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ABSTRACT 

The shape of a submarine bow affects the transition point of the boundary layer, and an excellent bow profile 

will delay the transition, thus improving the resistance performance, reducing hydrodynamic noise, which will 

benefit the stealth of the submarine. With the development of computational fluid dynamics (CFD), high-

fidelity numerical simulation of transitional boundary layer near the bow is urgent, seeking to determine the 

best shape of the bow. First, the research status of boundary layer transition modeling methods is reviewed. 

Then, multi-block based structured grid and large eddy simulation (LES) are adopted to simulate the natural 

transition of different bow shapes. Vortex structures, transition point, skin friction, and pressure fluctuations 

are analyzed and compared. Finally, the best shape of submarine bow is chosen for subsequent research. 

Keywords: Submarine; Transitional boundary layer; Bow shape; LES; CFD 

1. INTRODUCTION 

Boundary layer transition is the phenomenon of laminar-to-turbulent flow transition that manifests through 

turbulent bursts or spots in the boundary layer transition zone, leading to the eventual development of fully 

turbulent flow. The transition of the boundary layer is influenced by various factors, including roughness, bow 

shape, flow velocity, and environmental conditions. Four types of transition have been identified, namely T-S 

wave transition, cross-flow transition, vortex shedding transition, and attachment-line transition. Boundary 

layer transition is a crucial phenomenon that occurs within the boundary layer, and for submarines, the bow 

boundary layer transition represents a critical fluid mechanics problem with significant engineering 

implications. Research suggests that the transition zone emits relatively strong sound radiation, which is 

significant for practical engineering problems. Although some studies have examined the influence of bow 

shape on the transition, flow field analysis is not the primary means of determination for most studies. 

Tabatabaei et al. (2021) utilized the RANS method and a modified model to predict the transition phenomenon, 

and compared their results with those obtained using DNS and LES methods. While the RANS method and 

stability analysis method are computationally efficient and do not require a detailed flow field grid, they 

provide an indirect means of analyzing specific variables. Conversely, the LES and DNS methods can simulate 

linear and nonlinear processes of perturbations and possess strong transition prediction capabilities. To 

accurately predict the transition position and understand the underlying mechanisms, this study adopted the 

LES method, which enables precise simulation while reasonably controlling computational time and volume. 

By directly analyzing the flow field, the LES method can determine the onset position of transition and the 

position where it develops into fully turbulent flow. This approach effectively avoids errors caused by data 

conversion and ensures accurate determination of the transition occurrence. 

Various analytical methods are available to investigate the boundary layer, with Reynolds number being the 

most significant parameter to characterize the flow regime within it. Typically, the flow in the boundary layer 

remains laminar when the Reynolds number is below 2×105. However, if the Reynolds number exceeds this 

threshold, the boundary layer is prone to transition to turbulent flow. In research on how Reynolds number 
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affects the boundary layer over axisymmetric bodies 𝐿∗, turbulent flow fields are commonly studied. The target 

Reynolds numbers are generally less than 𝑅𝑒𝐷 of 107, corresponding to a body-length Reynolds number (𝑅𝑒𝐿) 

of less than 108, as in the experiment conducted by Mitra et al. (2019), which studied the turbulent flow over 

an axisymmetric body in a water tank at three Reynolds numbers (𝑅𝑒𝐷≤1.0 ×105 ).  

Lee and Jones (2020)   investigated turbulent boundary layer separation on an axisymmetric body using wind 

tunnel experiments with 𝑅𝑒𝐿 ranging from 4.2 ×106  to 1.7 ×107.  

Posa and Balaras (2020) employed large-eddy simulation to study the turbulent flow field over an 

axisymmetric body. First, they calculated the turbulent boundary layer at the Reynolds number corresponding 

to the laboratory model (𝑅𝑒𝐿= 1.2 ×106 ) and found these results to be consistent with experimental results. 

Then, Posa and Balaras (2020)   increased the Reynolds number by a factor of 10 to 𝑅𝑒𝐿 = 1.2 × 107 to observe 

its effects on the flow field. 

