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Abstract: The structural vibration and fluid-borne noise induced by turbulent flow through a 90° piping elbow is studied and the effect of guide vanes in different positions installed at the elbow on the flow-induced vibration and flow-induced noise is investigated. Large Eddy Simulation (LES) model is adopted to solve for time varying pressure and velocity fields. The structural vibration is investigated based on a fluid-structure interaction (FSI) code using harmonic response analysis. The computation of hydrodynamic noise is based on a hybrid LES/Lighthill’s acoustic analogy method and sound sources are solved as volume sources in commercial software ACTRAN. The numerical results indicate that the guide vane at the right location is effective in reducing vibration and flow-induced noise in the 90° piping elbow with water. The ideal position of the guide vane is determined and some useful engineering conclusions are drawn.
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Nomenclature
c			speed of sound
cp			constant pressure specific heat
h			pipe thickness
hv			guide vane thickness
Cs			the Smagorinsky constant number

		weighted vibration with frequency
D			pipe diameter
D0			reference vibration displacement (10-12m)
Di			vibration of node i in ANSYS
E			Young’s modulus
f			frequency
xi, xj		physical space tensor
G(x,x’)		a filter function
Ld(f )		weighted vibration displacement level
Ld			total weighted vibration displacement level
LP(f )		sound pressure level
LP			total sound pressure level
LW(f )		sound power level
LW			total sound power level
P			static pressure
p0			reference sound pressure(1μPa)
t			time
T			sampling period

			Lighthill’s stress tensor
Si			edge area associated with node i.
Um			mean velocity

			non-dimensional velocity
U			time-averaged velocity

			non-dimensional distance from a wall
y			distance from a wall
ue			boundary layer velocity
u0			bulk velocity
ui, uj		velocity tensor


, 		function of the velocity component
uni			axial velocity of node i

			friction velocity

			axial average velocity of certain plane
V			control volume
vi, vj		velocity tensor in physical space
w(f)			sound power
w0			reference sound power(1pw)
Rpp			the pressure auto-correlation function
Rvv			the velocity auto-correlation function
R			nominal elbow radius
Ro			outside radius of curvature of elbow
Ri			inside radius of curvature of elbow
ω			radian frequency
ρ			density
ρ0			density at rest
			density change (=ρ-ρ0)

			von Mises stress



,,	principal stress
ν			kinematic viscosity
μ			Poisson’s ratio

			the subgrid-scale stress
μt			the subgrid-scale (SGS) viscosity
δij			the Kronecker delta

			the large-scale strain rate tensor
β			uniformity of velocity distribution

			wall shear stress

			viscous stress
δ*			boundary layer displacement thickness
△f			frequency resolution
Δ			the grid size

