibit similar distribution patterns at the outlet, indicating that the externally imposed inflow dominates the global flow structure. However, the order of magnitude of the mass flow increases dramatically, with peak values reaching approximately 2× 10−4 kg/s, which is about two orders of magnitude higher than those observed under V0 conditions. Furthermore, in the V2 cases, the influence of blade trailing-edge shape on mass flow becomes negligible. The strong incoming flow overwhelms the subtle geometric effects introduced by the serrations, resulting in nearly identical mass flow distributions for both straight and serrated blades. 

Figure 3. Contours of mass flow distribution at the outlet boundary of the external computational domain for different rotational speeds (R1 and R3), inlet velocity conditions (V0 and V2), and blade trailing-edge configurations

3.3 Pressure Distribution

As shown in Figure 4, the overall pressure range remains comparable between the V0 and V2 cases, spanning approximately from −208 Pa to values exceeding 993 Pa. This indicates that, despite the presence of an external inflow in the V2 cases, the dominant pressure levels within the domain are primarily governed by the rotational motion of the fan rather than by the inlet velocity alone. A clear dependence of the pressure distribution on rotational speed is observed. For both inlet conditions, the R1 cases exhibit a more uniform and smoothly varying pressure field compared to the R3 cases. In particular, under the V0 condition, the maximum pressure in the R1 case reaches approximately 153 Pa, whereas a substantial increase is observed at the higher rotational speed, with the maximum pressure rising to about 982 Pa for the serrated-blade configuration. This pronounced increase highlights the strong influence of rotational speed on pressure loading and local pressure amplification. In all operating conditions, the 7
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highest pressure levels are consistently concentrated near the blade edges for both straight and serrated trailing-edge geometries. However, the serrated blades exhibit higher peak pressure magnitudes in the vicinity of the blade edges compared to the straight blades. This effect is especially pronounced in the R3 cases, where the maximum pressure exceeds 993 Pa. Under the quiescent inlet condition (V0), the pressure distribution around the fan is largely symmetric with respect to the fan axis, reflecting the absence of a preferred flow direction in the far field. Minor asymmetries are observed only in the immediate vicinity of the rotating blades, and the extent of these asymmetries increases with rotational speed, being more noticeable in the R3 cases than in R1. In V2 cases, a similar increase in pressure magnitude and concentration near the blade edges is observed. However, unlike the V0 cases, the far-field pressure distribution loses its axial symmetry. The presence of the incoming flow introduces a directional bias, leading to higher pressure levels near the inlet region compared to the outlet. This results in a distinctly different pressure pattern on the YZ plane, even though the overall pressure range remains comparable to that of the V0 cases. 

Figure 4. Pressure distribution on the mid-plane (YZ plane) of the computational domain for straight and serrated blades at rotational speeds of 1000 rpm (R1) and 3000 rpm (R3) under both quiescent and inflow conditions 3.4 Surface Acoustic Pressure Level

According to the Figure 5, the overall SAPL levels are consistently higher in the V2 cases than in the corresponding V0 cases. In addition, for both inlet conditions, increasing the rotational speed from R1 to R3 results in higher SAPL values. In the R1-V0 case, the maximum SAPL reaches approximately 17.58 dB and is primarily localized near the upstream and downstream edges of the outer domain. Over most of the wall surface, the SAPL remains within a relatively narrow range of approximately 12.2 to 14.35 dB. Under these conditions, a slight increase in SAPL is observed for the straight trailing-edge configuration, suggesting a modest contribution of the blade edge shape to surface acoustic loading in the absence of an external inflow. At the higher rotational speed (R3), a clear change in both magnitude and spatial distribution of SAPL is observed. In this case, elevated SAPL values are concentrated in the central region of the outer wall, aligned with the axial position of the rotating fan. The influence of blade trailing-edge geometry on SAPL becomes significantly reduced in V2 cases. For both straight and serrated blades, and for both rotational speeds, the magnitude and spatial distribution of SAPL are largely similar. Across all operating conditions, regions of maximum SAPL, exceeding values of 85, are consistently observed near the outlet side of the computational domain. 
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Figure 5. Surface Acoustic Pressure Level (SAPL) distribution on the outer cylindrical wall across various rotational speeds, velocities, and geometries

