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Abstract: The so-called T-shaped reducing tees are typically used to divide, change and control (to a certain extent) the flow direction in pipe networks. In this study, the Ffowcs Williams–Hawkings (FW-H) equation and the Large Eddy Simulation (LES) methods are used to simulate the flow-induced noise related to T-shaped reducing tees under different inlet flow velocities and for different pipe diameter ratios. The results show that the maximum flow velocity, average flow velocity, and vorticity in the branch pipe increase gradually as the related diameter decreases. Strong vorticity and secondary flows are also observed in the branch pipe, and the associated violent pressure fluctuations are found to be the main sources of flow-induced noise. In particular, as the pipe diameter ratio decreases from 1 to 0.45, the Total Sound Pressure Level (TSPL) increases by 6.8, 6.26, and 7.43 dB for values of the inlet flow velocity of 1, 2, and 3 m/s, respectively. The distribution characteristics of the flow-induced noise in the frequency domain follow similar trends for different pipe diameter ratios.
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1  Introduction

As an important part of the piping system, the T-shaped reducing tee junction is widely used in residential life and industrial production. When the fluid flows through the T-shaped reducing tee junction, the pressure and flow velocity change rapidly, causing the appearance of flow-induced noise. The noise of tee junction can damage the stability of the equipment and human health, so an in-depth study of the generation mechanism and noise characteristics is necessary.

Flow field characteristics are the basis of acoustic studies, and several researchers have performed a number of experiments and numerical simulations [1–3] on tee junctions. Beneš et al. [4] explored the laminar and turbulent flow characteristics of Newtonian and non-Newtonian fluids based on numerical simulation, and the results showed that the explicit algebraic Reynolds stress turbulence model [5] could capture the secondary flow in the branch pipe. Chen et al. [6] analyzed the influence of flow velocity, pipe diameter ratio and split ratio on the local loss coefficient of the tee. They revealed that the pipe diameter ratio had little effect on the loss coefficient in the branch pipe. Gao et al. [7] researched the air-conditioning duct tee through experiments and computational fluid dynamics (CFD) simulations, and proposed to reduce the turbulent energy dissipation and deformation by installing the guide vane.

In addition to the study of flow characteristics, some researchers have made significant contributions to the study of flow-induced noise of pipes [8]. Li et al. [9] used the Large Eddy Simulation (LES) method and Ffowcs Williams–Hawkings (FW-H) equation to simulate the noise induced by natural gas tee pipeline, and the aerodynamic noise [10] characteristics with different inlet and outlet combinations were obtained.

Han et al. [11] researched the flow-induced noise of natural gas manifolds by adopting LES and FW-H methods and obtained the best section area ratio of distribution pipe to outlet pipes for reducing noise. Mori et al. [12] studied flow-induced noise characteristics of T-shaped pipe with a square cross-section. The results showed that the aerodynamic sound pressure depends on the inlet velocity, while the flow velocity affects little on the directivity and frequency characteristics of the sound pressure.

According to the literature review, the studies on the tee junction focused on the flow velocity, local loss coefficient, split ratio, aerodynamic noise, etc. [13–15]. Furthermore, previous research mainly focused on the noise of the equal-diameter tee. However, little research discusses the flow-induced noise of reducing tees. Therefore, the flow and acoustic characteristics of the T-shaped reducing tee junction for variable pipe diameter ratios were investigated with numerical simulations in this research. The numerical simulation on the 3D flow field and flow-induced noise characteristics for the T-shaped reducing tee junction can guide the cooperative research of pipe selection and noise control.

2  Numerical Models and Methods

The geometrical model and parameters of the T-shaped reducing tee pipe are shown in Fig. 1 and Table 1, respectively. The horizontal pipe diameter (D1) is 110 mm, and the branch pipe diameter (D2) is 110, 87.5, 75, 62.5, and 50 mm, respectively. For convenience’s sake, this study uses the λ to represent D2/D1, and the pipe diameter ratio (λ) is 1, 0.8, 0.68, 0.57, and 0.45, respectively. In order to ensure the fluid flow in a fully developed, the pipe length of the inlet and outlet pipelines is ten times the size of the inlet diameter, respectively. To obtain the distribution characteristics of noise outside the pipe, the monitoring point S1 is set as shown in Fig. 1, and the radial distance of monitoring point S1 is 1000 mm.
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Figure 1: The geometrical model of the T-shaped reducing tee
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In this research, using the water as the medium, and the flow in the T-shaped reducing tee can be considered as incompressible. Besides, the flow and noise characteristics under five different pipe diameter ratios and three different flow velocity conditions are discussed.