			change in radius
Δi, Δj, Δk		the grid size in directions i, j, k

		the large scale turbulence

		the small scale turbulence

			dimensionless spectrum

			dimensionless pressure spectrum

			pressure spectrum

			dimensionless velocity spectrum

			velocity spectrum
1. Introduction
Pipeline systems used in industrial applications are characterized by large sizes and complexity, which consist of many long straight pipes and equipment connected by sharp bends. Fluid flows through a sharp elbow are a very complex phenomenon. In the elbow region, the fluid near the inside of an elbow has a higher velocity while the fluid near the outside of an elbow has a lower velocity, which generates a large pressure gradient. As a result of the pressure gradient, an unbalanced force appears in the fluid, which results in a secondary flow field downstream of the elbow. In addition, a large pressure gradient produces vertices in the flow, which increases the turbulence levels and leads to structural vibration and flow-induced noise.
Some researchers have made great effort in studying flow fields in pipes and carried out some experiments and numerical simulations on flow characteristics of the elbow. Ito et al. [1-3], Eisinger et al. [4] and Modi et al. [5] conducted some experiments and CFD-based calculations to clarify the pressure losses in the elbow installed with the guide vane. The experimental results showed that the guide vane could be effectively used for elbows with radius ratios (defined as the ratio of the nominal (or medium) elbow radius R to the inside elbow radius Ri of the pipe) of less than 2. The most effective location of the guide vane was found to reduce the original elbow pressure loss by about 20 percent. Enayet et al. [6] measured the laminar and turbulent flows through a 90o piping elbow with mean radius of curvature equal to 2.8 times the diameter by a laser-Doppler device. Anwer and So [7, 8] made an experimental study of swirling turbulent flows through a curved bend. The competing effects of swirl and bend curvature on curved-pipe flows were analysed and the recovery from swirl were assessed based on measurements. Crawford et al. [9] made an experimental investigation about the pressure drop of turbulent flow in 90º elbow. All measured data indicated that the flow displayed characteristics of axial symmetry and the normal stress distributions of the turbulent flows were more uniform compared with fully developed pipe flows and the effects of bend curvature were to accelerate swirl decay in a pipe flow. With the development of computing power, more and more researchers, for instance, Bergstrom et al. [10] and Rütten et al. [11] included very high levels of turbulence in the elbow through Large Eddy Simulation (LES). Eguchi et al. [12] discussed the effects of the LES turbulence model (Smagorinsky model, WALE (Wall Adapting Local Eddy-viscosity) model) and the inlet velocity profile on simulating the turbulent flow in a short-elbow pipe.
In addition, many people have studied structural vibration and noise induced by turbulent flows through different elbows and come up with the design of the guide vane. The vibration of fluid-conveying pipes has been analysed by some researchers [13-20]. In recent years, Yamano et al. [21, 22] and Shiraishi et al. [23] did research on the flow characteristics and flow-induced vibration of primary cooling pipes in the Japan sodium-cooled faster reactor (JSFR). Experiments with water were carried out using elbows at different scales with unsteady flows. Takamura et al. [24] and Ono et al. [25] used flow visualization to analyse the velocity fluctuation and flow-induced vibration of a single short elbow piping. Tanaka and Ohshima [26] also compared LES results with experimental data to investigate the flow characteristics and pressure fluctuation generation mechanism in the short elbow of JSFR. In the case of pipe noise, Hambric et al. [27, 28] put forward a procedure which couples CFD and structural-acoustic models that might be used to compute the structure- and fluid-borne powers emanating from the ends of turbulent boundary layer (TBL) excited piping components.
This paper predicts structural vibration and fluid-borne noise induced by turbulent flows through piping elbow. The flow distribution in 90° piping elbow with or without a guide vane is computed through LES with Smagorinsky model, and the solutions are respectively used as excitation of structural vibration and acoustic source of fluid-borne noise. The structural vibration of piping elbow is obtained based on a fluid-structure interaction (FSI) code which conducts a harmonic response analysis. Besides, the flow-induced noise of piping elbow is solved by the approach of Lighthill’s acoustic analogy with commercial software ACTRAN. Finally, results of structural vibration and fluid-borne noise of piping elbow are discussed. The ideal position of the guide vane is determined and some useful conclusions are obtained.
2. Problem Definition and Assumptions
Turbulent flows in a piping elbow can excite structural vibration and flow-induced noise because of the flow separation near the inner wall. Neither the structural vibration nor the low frequency noise is desirable in the piping system. In some previous research, a guide vane was found to reduce the pressure loss in elbows with circular cross-section as Ito [2] discovered. In this paper, the influence of the guide vane on the turbulent flow of the elbow is analyzed. The structural vibration and low frequency noise induced by the flow are also studied.
A 90o piping elbow with a radius ratio of 1.5 is taken as the object of this study, as shown in Fig. 1. A bended pipe of a length of 5D upstream and 10D downstream is used in simulation.
The structure is assumed to be continuous without any joints. The material of the pipe is steel and the fluid is water. The inlet flow of the elbow is assumed to be a fully developed turbulent flow generated in a straight pipe. The Reynolds numbers used in this paper are respectively 105 and 5×104 based on the pipe diameter and dynamic viscosity of water. Effects of different Reynolds numbers are given in our previous work [29]. The elbow without the guide vane or with the guide vane in different positions are analysed so that a suitable radial position of the guide vane can be determined. The dimensions and material properties used in this paper are shown in Table 1.
3. Simulation Strategy
3.1. Turbulent Flow
The prediction of industrially important fluctuating flow problems, for instance, the turbulent flow through a 90° piping elbow, can be performed using the technique of LES. LES is an approach which solves for large-scale fluctuating motion and uses a sub-grid scale turbulence model for the small-scale motion. Because a direct numerical simulation (DNS) would consume too much computational time, LES is used to simulate the turbulent flow in this paper.
The continuity equation for an incompressible fluid of constant property, for example water, is shown using index notation in Eq. (1)