Figure 6. Velocity streamlines and magnitude contours at 1000 and 3000 rpm under quiescent and inflow conditions

3.5 Velocity Streamlines

As shown in Figure 6, the velocity field spans the full range of values in all simulated cases, with the maximum velocity reaching approximately 11.84 m/s. In both inlet conditions, the highest velocities are consistently observed in the vicinity of the fan, particularly near the blade tips, where rotational effects and flow acceleration are strongest. 

However, while the maximum velocity magnitude remains comparable between cases, the streamline topology differs markedly between the V0 and V2 conditions. Under the quiescent inlet condition (V0), the streamlines are strongly 9
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concentrated around the fan, indicating that the flow field is predominantly governed by the rotational motion of the blades. The induced flow remains largely localized, with pronounced curvature and recirculation patterns in the near-fan region. In contrast, in V2 cases, the streamline pattern changes substantially. The external inflow reduces the localized concentration of streamlines near the fan and enforces a global alignment of the flow with the incoming velocity direction. As a result, streamlines both inside and outside the fan region become more uniformly oriented. 

A clear dependence of velocity magnitude on rotational speed is also evident. In the R1-V0 case, the maximum velocity reaches approximately 4.83 m/s, whereas in the R3-V0 case the velocity increases significantly, attaining the global maximum value of 11.84 m/s. In contrast, under the V2 condition, all cases, regardless of rotational speed, exhibit local velocity peaks approaching 11.84 m/s at specific locations within the domain. Regarding the effect of blade trailing-edge geometry, the results show that modifications to the trailing-edge shape primarily influence the flow topology rather than the velocity magnitude. While the serrated and straight blades produce distinct streamline patterns, particularly in the near-blade and wake regions, the overall velocity range and peak values remain largely unchanged. 

3.6 Sound Amplitude

According to the Figure 7, across all operating conditions, a consistent trend is observed whereby the SA decreases with increasing frequency. At the lower rotational speed (R1), a pronounced influence of trailing-edge geometry on SA magnitude is evident. For the straight trailing-edge configuration, the SA measured at all four monitoring points remains within a range of approximately 0 to 38 dB over the considered frequency band. In contrast, for the serrated trailing-edge configuration at the same rotational speed, the SA levels increase substantially, reaching values of up to approximately 70 dB at low frequencies. This represents nearly a twofold increase in the amplitude range compared to the straight-edge case, indicating that at low rotational speed the serrated geometry enhances low-frequency acoustic radiation under quiescent inflow conditions. In the high-speed cases (R3), this sensitivity to trailing-edge geometry is no longer observed. For both straight and serrated blades, the SA spectra span a similar range, extending from near zero to approximately 87 dB across the frequency domain. 

Figure 7. Sound amplitude (SA) spectra at the monitoring points P1–P4 under quiescent inlet conditions (V0) for straight and serrated trailing-edge blades at rotational speeds of 1000 rpm (R1) and 3000 rpm (R3) Figure 8 presents the SA spectra extracted at the four monitoring points defined in Figure 1 (P1–P4) for the inlet velocity condition V2. In general, the SA spectra under V2 exhibit higher minimum levels compared to the quiescent inflow cases. For the R1 cases, when straight trailing-edge blades are used, the SA values lie within a range of approximately 8 to 42 dB across the frequency domain. In contrast, for the serrated trailing-edge configuration at the same rotational speed, the SA range shifts to approximately 16 to 43 dB. At the higher rotational speed (R3), the maximum SA values for both blade geometries increase to approximately 51 dB, indicating a clear amplification of acoustic emissions with increasing rotational speed. However, a notable reduction in SA is observed at monitoring point P4, where the minimum SA drops to values near 10 dB. 
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Figure 8. Sound amplitude (SA) spectra at monitoring points P1–P4 for straight and serrated blades at 1000 and 3000 rpm under V2 inflow conditions