Axisymmetric body shapes are commonly employed in underwater vehicles due to their hydrodynamic 

advantages (Wang et al., 2022; Xuan et al., 2022). However, the transition location in the boundary layer over 

such bodies can significantly affect flow noise (Li et al., 2011; Liu et al., 2018; Huang et al., 2019), which, in 

turn, can impact sonar detection at the nose. Therefore, understanding transitions over underwater 

axisymmetric bodies is of paramount importance. 

Yang et al. (2018) provided a comprehensive summary of previous research on the transition problem, 

including the types of transition, special structures in the transition zone, and transition prediction methods. 

They recommended employing multiple techniques to study the transition mechanism and predicted that future 

transition research will focus on predicting three-dimensional boundary layer transitions on objects. Yang et 

al. also proposed scaling laws to understand the transition mechanism. 

Liu et al. (2021) employed the 𝑒𝑁  method to investigate the boundary layer transition phenomenon of 

underwater rotating bodies with different bow shapes. Their analysis of seven bow shapes demonstrated that 

different shapes corresponded to different transition points. Furthermore, the transition location of the same 

model under different working conditions could be altered. Numerical simulation results showed that the flow 

states of different models tended to converge after two times the length of the model's head. 

Overall, this body of research highlights the importance of understanding the transition mechanism over 

underwater axisymmetric bodies and the need to employ multiple methods to study the problem 

comprehensively. The findings of Liu et al. offer valuable insights into the effect of bow shape on boundary 

layer transition, which can inform the design of underwater vehicles. 

Furthermore, a comprehensive understanding of the impact of Reynolds number on the transition of underwater 

axisymmetric bodies, especially over a wide range of Reynolds numbers, remains elusive. This is further 

complicated by the fact that the laminar basic flows lack similarity for underwater axisymmetric bodies 

compared to flat-plate boundary layers. Despite some relevant studies conducted in the low-Reynolds-number 

range (Arakeri, 1975 and Liu et al., 2021), the transition locations in the boundary layers of underwater 

axisymmetric bodies at high Reynolds numbers and the influence of Reynolds number changes on natural 

transition are still an active area of research. This research is of great scientific significance and is a critical 

topic in the field of fluid mechanics. 

In this study, we employ large eddy simulation (LES) to investigate the phenomenon of SUBOFF bow 

transition at high Reynolds numbers and analyze its underlying mechanism. To explore the effect of bow shape 

on the transition, we vary the shape of the bow and utilize multiple methods to analyze the transition location 

of the bow in various models. Furthermore, we use spectral analysis to investigate the impact of different bow 

shapes on the transition. The combination of these approaches enables us to gain a comprehensive 

understanding of the transition mechanism and the influence of bow shape on the phenomenon. This research 
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provides significant insights into the fundamental understanding of flow transitions in underwater 

axisymmetric bodies and can be useful for optimizing the design of underwater vehicles. 

2. NUMERICAL METHOD 

2.1 Governing equations 

In the Cartesian coordinate system, the continuity equation and Navier-Stokes equations for viscous, 

incompressible fluids using Reynolds averaging are expressed as: 
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= 0 (1) 
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In the equations: 𝑖, 𝑗 = 1,2; 𝜌 is the air density, 𝜌=103 kg·m-3; 𝜇 is the dynamic viscosity coefficient, 

𝜇=1.0×106 kg·m-1·s-1. 

2.2 Numerical Methods  

This section presents the turbulence model selected for this study, namely the LES WALE model. 

Firstly, the spatial filtering operator is defined as: 

�̃�𝑖(𝒙, 𝑡) = ∫ 𝐺(𝒙 − 𝒙′)𝑈𝑖(𝒙′, 𝑡)d𝒙′ = 𝔾𝑈𝑖(𝒙, 𝑡) (3) 

where G is the spatial filtering function. For convenience, G is used to represent the filtering operator. 

𝑈(𝑥, 𝑡) represents the large-scale part of the velocity field after filtering. To distinguish it from the Reynolds-

averaged velocity 𝑈�̅�，it is represented as �̃�𝑖. 