The LES model simulates the transient flow field [16–19]. In the LES, based on the eddy scale, the vortex is divided into two parts, namely large and small eddies. The N-S equations are filtered to establish the governing equations for LES in the physical space. The basic idea is to identify the cut-off scale with a filter function, and above the cut-off scale large eddies are calculated directly, below the cut-off scale the small eddies are closed with a numerical model [20,21], while the small-scale eddies are simulated with an appropriate sub-grid scale (SGS) model. The continuity equation and the N-S equation for filtration can be expressed as [22]


∂ui¯∂xi=0   
(1)


∂ui¯∂t+∂ui¯ uj¯∂xj=∂∂xj[v(∂ui¯∂xj+∂uj¯∂xi)]−1ρ∂p¯∂xi−∂τij∂xj
(2)

where 
τij
is the subgrid-scale stress; 
τij=uiuj¯−ui¯uj¯
; 
ui¯
and 
uj¯
are the fluid velocity components; 
ν
is the kinematic viscosity; 
xi
and 
xj
is the physical space; 
t
is the time; 
ρ
is the density; and 
p¯
is the static pressure.

The Smagorinsky-Lilly model is used in the study, and the subgrid-scale stress 
τij
is calculated as follows:


τij−13τkkδij=−2μtS¯ij 
(3)

where 
δij
is the Kronecker Delta symbol; 
τkk
is the isotropic part of the subgrid-scale stresses; 
μt
is the subgrid-scale turbulent viscosity; and 
S¯ij
is the Reynolds-scale strain tensor.

The commercial software ANASYS FLUENT is used to simulate the flow fields. The inlet boundary is defined as the velocity inlet, and the inner walls are set as the no-slip wall. The simulation results of steady flow fields are used as the initial condition for the simulation of transient flow fields. The PISO algorithm is ued to solve the pressure-velocity coupling equation. The time step is set as 10−4 s, and more than 10000 steps are used to calculate turbulent flows.

After the steady and transient flow field simulations, the FW-H method can calculate the flow-induced noise characteristics [23]. Based on the Fast Fourier Transform (FFT), the time-domain signal can be converted to the frequency-domain signal, then the frequency response characteristics of noise is obtained.

The FW-H acoustic model is based on Lighthill’s acoustic analogy theory. It properly describes the sound problem resulting from the interaction of fluids and moving objects. The key of this method is to transform the N-S equation into a non-homogeneous wave equation. The FW-H equation can be expressed as [24]

1a02∂2p′∂t2−∇2p′=∂∂t{ [ ρ0vn+ρ(un−vn) ]δ(f) }−∂∂xi{ [ pijnj+ρui(un−vn) ]δ(f) }+∂2∂xi∂xj{ TijH(f) }(4)

where 
a0
is the far-field sound speed in the air, m/s; 
p,
is the far-field sound pressure, 
p′=p−p0
; 
vn
is the surface normal velocity; 
un
is the normal fluid velocity; 
δ(f)
is Dirac function; 
H(f)
is Heaviside function; 
Tij
is the Lighthill stress tensor.

In the Eq. (4), the first term on the right side represents a quadrupole source caused by surface acceleration or displacement distribution; the second term represents a dipole acoustic source caused by surface pressure fluctuations; and the third term represents a monopole acoustic source caused by flow turbulence. The inner walls can be seen as completely rigid walls. Therefore, the diploe sources are considered for the noise calculation. In this study, the transient flow field is obtained based on the LES method and the flow-induced noise is calculated using the FW-H equation.

3  Model Validation

3.1 Grid Independence Analysis

The grid system with hexahedral elements is generated for the simulation of flow field. To obtain more accurate calculation results, the mesh for the near-wall region is refined and the height of the layer mesh is determined by [25]


Cf=[2log10(Re)−0.65]−2.3 (Re<109)
(5)


τw=Cf12ρU2
(6)


y=y+μρμ∗
(7)

where 
Cf
is the surface friction coefficient; 
τw
is the wall shear stress; and 
μ∗
is the friction velocity. The height of the first boundary layer is 9.6 × 10−5 m, and the growth rate is 1.1. The y+ is less than 30, which is sufficient for the simulation of the near-wall region.