4 Discussion

The APL distributions presented in Figure 2 can be interpreted in the broader context of aeroacoustic mechanisms governing rotating blades subjected to both quiescent and externally imposed inflow conditions. The observed increase in APL with rotational speed is consistent with the classical scaling of aerodynamic noise with blade tip speed and turbulence intensity, where higher angular velocities intensify unsteady pressure loading and enhance vortex–blade interactions [36, 37]. Similar trends have been reported in numerical and experimental investigations of axial and centrifugal fans, in which increases in rotational speed led to a disproportionate rise in wall pressure fluctuations and broadband noise levels [38, 39]. The amplification of APL under the V2 inlet condition aligns well with prior works that emphasized the role of inflow turbulence and mean inflow velocity in strengthening unsteady aerodynamic forcing on blade surfaces [40]. External inflow introduces additional large-scale flow structures that interact with the rotating blades, leading to enhanced pressure fluctuation amplitudes, particularly near the leading and trailing edges. Regarding the influence of trailing-edge geometry, the present observation that serrations primarily redistribute APL rather than substantially reducing its maximum value is in line with several computational studies focusing on surface pressure behavior rather than far-field noise [41, 42]. These studies reported that serrations tend to decorrelate pressure fluctuations along the trailing edge, leading to a more spatially diffuse acoustic footprint without necessarily reducing peak surface pressure levels. This mechanism has been attributed to the disruption of coherent vortex shedding and the introduction of spanwise phase variation, which weakens localized pressure concentrations. The more pronounced effect of serrations under the V2 condition further supports the hypothesis that serrated edges interact more effectively with externally imposed turbulent structures than with purely rotation-generated flow, a trend also noted in inflow-turbulence interaction studies [43]. In contrast, some experimental investigations have reported a noticeable reduction in surface pressure fluctuations and associated noise levels due to serrated trailing edges, even at higher rotational speeds [17, 44]. The discrepancy with the present results can be attributed to several factors. First, many of those studies considered optimized serration geometries with larger serration amplitudes or wavelength-to-boundary-layer-thickness ratios specifically tuned for noise reduction, whereas the present configuration may primarily alter flow topology without fully suppressing pressure fluctuation magnitudes. Second, differences in Reynolds number, inflow turbulence characteristics, and measurement focus (far-field sound pressure versus wall-based APL) can lead to divergent conclusions. Serrations are often more effective in reducing radiated noise than in lowering local surface pressure levels, which explains why the present APL-based analysis shows redistribution rather than strong attenuation. 

The outlet mass flow distributions in Figure 3 reflect the balance between fan-induced momentum and externally imposed inflow. Under quiescent conditions (V0), the mass flow is controlled mainly by fan rotation, leading to a strong dependence on rotational speed, as widely reported for axial and mixed-flow fans where outlet flow scales with rotational speed in the absence of inflow [45, 46]. The non-uniform patterns observed under V0 are consistent with rotationally induced swirl, hub–tip loading differences, and secondary flows, with higher mass flow concentrated 11

near the outlet center due to dominant axial momentum [47, 48]. At higher rotational speed (R3-V0), the increased sensitivity to blade geometry agrees with studies showing that stronger blade wakes and higher turbulence levels at elevated tip speeds enhance the influence of local geometric features on outlet flow redistribution [49]. When an inlet velocity is imposed (V2), the flow regime shifts, and the externally driven inflow dominates, resulting in a more uniform outlet mass flow, in line with forced-flow fan studies [50, 51]. Discrepancies with experimental reports of persistent non-uniformity under inflow conditions [52] can be attributed to differences in inlet turbulence, confinement effects, boundary conditions, and the use of an idealized uniform inlet velocity in the present simulations. 