The continuity equation for large eddy simulation is expressed as: 

∂�̃�𝑖(𝒙, 𝑡)

∂𝑥𝑖
= 0 (4) 

Filtering operation is applied to the Navier-Stokes equation, and the linear term is easy to deal with. The 

nonlinear term is temporarily represented by 𝐴𝑖𝑗. Thus, we have: 

∂�̃�𝑖
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Subsequently, the Navier-Stokes equation for large eddy simulation can be obtained as follows: 



Xinxin Meng, Liushuai Cao, Zhiben Shen, Yun Wang, Decheng Wan 

 

 4 

∂�̃�𝑖

∂𝑡
+

∂(�̃�𝑖�̃�𝑗)

∂𝑥𝑗
= −

1

𝜌0

∂�̃�

∂𝑥𝑖
−

∂𝐿𝑖𝑗

∂𝑥𝑗
−

∂𝑆𝑖𝑗

∂𝑥𝑗
+ 𝜈 ⋅ ∇2�̃�𝑖 (6) 

To solve this equation, 𝐿𝑖𝑗 and 𝑆𝑖𝑗 must be given. 𝐿𝑖𝑗 is called the Leonard stress, which is a small quantity 

dependent on the filtering function. Choosing an appropriate filtering function can make 𝐿𝑖𝑗≈ 0. In fact, the 

Leonard stress may be masked by errors in numerical calculations, so it can be ignored. 

𝑆𝑖𝑗 is known as the subgrid-scale Reynolds stress, which is related to the unresolved subgrid-scale motions. 

This quantity affects the large-scale motion and the equation is not closed without specifying this term. For 

the LES WALE model, it is typically described by a model: 

𝑆𝑖𝑗 = −𝜇𝑡 (
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The subgrid equivalent dynamic viscosity coefficient is given by: 
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2
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The stress term and parameters in the equation are calculated by the following expressions: 
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𝐿𝑠 = 𝑚𝑖𝑛(𝜅𝑑, 𝐶𝑊Δ) (11) 

The parameter 𝐶W is a dimensionless coefficient of the WALE model, which typically takes a value of 𝐶W =
0.5. 

3 Verification of Computational Methods 

In this section, the inner solver pisoFoam in OpenFOAM is used to simulate the boundary transition of the 

bow of submarine. Firstly, the stability and accuracy of the computational method were validated using a scale 

model test case (SUBOFF) and compared against experimental data. 

3.1 Computational Domain and Mesh Generation  

The LES methodology necessitates higher grid quality in the near-wall region, which is addressed via 

utilization of structured grids facilitating the generation of 15 layers of boundary cells. The total grid number 

is approximately 13 million cells, with the respective grid parameters presented in the accompanying Table.1： 
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Table 1. Grid parameter  

parameter value 

Total grid number/million 13 

Minimum unit size/m 9.0e-06 

Numbers of layer 15 

𝑦+ 1 

The SUBOFF model has a length of 4.356m, with a computational domain ranging from -10 m to 40 m in the 

x-direction, -10 m to 10 m in the y-direction, and -10 m to 10 m in the z-direction. 

3.2 Validation and Analysis of Computational Results 

Validation is mainly carried out through two approaches: (1) comparison of computational results with 

experimental data, which is primarily accomplished through verification of two dimensionless coefficients 

obtained from calculations, namely𝐶𝑝 = 𝑝/0.5𝜌𝑈∞
2  and 𝐶𝑓 = 𝜏𝑤  /0.5𝜌𝑈∞

2 ; (2) comparison of computational 

results with empirical formulas, where the time history curve of fluctuating pressure at a particular point is 

computed and compared with experimental data(Peng et al., 2001)  obtained by previous researchers. 

The SUBOFF model was computed under the operating conditions listed in the following Table 2 and 

compared with experimental data: 

Table 2. Computational operating conditions  

parameter value 

Length/m 4.356 

Inter speed m/s 2.8368 

𝑅𝑒𝐿 1.24× 107 

3.2.1 Verification of Time-Averaged Coefficients 

The accuracy of the computational method was verified by comparing it with experimental data, as shown in 

Figure 1. The comparison of 𝐶𝑓 and 𝐶𝑝 coefficients indicates that the pressure coefficients obtained from large 

eddy simulation (LES) calculations are in good agreement with those obtained from experiments, with a 

maximum error of no more than 5%. The overall error of the friction coefficient is also relatively small. These 

results suggest that the numerical simulation method is accurate and that LES can reflect the actual situation 

well. 