																(1)
And the Navier-Stokes (N-S) equations are given in Eq. (2)

											(2)

where i, j =1, 2, 3, and any repeated subscript means summation over that subscript. The governing equations for LES are obtained by filtering the time-dependent N-S equations in the physical space. The filtering processes effectively filters out eddies and decompose the flow variable into large scale (resolved) and small scale (unresolved) parts.  can be defined in Eq. (3) as

													(3)

in whichis defined through volume averaging in Eq. (4)

										(4)

													(5)
Substituting Eq. (5) into Eq. (4), yields

											(6)
Filtering the N-S equations leads to additional unknown quantities. The filtered incompressible momentum equation can be written in the following way:

						(7)
It includes the effect of the small scale and

															(8)
The large scale turbulent flow is solved directly and the influence of the small scale is taken into account by appropriate sub-grid scale (SGS) model. In this paper, the Smagorinsky model and the second order central difference scheme are adopted. According to the Smagorinsky model, SGS stress can be expressed in Eq. (9)-(11) as

													(9)

															(10)
where Cs is set to 0.1 in the paper and

							(11)
3.2. Fluid-Structure Interaction
Flow-induced vibration is caused by the fluctuating pressure acting on the bend wall, and FSI is a general method for analysing this phenomenon. Bergstrom et al. [10] suggested that if the viscous sub-layer thickness is much bigger than wall deformation, the vibration of the piping wall did not affect the wall pressure field of a turbulent flow. In the paper, it is assumed that wall deformations are caused by the turbulent flow is not big enough to affect the flow regime. So one-way coupling with no damping is assumed in the analysis of the flow-induced vibration.
The FSI algorithm is realized using CFX Command Language (CCL) & ANSYS Parametric Design Language (APDL), as presented in Fig. 2. The process for the simulation of structural vibration is described as follows. Firstly, the pressure information and the location information of each code of the pipe wall are exported after LES simulation. Secondly, the correspondence of the location information of CFD nodes and grid nodes for structural computation is built. According to the node to node correspondence, the interpolation between CFD nodes and grid nodes for structural computation is made. Thirdly, the pressure of the pipe wall is translated to the loads of the structural simulation. The discrete loads acting on the inside wall of piping elbow are obtained from the averaged pressure computed by LES. Finally, the loads are transformed from the time domain to the frequency domain and then the structural vibration is computed using harmonic response analysis.
3.3. Fluid-borne Noise
A semi-infinite duct is added onto the inlet and the outlet of the bend, and the wall of the bend is assumed to be rigid as shown in Fig. 3. Fluid-borne noise simulation is to combine a CFD code with an ACTRAN code. Fig. 4 shows the noise simulation process which is similar to FSI simulation process.
This paper is based on the assumption that the flow in the radiation area has no effect on the sound features. In this assumption, the continuity equation and the momentum equation which comes from N-S equation are simplified to get the Lighthill’s acoustic analogy equation:

													(12)

where is the Lighthill’s stress tensor, which can be written as:

									(13)
In this paper, the interaction between flow and sound is ignored. Sound sources are solved with finite element method and infinite element method.
Although the flow-induced noise can well be simulated by ACTRAN, and aeroacoustic problems in low Re can be analysed well (please see the ACTRAN Help manuals and our previous work [30, 31]), the problem under this study is not an aeroacoustic problem. So it is necessary to ascertain the validity of this methodology in studying sound transfer in water. To this end, the acoustic resonance frequencies of the pipe with water are compared with theoretical results by simply using the acoustic speed of the sound and the overall pipe length as shown in Table 2.
The data in Table 2 indicate that the difference between simulation and theoretical results is lower than 1%. This suggests that the fluid-borne noise in the pipe with water can be accurately computed in our work.
4. Numerical Simulations and Mesh Verification
4.1. Simulation Scheme
The elbow model analysed in the present work is a 90° piping elbow with a circular cross section shown in Fig. 1. The simulation scheme comprises a guide vane in different positions. The cases in two Reynolds numbers, namely 105 and 5×104, are studied. The list of the positions of the guide vane is given in Table 3. Case 1 is for the elbow without the guide vane, and Cases 2 to 5 are for the elbow installed with the guide vane at various radial positions. The structural vibration and the fluid-borne noise induced by the turbulent flow in each case are computed.
4.2. Inflow Conditions
For a proper inlet boundary condition, a straight pipe with periodic boundary conditions is used to simulate an infinite inlet turbulent flow. In the results of an LES model, the time-averaged velocity should approach to a certain value, and this value can be used as validation of the pipe flow. Within the range of the Reynolds numbers considered, the Zagarola equation, Eq. (14), serves as a good verification standard for fully developed turbulent velocity profiles in smooth pipe flows.

												(14)


where  and .
A comparison of the velocity profile at Re=105 between pipe flow results and Zagarola equation is made in Fig. 5. As seen in the figure, the velocity profile agrees closely with empirical data. The velocity is only a little higher in the centre of the pipe and overall it looks reasonable, as the experimental data in Zagarola’s work [32] showed a similar tendency. The velocity profile of the pipe flow at Re=5×104 also compares very well compared with the Zagarola equation.
4.3. Large Eddy Simulation
In this simulation, as shown in Fig. 6, the mesh of the bend without the guide vane has about 2×106 elements and the mesh of the bend with the guide vane has about 2.8×106 elements. Meanwhile, the minimum grid size in each case is smaller than 0.1 mm. With this dense mesh, y+ of the wall is between 1 and 50 and the Courant number (CFL) ranges from 0.45 to 1 in both two Re. Fig. 6 shows the mesh used in the flow simulation and part of the mesh of the cross section of the straight pipe. In Fig. 6(a), A-A cross section and B-B cross section are introduced to help understanding the results of this paper.
As LES of the flow needs a very fine mesh and a suitable time step, the convergence of the simulation should be verified beforehand. So a much finer mesh with 2.6×106 elements (0.08 mm in minimum grid size and y+ less than 40) is used to do a grid independence study. According to the computational results, the velocity distribution of the simulation results from the normal mesh shows good agreement with the results of the fine mesh. Besides, the loss coefficient of the elbow using the two meshes is the same, namely 0.52, which well agrees with the experiment data [2].