Figure 4 indicates that the overall pressure range remains similar under quiescent (V0) and inflow (V2) conditions, implying that pressure generation is primarily governed by rotational effects and blade loading rather than inlet momentum, in agreement with turbomachinery theory and prior numerical studies [46, 48]. At low rotational speed (R1), the smoother and more uniform pressure field is consistent with reduced blade loading and weaker pressure gradients reported for low-speed axial fans. In contrast, the strong pressure amplification observed at R3 aligns with studies showing that higher rotational speed intensifies adverse pressure gradients, flow acceleration near blade edges, and wake–blade interactions [47]. The concentration of peak pressure near the blade edges for both straight and serrated geometries is well documented and attributed to vortex shedding and rapid flow deceleration in trailing-edge regions. The higher local pressures associated with serrated edges, particularly at high rotational speed, agree with findings that serration-induced flow acceleration and small-scale vortical structures enhance near-blade pressure gradients [42]. Finally, the reduced influence of trailing-edge geometry away from the blades supports the consensus that geometric modifications mainly affect near-field pressure and local flow physics, whereas far-field pressure patterns are dominated by global operating parameters such as rotational speed and inlet flow direction [42, 43]. 

The SAPL distribution on the outer wall reflects the combined effects of blade-generated noise and the convection of pressure fluctuations within the domain. The systematic increase in SAPL under imposed inflow (V2), regardless of rotational speed, is consistent with previous studies showing that mean flow enhances acoustic energy transport and wall loading [53, 54]. At low rotational speed (R1) and quiescent inflow (V0), the low and nearly uniform SAPL

levels agree with low-speed fan noise studies, where weak broadband sources dominate and geometric noise-control features have limited impact [55, 56]. In contrast, at higher rotational speed (R3), the localization of elevated SAPL

along the axial region of the outer wall aligns with reports linking increased blade loading and tip speed to stronger, axially directed dipole-type acoustic radiation [47, 57]. The diminished influence of trailing-edge geometry under V2 conditions further supports findings that strong inflow and large-scale convective effects dominate the acoustic field at remote boundaries, reducing the effectiveness of localized serration-induced modifications [58]. 

The streamline patterns in Figure 6 emphasize that the global flow behavior is governed more by flow organization than by peak velocity magnitude, consistent with classical turbomachinery analyses where rotation redistributes momentum while inflow controls large-scale alignment [46]. Under quiescent conditions (V0), the dominance of rotation-induced structures and the confinement of energetic flow near the fan agree with experimental and numerical studies of isolated axial fans, which report strong streamline curvature, recircula1tion, and swirl in the near field [39, 47]. When an inlet velocity is imposed (V2), the marked reorganization of streamlines reflects a transition to a convection-dominated regime. Even moderate inflow suppresses recirculation and enforces a preferred flow direction, as documented in fan–inflow interaction studies [59, 60]. The higher peak velocities at R3 relative to R1 under V0 align with prior measurements [39], whereas the convergence of peak velocities under V2 indicates that the imposed inflow can locally dominate the velocity field, masking rotational-speed effects away from the blades, in agreement with previous study [61]. Finally, the weak sensitivity of velocity magnitude to trailing-edge geometry, despite clear changes in streamline topology, supports previous findings that serrations mainly modify flow coherence, wake structure, and vortex dynamics rather than altering bulk kinetic energy levels [62]. 