To conduct the grid independence analysis, the Sound Pressure Levels (SPL) at the monitoring point with five different grid systems are compared. As shown in Table 2, there is no obvious difference in the SPL for grid-5 compared with that obtained from grid-1 to grid-4. The results indicate that both grid-4 and grid-5 are suitable for numerical simulations, the grid is suitable for numerical simulation when the grid number is more than 6.59 × 105. To improve the accuracy while reducing the computational costs, the grid-5 is adopted for the simulation in the following sections.
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3.2 Model Validation

To confirm the feasibility of the numerical model, the frequency response characteristics of SPL and the Total Sound Pressure Level (TSPL) are calculated, and the results are compared with the experimental results of the previous research [26]. The structural diagram of the experimental model is shown in Fig. 2, and two monitoring points are set. Figs. 3a and 3b depict the comparison results of the frequency response characteristics of SPL obtained by simulation and experiment for monitoring points 1 and 2, respectively.
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Figure 2: Structural diagram of the verification model
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Figure 3: Comparison of SPL obtained by simulation and experiment at different monitoring points

It can be seen that the changing trends of SPL obtained by simulation is similar to the results obtained by experiments. Additionally, the comparison of TSPL is listed in Table 3, the maximum value of relative error is 3.14%, and the average relative error is 1.78%. It can be concluded that the simulation method proposed in this study is reliable for the following work.
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4  Simulation Results and Analysis

In order to analyze the influence of different pipe diameter ratios on the flow field and flow-induced noise, the distribution characteristics of pressure, velocity and vorticity with different velocities are analyzed.

4.1 The Distribution Characteristics of Flow Field with Different Pipe Diameter Ratios

When the inlet flow velocity is 3 m/s, the pressure distribution characteristics with different pipe diameter ratios are shown in Fig. 4. It can be found that the pipe diameter ratio has little effect on the pressure of inlet and outlet sections, while it mainly affects the pressure of the branch pipe. The low-pressure zone is located at the intersection of the main and branch pipe. As the pipe diameter ratio decreases, the average and minimum pressure of the branch pipe decrease gradually, and the low-pressure zone moves downstream of the branch pipe. When the pipe diameter ratio decreases from 1 to 0.45, the average pressure of the branch pipe decreases from −2303 to −45217 Pa, respectively, and the minimum pressure decreases from −8058 to −72427 Pa, respectively.
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Figure 4: The pressure distribution characteristics for different pipe diameter ratios at v = 3 m/s

The velocity distribution characteristics with different pipe diameter ratios under 3 m/s are shown in Fig. 5. The pipe diameter ratio has little effect on the average flow velocity at the horizontal pipe outlet section, while it mainly affects the flow velocity in the branch pipe. When the pipe diameter ratio decreases from 1 to 0.45, there is a low-velocity zone on the side of the branch pipe wall close to the inlet. Besides, strong vortex and secondary flow appear in the low-velocity zone. There is an obvious dividing line between the high-velocity and low-velocity zones. As the pipe diameter ratio decreases, the average flow velocity in the branch pipe increases from 1.52 to 7.27 m/s, respectively, and the maximum flow velocity increases from 5.46 to 11.28 m/s, respectively.
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Figure 5: The velocity distribution characteristics for different pipe diameter ratios at v = 3 m/s

As shown in Figs. 6 and 7, the flow characteristics with three inlet flow velocities and five pipe diameter ratios are compared. When the inlet flow velocity is constant, the average and minimum pressure in the branch pipe decrease with the increase of the pipe diameter ratio. The smaller the pipe diameter ratio is, the greater the average and minimum pressure drop is. When the pipe diameter ratio keeps unchanged, the average and minimum pressure in the branch pipe decrease with the increase of the inlet flow, when the pipe diameter ratio decreases from 1 to 0.45, the average pressure in the branch pipe with the inlet flow velocity of (1, 2, and 3 m/s) decreases by 4943, 19182, and 42914 Pa, respectively, the minimum pressure decreases by 7670, 29849, and 64369 Pa, respectively. Therefore, when the pipe diameter ratio decreases, the average and minimum pressure drop increases with the increase of flow velocity.
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Figure 6: The changing trends of pressure under various conditions
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Figure 7: The changing trends of velocity under various conditions

The average and maximum flow velocity in the branch pipe increases with the increase of inlet flow velocity and the decrease of pipe diameter ratio. When the diameter ratio decreases from 1 to 0.45, the average flow velocity in the branch pipe with the inlet flow velocity of (1, 2, and 3 m/s) increases by 1.93, 3.84, and 5.75 m/s, respectively, and the maximum flow velocity in the branch pipe increases by 2.21, 4.54, and 5.82 m/s, respectively. When the pipe diameter ratio is constant, the greater the inlet flow velocity is, the greater the increase of the average and maximum velocity in the branch pipe is.