Besides the quality of the mesh, the computational time is also an important factor in LES. A long enough computation time guarantees the stability and accuracy of simulation results. In the paper, time step is set to 0.0001 s, and over 20000 time steps are taken to compute the turbulent flow. Time history of the pressure at the observation points are shown in Fig. 7. These observation points are along the centreline of 2.5D upstream and 5D downstream of the bend. The time in this figure is normalized by D/Um, while the pressure is normalized by . Time history of the pressure shows that the range of the pressure fluctuation is stable, which indicates the computational time of LES is enough for the analysis.
4.4. Fluid-structure Interaction
In the FSI simulation, the wall of the bend is modelled with 186 solid elements in ANSYS. The FE mesh of the bend without the guide vane has about 3.4×103 elements and the bend mesh with the guide vane has about 5.3×103 elements. Besides, a fine mesh of the bend without the guide vane is built to verify the independence of the structural mesh. The fine mesh has about 4.8×103 elements. Fig. 8 shows the vibration level at the observation point at 1D downstream of the elbow.
The first two natural frequencies of the bend are 490.4 Hz and 964.7 Hz. From the simulation results, it can be seen that the prominent frequency is almost the same with the first natural frequency. The vibration level of the simulation results between two kinds of mesh exhibits nearly no difference. This indicates that the normal mesh used in this study for one-way coupling FSI simulation is accurate enough.
4.5. Fluid-borne Noise
The normal mesh used for the fluid-borne noise simulation has about 2.9×105 elements. This mesh is compared with a coarse mesh and a fine mesh. The fine mesh has about 5.2×105 elements, while the coarse mesh has about 1.9×105 elements. The simulation results are shown in Fig. 9. The figure shows the sound pressure level (SPL) at the observation point at 12D downstream of the elbow.
The SPL result shows that three types of mesh have little difference in the fluid-borne noise simulation. So the level of the current mesh for the acoustic analysis can be considered adequate.
5. Further Results and Discussion
5.1. Loss Coefficient
The loss coefficient of the elbow model in this paper was measured by Ito [2]. The simulation results of different cases and experimental data are summarized in Table 4 for comparison.
The LES model data in the table are obtained using time averaged pressure. Ito’s experimental data are read off Fig. 2 in his paper [2] and thus are not very precise. The trend between two sets of results is the same. Table 4 indicates that the flow simulation results in different cases are reliable. It also shows that the guide vane has the effect of reducing the pressure loss of the bend. Besides, the same conclusion as that of Ito [2] that Case 3 has the most obvious effect can be obtained. The ideal radial position of the single guide vane is supposed to be (RiRo)0.5.
5.2. Uniformity of Velocity Distribution
Fig. 10 shows the instantaneous velocity distribution on the A-A cross section and B-B cross section of the elbow at Re=1×105. The velocity contour of the elbow without the guide vane, as in case 1, is shown in Fig. 10(a) and the contour of the bend with the guide vane, such as case 4, is shown in Fig. 10(b). The velocity in the region near the inner wall of the elbow is much smaller than the region near the outer wall. Besides, a separation point of the turbulent flow at the elbow can be seen clearly in the contour of both figures. On the B-B cross section, the separation point of the bend with the guide vane moves downward compared with the bend without the guide vane. At the same time, the influence area of the secondary flow in the bend with the guide vane is smaller than the bend without the guide vane. The contour of the A-A cross section shows the same phenomenon.
The parameter of uniformity of velocity distribution for certain cross sections of the pipe is introduced to quantify the effect of velocity. The parameter representing the uniformity of velocity distribution at a time instant, is defined as

									(15)
where n is the number of nodes on a certain cross section. The average uniformity over the simulated time interval is taken in this paper.
Uniformity of velocity distribution is related to the location of cross sections and the mean flow velocity. Variation of β in the upstream and downstream regions off the elbow is shown in Fig. 11 and Fig. 12. In Fig. 11(a) and Fig. 12(a), Lpipe/D=0 means the inlet cross section of the elbow. In Fig. 11(b) and Fig. 12(b), Lpipe/D=10 means the outlet cross section of the elbow. Fig. 11 shows the uniformity of velocity distribution at Re=5×104 and Fig. 12 shows the uniformity of the velocity distribution at Re=1×105.
In Fig. 11(a) and Fig. 12(a), there is a low β region ranging from 3.5D to 4.5D in the cases with the guide vane and β at 5D has an obvious increase in all cases. β at 5D of case 1 is about 0.26 at Re=5×104 and 0.27 at Re=1×105, which are larger than other cases at both two Re. In Fig. 11(b) and Fig. 12(b), β of cases 1, 2 and 5 has a similar trend and β of cases 3 and 4 has a different one. β of cases 1, 2 and 5 has a peak value which is larger than β at 0D, and β decreases with the increase of distance from the location of this peak. The peak values of case 1, 2 and 5 are 0.41, 0.28 and 0.35 at Re=5×104 and 0.42, 0.25 and 0.34 at Re=1×105. β of cases 3 and 4 decreases with the increase of non-dimensional distance and β at 0D is the largest. β at 0D of cases 3 and 4 is 0.32 and 0.33 at Re=5×104 and 0.29 and 0.30 at Re=1×105. From 6D onwards, β of all cases becomes almost constant, which means that the velocity fluctuation caused by an elbow gradually diminishes and the flow returns to normal. Both figures show that the bend without the guide vane has a higher β than the cases with the guide vane.
5.3. Pressure Spectral of CFD result
Fig. 13 shows the instantaneous distribution of pressure on the B-B cross section of the elbow at Re=1×105. The elbow without the guide vane, as in case 1, is shown in Fig. 13(a) and the bend with the guide vane, such as case 4, is shown in Fig. 13(b). The contour graphs show a high pressure region spreads underneath the outer wall of the elbow and a relatively low pressure region appears above the inner wall. However, the pressure range of the high pressure region of the elbow with the guide vane is much smaller than that of the elbow without the guide vane and the pressure gradient is much lower.
Pressure and velocity fluctuations are the important quantities to describe flow regimes. Several researchers used TBL wall-pressure spectrum to describe pressure fluctuations as Eq. (16):