The decay of SA with increasing frequency in Figure 7 reflects the dominance of large-scale, low-frequency noise sources under quiescent inflow, such as blade loading fluctuations and coherent wake structures, which is consistent with established fan-noise theory and prior studies [63, 64]. Reports of flatter spectra in some axial fans can be attributed to higher Reynolds numbers, blade solidity, or tip-clearance effects that enhance broadband turbulence [64], whereas the present configuration preserves coherent low-frequency sources. At low rotational speed, the strong sensitivity of SA to trailing-edge geometry highlights the role of wake coherence. Serrated edges can modify vortex shedding and redistribute acoustic energy; while often associated with broadband noise reduction, they have also been shown to amplify low-frequency sound when interacting with coherent wakes under low-speed, low-turbulence conditions [13, 42, 65]. The absence of external inflow in the present case maintains wake coherence, explaining the observed low-frequency amplification compared to studies with uniform inflow or elevated turbulence levels [42]. At higher rotational speed, the reduced influence of trailing-edge geometry indicates a shift toward turbulence-dominated noise generation, where intense unsteady pressure loading and tip effects overshadow geometric modifications [38, 66]. Although some high-speed studies report continued noise reduction with serrations [67], these typically involve inflow turbulence or ducted environments that weaken coherent structures. 

The similar spectral trends across monitoring points further indicate a spatially coherent acoustic field governed by 12

global fan dynamics rather than localized flow features, in agreement with free-field simulations and contrasting with studies involving inflow distortion or confinement [38, 64]. 

Imposing a uniform inlet velocity elevates the acoustic baseline by introducing persistent aerodynamic fluctuations, consistent with prior numerical and experimental studies on axial and mixed-flow fans where inflow turbulence generates broadband pressure noise even without strong tonal components [38, 68]. At low rotational speed under inflow conditions, trailing-edge geometry remains influential due to active inflow-wake-geometry coupling. Previous works have shown that serrated trailing edges can increase broadband noise by fragmenting coherent inflow structures into multiple distributed pressure sources, particularly under low blade loading [13, 65]. In contrast, noise reductions reported elsewhere are associated with highly turbulent inflow and higher Reynolds numbers, where serrations decorrelate pressure fluctuations rather than scatter them [42]. At higher rotational speed, inflow and rotation jointly cause a redistribution of acoustic energy rather than uniform amplification. Earlier studies demonstrate that mean-flow convection can limit sound-level growth by transporting acoustic disturbances away from receiver locations [53], 

deviating from the monotonic speed–noise scaling observed under quiescent inflow. 

5 Conclusions

This study systematically investigated the coupled aerodynamic and aeroacoustic behavior of a rotating fan equipped with straight and serrated trailing-edge blades under quiescent and inflow conditions, with particular emphasis on the interacting roles of rotational speed, external inflow, and blade geometry. By combining flow-field analysis, surface acoustic pressure evaluation, and frequency-domain SA measurements, the work provides a coherent understanding of how operating and geometric parameters govern both flow organization and acoustic radiation. From an aerodynamic perspective, the results demonstrate that the global flow structure is strongly dictated by the inlet condition. Under quiescent inflow, the flow field is primarily driven by fan-induced motion, leading to localized acceleration, pronounced streamline curvature, and rotational-speed-dependent mass flow redistribution. 

In contrast, the presence of an imposed inlet velocity enforces a dominant mean-flow direction, homogenizes the outlet mass flow distribution, and reduces sensitivity to blade trailing-edge geometry. These findings confirm that external inflow fundamentally alters the balance between rotation-induced and convection-driven flow mechanisms, particularly at higher rotational speeds. 

The acoustic analysis reveals that rotational speed is the primary driver of acoustic intensity, consistently amplifying SAPLs and SA spectra as blade tip speed increases. However, the influence of trailing-edge geometry is shown to be highly conditional. 