Fig. 8 shows the vorticity distribution characteristics in T-shaped reducing tee with different diameter ratios under 3 m/s. When the pipe diameter ratio is 1, the local maximum vorticity is 2473 s−1, which is located downstream of the recirculation and accelerating zone. When the pipe diameter ratio is 0.8 and 0.68, the maximum vorticity is 3663 and 4963 s−1, respectively. When the diameter ratio decreases to 0.57 and 0.45, the maximum vorticity increases to 8450 and 17071 s−1, respectively. In addition, the vorticity increases downstream of the recirculation and accelerating zone, and the influence distance of the vortex increases downstream of the accelerating zone.
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Figure 8: The distribution characteristics of vorticity with different pipe diameter ratios at v = 3 m/s

In addition, the pipe diameter ratio affects little on the vorticity in the main pipe, while it has a greater effect on the vorticity in the branch pipe. With decreasing the pipe diameter ratio, the vorticity in the branch pipe increases gradually. The vortex obviously increases in the recirculation zone and its downstream zone, and the development distance of the vortex in the downstream of the branch pipe also increases significantly.

4.2 The Flow-Induced Noise Characteristics with Different Diameter Ratios

The SPL spectra can be obtained by using FFT on the time-domain signal, then TSPL can be calculated as follows:


TSPL=10 log10∑l=1n⁡10P/10
(8)

where 
n
is the Number of frequencies; P is the SPL, dB.

Fig. 9 presents the changing trends of flow-induced noise with different pipe diameter ratios under 1 m/s. It is observed that the frequency response characteristics of noise changes slightly with different pipe diameter ratios, specifically, the SPL in the range of 0–200 Hz is much higher than that in other ranges, while the minimum SPL appears in the frequency range of 300–400 Hz, then the SPL presents the fluctuation characteristics in the high-frequency range. As the pipe diameter ratio decreases, the SPL is in the range of 500–3000 Hz increases apparently. Moreover, the TSPL increases gradually with the decrease of pipe diameter ratio. When the pipe diameter ratio decreases from 1 to 0.45, the TSPL increases by about 9.77%.
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Figure 9: The changing trends of flow-induced noise with different pipe diameter ratios at v = 1 m/s. (a) Frequency response characteristics of SPL, (b) The changing trends of TSPL

The frequency characteristics of flow-induced noise with different diameter ratios under 2 m/s are shown in Fig. 10. It is observed that the frequency response characteristics of noise changes slightly with different pipe diameter ratios specifically, the SPL in the range of 0–200 Hz is much higher than that in other ranges. As the pipe diameter ratio decreases, the SPL is in the range of 1000–4500 Hz increases apparently. Moreover, the TSPL increases gradually with the decrease of pipe diameter ratio. When the pipe diameter ratio decreases from 1 to 0.45, the TSPL increases by about 8.09%.
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Figure 10: The changing trends of flow-induced noise with different pipe diameter ratios at v = 2 m/s. (a) Frequency response characteristics of SPL, (b) The changing trends of TSPL

Fig. 11 illustrates the changing trends of flow-induced noise at different pipe diameter ratios under 3 m/s. Similar to the distribution characteristics of noise under 1 and 2 m/s, the maximum value of SPL appears in the range from 0 to 200 Hz. However, the change of pipe diameter ratio affects the SPL in the high-frequency range significantly. As the pipe diameter ratio decreases, the SPL is in the range of 2500–5000 Hz increases apparently. Moreover, the TSPL increases with the decrease of pipe diameter ratio. When the pipe diameter ratio decreases from 1 to 0.45, the TSPL increases by about 8.82%.
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Figure 11: The changing trends of flow-induced noise with different pipe diameter ratios at v = 3 m/s. (a) Frequency response characteristics of SPL, (b) The changing trends of TSPL