												(16)

where  pp is TBL wall-pressure auto-spectrum.
Eq. (16) includes τw which only exists on the wall boundary, so it cannot describe the pressure fluctuations of an interior flow. For interior flows, dimensionless pressure auto-spectrum is defined in the paper as follows

													(17)
Dimensionless pressure auto-spectrum at the A-A cross section is presented in Fig. 14 and Fig. 15. Fig. 14 compares dimensionless pressure spectra of the bend without the guide vane and the bend with the guide vane at Re=5×104 and Re=1×105. Fig.15 makes this comparison for the bend with the guide vane at different positions at Re=5×104 and Re=1×105.
It can be noticed that the frequency spectra of the pressure fluctuation have a decreasing trend along with the increase of St number in all cases. The pressure fluctuation rapidly decreases with the St number over 1. Due to the guide vane, its amplitude of the cases with the guide vane is lower than the case without the guide vane.
5.4. Vibration Level
The 90° piping elbow in the paper is simply-supported and the fluid can be considered in a crude way as an increase of the density of the elbow wall.
Vibration level induced by a turbulent flow is defined in Eq. (18) as

													(18)
Total vibration level between f0 and f1 is defined as follows

												(19)
Vibration level between Case 1 and Case 3 at the observation point at 1D from the elbow is shown in Fig. 16.
The first natural frequency of the elbow is 490.4 Hz. It can be seen that except the frequencies near the natural frequency, the amplitudes of the velocity spectra decrease along with increase of frequency at Re=5×104 and Re=1×105. The amplitudes increase sharply at the natural frequency. Besides, the amplitudes of the case at Re=1×105 is obviously higher than the amplitudes at Re=5×104.
Total vibration level between 10-800 Hz at Re=5×104 and Re=1×105 is shown in Table 5. The presence of the guide vane decreases total vibration level by about 5.3 dB at maximum at Re=5×104 and 5.6 dB at Re=1×105.
5.5. Sound Pressure Level and Sound Power Level
When fluid flows through a 90° piping elbow, there are vortices in the downstream region, which is the main reason that generates fluid-borne noise. In order to characterise the fluid-borne noise, SPL and total sound power level are used in this paper.
Total sound power level is practically expressed in a logarithmic scale. Total sound power level at the frequency between f0 and f1 is defined as follows