Under quiescent inflow and low rotational speed, serrated trailing edges

significantly modify low-frequency SA, indicating an active role of geometry-driven scattering and wake-edge interaction mechanisms. As rotational speed increases, these geometric effects are progressively masked by dominant turbulence generation, blade-tip effects, and strong unsteady pressure loading. The introduction of an external inflow fundamentally reshapes the acoustic response. Inflow conditions elevate the acoustic baseline across monitoring points by introducing persistent aerodynamic fluctuations and enhancing broadband noise content. At the same time, inflow modifies acoustic propagation through convection, redirection, and spatial redistribution of acoustic energy, leading to localized attenuation even at higher rotational speeds. Under these conditions, the influence of trailing-edge serrations becomes secondary and is mainly observable at lower rotational speeds, while at higher speeds the acoustic field is governed by the coupled effects of rotation and mean-flow convection. 

Overall, this study highlights that fan aeroacoustic behavior cannot be accurately characterized by rotational speed or blade geometry alone. Instead, it emerges from a complex interaction between flow topology, inflow conditions, and geometric features, with different mechanisms dominating in different operating regimes. The findings underscore the importance of considering realistic inflow conditions when assessing noise-mitigation strategies such as trailing-edge serrations and demonstrate that their effectiveness is strongly regime-dependent. The presented results provide a physically consistent framework for interpreting fan noise behavior and offer valuable guidance for the aerodynamic and acoustic design of low-noise rotating machinery operating under realistic flow environments. 
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Abstract: Reducing aerodynamic noise from rotating fans while preserving their aecrodynamic performance remains
a major challenge in the design of low-noise flow-control and ventilation systems. Motivated by this challenge,
the present study performs a comprehensive numerical investigation of the coupled aerodynamic and aeroacoustic
behavior of a rotating fan equipped with straight and serrated trailing-edge blades under both quiescent and inflow
operating conditions. The effects of rotational speed, external inflow, and blade trailing-edge geometry on flow
structure, pressure distribution, and acoustic response are systematically examined. Simulations are conducted for
two rotational speeds and two inlet conditions to isolate rotation-induced mechanisms from inflow-dominated effects
governing noise generation and propagation. Aerodynamic results show that under quiescent inflow, the flow field
is primarily driven by fan rotation, leading to localized acceleration, non-uniform outlet mass flow, and a strong
dependence on rotational speed. The presence of external inflow leads to a more uniform flow field and increased
mass flow rates, while reducing the sensitivity to trailing-edge geometry. Moreover, rotational speed emerges as the
dominant factor governing both aerodynamic and acoustic responses. Trailing-edge serrations mainly affect low-
frequency acoustic behavior at low rotational speeds under quiescent conditions, whereas their influence diminishes
at higher speeds and in the presence of inflow. External inflow also raises baseline acoustic levels and modifies the
spatial distribution of the acoustic field. Overall, the results highlight the regime-dependent effectiveness of trailing-
edge serrations and underscore the importance of accounting for realistic inflow environments in the aerodynamic
and aeroacoustic design of low-noise rotating machinery.

Keywords: Acroacoustics; Rotating fan; Trailing-edge serrations; Acoustic pressure level; Sound amplitude; Flow-
acoustic interaction

1 Introduction

The evolution of modern industrial design has increasingly prioritized the mitigation of noise pollution,
transitioning from a secondary consideration to a primary engineering constraint [1]. Axial fans, as fundamental
components in thermal management, HVAC systems, and propulsion modules, represent a significant source of
aeroacoustic emissions [2]. The noise generated by these systems is not merely an environmental nuisance but a
marker of aerodynamic inefficiency and structural vibration [3]. It is well-established that the interaction between
a rotating blade and the surrounding fluid medium triggers a cascade of pressure fluctuations [4], originating
from the turbulent boundary layer and the subsequent wake shedding, that manifest as both broadband noise and
discrete tonal components. As rotational speeds increase, the energy contained within these turbulent structures
scales exponentially, necessitating a deeper understanding of the near-field flow physics [5]. The complexity of
these interactions is further compounded when the fan operates in non-quiescent environments, where external
inflow conditions introduce additional layers of turbulence and non-uniformity into the system [6]. The physical

https://doi.org/10.56578/peet050101
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