Fig. 12 shows the isobaric line of TSPL with different inlet flow velocities and pipe diameter ratios. It can roughly predict the flow-induced noise level of T-shaped reducing tee under different working conditions. The inlet flow velocity and pipe diameter ratio have great influence on the flow-induced noise of the T-shaped reducing tee. The TSPL increases with the increase of inlet flow velocity and the decrease of pipe diameter ratio.
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Figure 12: The isobaric line of TSPL with different inlet flow velocities and diameter ratios

4.3 Prediction of the Flow-Induced Noise

Since the TSPL of T-shaped reducing tee is mainly affected by the inlet flow velocity and pipe diameter ratio [27]. And to further predict the flow-induced noise characteristics of T-shaped reducing tee, the TSPL with different flow velocities and pipe diameter ratios are calculated, which is shown in Table 4.
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It is found from Table 4 that the TSPL has a linear relationship with the inlet velocity V and the pipe diameter ratio 
λ
. The multivariate linear regression is used to train the prediction model, which is given by


TSPL=73.41+8.03|V|−12.99|λ|
(9)

The error analysis results are listed in Table 5. As can be seen, the RMSE is only 0.7216 and the goodness of fit is 0.9953, which means that the Eq. (9) can predict the flow-induced noise of the T-shaped reducing tee accurately.
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5  Conclusion

Based on the LES method and FW-H equation, the flow fields and flow-induced noise for the T-shaped reducing tee junction under various conditions are analyzed. The main conclusions are as follows:

(1)  Under the influence of the pipe diameter ratio, the maximum flow velocity and average flow velocity in the branch pipe increase gradually as the related diameter decreases.

(2)  Strong vorticity and secondary flows are observed in the branch pipe. As the diameter ratio decreases, the vorticity of the reflux zone and its downstream in the branch pipe gradually increases. Concurrently, the influence distance of the vortex in the downstream of the reflux area increases significantly.

(3)  The associated violent pressure fluctuations are found to be the main sources of flow-induced noise. The TSPL increases with the increase of the inlet flow velocity, and the distribution characteristics of the flow-induced noise in the frequency domain follow similar trends for different pipe diameter ratios.
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Table 1: The geometrical parameters of the reducing tee junction

[tem (unit) Symbol Value

Diameter of horizontal pipe (mm) D, 110

Diameter of branch pipe (mm) D, 110, 87.5, 75, 62.5, 50
Diameter ratio of branch to horizontal pipe A 1, 0.8, 0.68, 0.57, 0.45
Length of inlet pipe (mm) Lin 1100

Length of outlet pipe (mm) Lout 1100

Length of branch pipe (mm) L, 1100

Radial distance of the monitoring point (mm) Sq 1000

Inlet flow velocity (m/s) \4 1,2,3
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Table 3: Comparison of TSPL obtained by simulation and experiment at different monitoring points

Receiver 1 Receiver 2
Calculated result (dB) 124.79 122.02
Experimental result (dB) 125.30 125.98
Relative error (%) 0.41 3.14
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Table 4: The calculation results of TSPL under different flow velocities and diameter ratios

Inlet flow velocity (m/s)

Total sound pressure level (dB)

A= A=0.8 A =0.68 A =0.57 A =045
0.6 64.12 66.20 68.95 71.22 72.16
0.8 67.33 68.91 70.63 73.65 74.89
1.0 69.62 70.34 72.02 74.89 76.42
1.2 71.42 72.03 73.57 76.20 77.51
1.4 73.14 73.51 74.66 77.68 78.75
1.6 74.33 74.94 76.27 79.03 80.36
1.8 76.05 76.72 78.69 80.81 81.98
2.0 77.34 77.87 80.26 82.58 83.60
2.2 78.69 79.98 81.33 84.16 85.47
24 79.71 81.60 83.02 85.74 86.43
2.6 81.37 83.56 85.23 87.56 88.83
2.8 83.68 84.59 86.93 88.63 90.35
3.0 84.27 86.28 89.56 90.24 91.70
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Table 2: Grid independence analysis

Grid-1 Grid-2 Grid-3 Grid-4 Grid-5
Number of grids (x10%) 35.9 44.6 58.6 65.9 76.8
Monitoring point SPL (dB) 89.95 87.43 85.66 84.64 84.2
SPL deviation (dB) - 2.52 1.77 1.02 0.37
Relative deviation (%) - 2.80 2.02 1.19 0.44
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Table 5: Error analysis results of prediction equation

Intercept distance Mean square error Root mean square error Goodness of fit
(b) (MSE) (RMSE) (R2)
Numerical 73.4076 0.5206 0.7216 0.9953

value
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