 
 

(a) (b) 

Figure 1 (a) coefficient of pressure and (b) coefficient of shear stress 
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3.2.2 The Fields of Velocity and Pressure 

The following is the relevant information of the fields, including the velocity field and pressure field. 

  

(a) (b) 

          

(c) 

Figure 2 (a) Positions schematic diagram of seven toroidal, (b)Pressure distribution of the hull and 

(c)Development of flow velocity in the streamwise direction 

Seven toroidal sections were taken along the hull, at 𝑥=0.1; 0.5; 0.8; 2; 2.7; 3; 3.3m. Preliminary observations 

of the velocity profiles along several toroidal sections indicate that the velocity within the boundary layer 

evolves in the streamwise direction. Small velocity perturbations were observed at 𝑥=2, while significant 

perturbations were observed at 𝑥=3. As for the pressure distribution, significant pressure fluctuations were 

observed at the stern of the hull, with slight pressure fluctuations between (2.7, 3). No pressure fluctuations 

were observed at 𝑥 < 2.7, though the actual transition location may occur earlier. Therefore, the observations 

serve only as a supplementary judgment, and further analysis will be conducted based on the data. 

3.2.3 Statistical Analysis 

We selected 206 pressure measurement points along the streamline direction to obtain the variation of pressure 

on the hull surface with time, and calculated the root mean square (RMS) pressure value at each point using 

statistical analysis. 
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Figure 3 The curve of RMS of fluctuating pressure 

According to the Figure 3, it can be seen that for the SUBOFF: the pressure fluctuation is extremely small 

when x is less than 2.35. When 𝑥 is between 2.35 and 2.5, the pressure fluctuation increases slowly. When 𝑥 

is greater than 2.5, the pressure fluctuation increases rapidly, reaching its maximum value around 𝑥=2.8 and 

then decreasing rapidly. Flow separation occurs after 𝑥=3.3 and will not be discussed here. Therefore, it can 

be preliminarily concluded that the transition zone of the standard model SUBOFF obtained by large eddy 

simulation method is approximately (2.35, 3.3). There are 60 measurement points arranged in this zone, and 6 

typical measurement points are selected for discussion, as shown in Table 3: 

Table 3. Information for typical measurement points 

Item Unit (1) (2) (3) (4) (5) (6) 

X-axis m 2.360 2.656 2.781 2.813 2.984 3.297 

Amplitude of pressure Pa 0.32 21.24 122.22 199.84 186.39 64.50 

It can be observed that at the onset of transition in the Figure 4, the pulsatile pressure was not significant, and 

the power spectral density showed a trend similar to that of laminar flow. Subsequently, the pulsatile pressure 

increased, and both the low and high frequency components increased rapidly until 𝑥=2.8. Afterwards, the 

high frequency component continued to increase, while the low frequency component decreased slightly. It 

can be tentatively concluded that the low frequency component is higher in the transition region, which is 

consistent with the location of the maximum root-mean-square value. 

 

Figure 4  (a) Pulsatile Pressure Time History Curve, (b) Power Spectral Density, (c) 1/3 Octave Band 

Spectrum 
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Summary 

In this chapter, the accuracy of large eddy simulation (LES) method was validated using the SUBOFF. 

Additionally, by applying statistical analysis methods, the transition range of SUBOFF was determined, laying 

the foundation for the subsequent qualitative analysis of the influence of the submarine bow on boundary layer  

4. Investigating the Influence of Bow Form on Transition 

The correctness of the calculation method has been verified in the previous chapter. In this chapter, the verified 

method is applied to calculate the influence of different bow forms of the submarine on transition. 

4.1 Three Types of Forms  

To analyze the effect of the shape of the submarine's bow on its turning performance, two different line shapes 

were drawn based on the bow shape of SUBOFF. The comparison of these two line shapes is shown in the 

following figure, where each line shape corresponds to a specific function that satisfies the following 

conditions: (1) 𝑓(0) = 0; (2) 𝑓′ (0) = ∞; (3) 𝑓(𝑎) = 1; (4) 𝑓′ (𝑎) = 0, where a is the starting point of the 

parallel mid-body, (2) represents a smooth bow section, and (3) represents that all three line shapes correspond 

to the same width of the parallel mid-body. 

 
Figure 5 Line diagrams of three types of bow forms 

From the figure 5, it can be observed that line 1 is similar in shape to SUBOFF, but with slight differences. 

The bow shape of line 2 is sharper and differs significantly from the other two-line types. All three curves are 

extremely smooth. Since, beyond twice the headway distance, different line types correspond to similar flow 

fields (Peng et al., 2001), the same parallel mid-body and stern shapes as SUBOFF are employed for the other 

two-line types to study the effects of the bow shape on the flow field using a controlled variable method. 

4.2 Effects of Different Bow Shapes on Transition  

In order to provide a comprehensive analysis, this section will examine the topic from three perspectives: (1) 

analysis of the maximum values for the three types of shapes; (2) data analysis for Line 1; and (3) data analysis 

for Line 2. 

4.2.1 Analysis of Maximum Values 

Firstly, a comparison of the root mean square (RMS) values was conducted, and then the spectra and 1/3 octave 

spectra were compared at the RMS maximum values for different bow shapes, in order to analyze the effects 

of different bow shapes on transition. As shown in Figure 6(a), the three shapes had similar RMS maximum 

values for fluctuating pressure, indicating that for transition, the maximum value of data fluctuations can be 

predicted. However, the trends for different shapes were different, indicating that bow shape can affect 
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transition: (1) A comparison between SUBOFF and Line 2 shows that the time from when the data begins to 

fluctuate until the point of maximum value is different, with Line 2 taking longer from instability to RMS 

maximum value. Through analysis of the data from SUBOFF, it can be seen that this phenomenon is strongly 

related to the number of selected data sets. For statistical data similar to the root mean square of pressure, a 

large amount of stable and reliable data can yield more accurate results. Furthermore, the different RMS peak 

values corresponding to the three bow shapes are directly due to the change in pressure distribution of the hull 

caused by the change in bow shape; (2) A comparison between SUBOFF and Line 1 shows that the overall 

rate of decrease for the corresponding value of Line 1 after reaching the RMS maximum value is significantly 

lower than that of SUBOFF, and there is a phenomenon of secondary increase during the decrease process, 

which is also related to the bow shape; (3) From Figure 6(b) and (c), it can be seen that the numerical values 

and trends of the spectra for the three shapes are almost identical, while the 1/3 octave spectra show that Line 

1 is greater than Line 2 and SUBOFF in the frequency range of 80Hz to 315Hz, indicating that the bow shape 

not only affects the magnitude of pressure but also influences the frequency distribution. 

 
Figure 6 (a) Variation of Root Mean Square along the flow direction, (b) Pressure spectrum and (c) 1/3 

octave spectrum. 

4.2.2 Data Analysis of Line 1 and Line2 Profile 

Based on the calculation results of SUBOFF in Chapter 3, we adopted the same method to select six 

representative measurement points. Table 4. and Table 5. presents the corresponding data for these six points 

for Line1 and Line2. 

Through the comparison between Line1 and Line2, we have observed an interesting phenomenon: Figures 

7(a)-(3) and Figures 8(a)-(3) exhibit two different development trends over time. Line2 shows clear periodicity, 

while Line1 and SUBOFF show no apparent periodic behavior. This indicates that the bow shape of Line2 

does not disrupt the development of near-wall vortex structures. From Figures 4(c), 7(c), and 8(c), it can be 

seen that as the x-coordinate increases, the octave spectra show an initial increase followed by a decrease. This 

suggests that the overall sound pressure level in the transition region is higher than that in the fully turbulent 

region and laminar region. 

Table 4. Information for typical measurement points of Line1 

Item Unit (1) (2) (3) (4) (5) (6) 

X-axis m 2.200 2.422 2.531 2.631 2.838 3.278 

Amplitude of pressure Pa 0.43 6.83 220.96 166.83 95.66 63.52 

Table 5. Information for typical measurement points of Line2 

Item Unit (1) (2) (3) (4) (5) (6) 

X-axis m 1.570 1.914 2.383 2.695 2.977 3.305 

Amplitude of pressure Pa 0.24 13.33 75.71 207.08 118.05 45.56 
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As can be seen from the Table 4, unlike the pattern observed in SUBOFF, the maximum fluctuation pressure 

at the location of the root mean square maximum value of 𝑥 is not the highest in the flow direction; rather, the 

maximum fluctuation pressure is achieved before this point where the amplitude of fluctuation pressure is the 

highest. This interesting phenomenon indicates that pressure fluctuations are more intense and irregular before 

the root mean square value reaches its maximum, as also concluded from row (3) of panel (a) in Figure 8. In 

addition, only the (a) series in Figure 8 exhibits a similar trend to SUBOFF. For (b), it can be observed that 

the spectral levels do not rapidly increase in the low-frequency range as x increases; instead, the growth of 

both low- and high-frequency components is almost synchronous. A decrease in both low- and high-frequency 

components is observed when 𝑥≈3.3. For (c), the trend is almost identical and the values are much higher 

than those of SUBOFF. This indicates that the variation of fluctuation pressure does not directly affect noise 

in the case of the Line1 model, and the bow shape of the profile may be a factor affecting the noise, as the 1/3-

octave spectrum starts to exhibit the trend shown in (c) from the bow. 

 

 
Figure 7 （a）Pulsatile Pressure Time History Curve,（b）Power Spectral Density and（c）1/3 Octave 

Band Spectrum 

 
Figure 8 （a）Pulsatile Pressure Time History Curve,（b）Power Spectral Density and（c）1/3 Octave 

Band Spectrum 

4.2.3 Empirical Mode Decomposition 

Empirical Mode Decomposition (EMD) is a widely used signal processing method that can also be applied to 

analyze pulsatile pressure. Here, we employ the EMD approach to specifically examine the impact of header 

geometry on pulsatile pressure and investigate the mechanism behind the header geometry-induced transition 

by comparing identical modes. Additionally, we compare the frequency distribution of imf=1, imf=3, and 

imf=6 for SUBOFF. 
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(d) 

Figure 9 （a）illustrates the one-third octave spectrum plot for imf=1,(b) illustrates the one-third octave 

spectrum plot for imf=3,(c) illustrates the one-third octave spectrum plot for imf=6, (d) presents a 

comparison of the three modes of SUBOFF. 

By employing empirical mode decomposition, we decompose the pulsatile pressure into various modes ranging 

from high frequency to low frequency (imf=1 to imf=10). From Figure 9 (d), it can be observed that imf=3 is 

the dominant mode among the three line geometries. Within the frequency range of this mode, the overall 

sound pressure level is relatively high. In contrast, imf=1 corresponds to high-frequency components, 

exhibiting comparable sound pressure levels for both high and low frequencies, indicating its significant 

contribution to pulsatile pressure. On the other hand, imf=6 represents a low-frequency mode, with remarkably 

low sound pressure levels in the high-frequency range, suggesting its crucial role in low-frequency noise. 

From Figures 9 (a), (b), and (c), it can be observed that the first two modes (imf=1 and imf=3) of Line1 exhibit 

relatively low sound pressure levels, whereas the third mode (imf=6) demonstrates higher sound pressure 

levels. This indicates that the line geometry of Line1 influences the pulsatile pressure through its impact on 

low-frequency modes. 

By utilizing the empirical mode decomposition method, we have gained preliminary insights into the 

mechanism through which the header geometry affects pulsatile pressure and subsequently the transition 

process. This lays the foundation for our future investigations. 

5. CONCLUSIONS 

Through numerical simulations of SUBOFF, Line1, and Line2, it has been observed that the bow shape indeed 

affects the transition point and transition interval. Furthermore, the bow shape also influences the pressure 

fluctuations and frequency distribution. Lastly, the periodicity observed in the time history curve of Line2 

suggests that the bow shape may impact the near-wall vortex structure. 

During the numerical simulations, it was found that the transition point obtained through the LES WALE 

algorithm is further delayed, which could be related to the inflow conditions. In this study, uniform inflow 

conditions were utilized. In future validations, it would be necessary to investigate the influence of inflow 

conditions on transition. Moreover, the number of grid cells can also affect the computational results, 

particularly the number of grid cells in the near-wall boundary layer, which is crucial for capturing small-scale 

fluctuations. 
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