													(20)
Fig. 17 shows the SPL distribution of 50 Hz on the B-B cross section of the elbow at Re=1×105. The SPL contour of the bend without the guide vane, as in case 1, is shown in Fig. 17(a) and the contour of the bend with the guide vane, such as case 4, is shown in Fig. 17(b). It can be seen in both figures that a high SPL region exists at the downstream of the elbow. The high SPL region of the bend without the guide vane is larger than the bend with the guide vane.
The SPL of case 1 and case 4 at f*D/U ranging from 0.1 to 10 is shown in Fig. 18. The tendency of SPL has a certain correlation with pressure auto-spectra, but they are not all identical. The amplitude of SPL at Re=5×104 and Re=1×105 approximately stays the same when f*D/U is between 1 and 2, and then it starts to decrease along with increase of the dimensionless frequency over 1 and 2. When Re is 1×105, the SPL is obviously higher than at 5×104.
Total sound power level when f*D/U is between 0.1 and 10 at Re=5×104 and Re=1×105 is shown in Table 6. With the increase of velocity, total sound power level becomes greater. Total sound power level of cases 3 and 4 is smaller than without the guide vane. The guide vane is seen to decrease total sound power level by 1.9 dB at Re=5×104 and 3.9 dB at Re=1×105. It can be concluded that the guide vane at the right location can reduce fluid-borne noise induced by turbulent flows through a 90° piping elbow.
6. Conclusions
Structural vibration and fluid-borne noise induced by turbulent flows through a 90° piping elbow with/without the guide vane are computed. The ideal position of the guide vane at two Re is analyzed. Structural vibration is a result of FSI and is computed by combining CFX and ANSYS. Fluid-borne noise is based on Lighthill’s acoustic analogy and its numerical analysis is accomplished in ACTRAN. The conclusions obtained in this paper are summarized as follows:
(1) A hybrid method of LES and Lighthill’s acoustic analogy is put forward, and this method is used to simulate the fluid-borne noise induced by turbulent flows. One-way coupling FSI simulation method is also verified and used to analyze the structural vibration.
(2) The loss coefficients of the LES results are close to the experimental data. The distribution of velocity and pressure indicates that the guide vane can decrease their fluctuations of the turbulent flows.
(3) The guide vane at some locations decreases uniformity of velocity distribution and pressure spectra of CFD results. The bigger the Reynolds number, the higher the uniformity of velocity distribution and pressure spectra the guide vane results in.
(4) A guide vane at the right location in the elbow can decrease total vibration level and total sound power level of a piping with a 90° elbow. The amount of reduction depends on the Reynolds number - the bigger the Reynolds number, the larger decrease of the total vibration level and total sound power level.
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Figure Captions
Fig. 1. Simulation model of inlet pipe, elbow and the guide vane.
Fig. 2. FSI simulation process for the computation of structural vibration.
Fig. 3. Acoustic model of the bend.
Fig. 4. Flow-induced noise simulation process based on CFD results.
Fig. 5. Velocity profile comparison of the Zagarola equation and the LES pipe model at Re=105.
Fig. 6. Mesh in the flow simulation. (a) without guide vane; (b) with guide vane.
Fig. 7. Time histories of pressures at the observation points. (a) 2.5D upstream; (b) 5D downstream.
Fig. 8. Vibration level of normal mesh and fine mesh at the observation point.
Fig. 9. SPL result of coarse mesh, computational mesh and fine mesh at the observation point.
Fig. 10. Instantaneous distributions of velocity on the A-A cross section and B-B cross section at Re=1×105. (a) without guide vane; (b) with guide vane.
Fig. 11. Uniformity of velocity distribution at Re=5×104. (a) upstream pipe; (b) downstream pipe.
Fig. 12. Uniformity of velocity distribution at Re=1×105. (a) upstream pipe; (b) downstream pipe.
Fig. 13. Instantaneous distribution of pressure on the B-B cross section at Re=1×105. (a) without guide vane; (b) with guide vane.
Fig. 14. Dimensionless pressure spectra of the bend without the guide vane (Case 1) and the bend with the guide vane (Case 4). (a) Re=5×104; (b) Re=1×105.
Fig. 15. Dimensionless pressure spectra of the bend with the guide vane at different positions. (a) Re=5×104; (b) Re=1×105.
Fig. 16. Vibration level between Case 1 and Case 3. (a) Re=5×104; (b) Re=1×105.
Fig. 17. Sound pressure level contour of bend without/with the guide vane. (a) without guide vane; (b) with guide vane.
Fig. 18. Sound pressure level bend without/with the guide vane. (a) Re=5×104; (b) Re=1×105.




[bookmark: _Ref302897073]Table 1. Dimensions and material properties.
	Dimensions

	D(m)
	0.035
	h(m)
	0.002

	hv(m)
	0.0007
	
	

	Material Properties

	Water at 25℃
	Steel

	ρ(kg·m-3)
	997
	E(Pa)
	2.1×1011

	ν(kg·m-1·s-1)
	8.899×10-4
	μ
	0.3

	c p(J/kg-1·K-1)
	4220
	ρ(kg·m-3)
	7800

	c(m·s-1)
	1500
	　
	　






Table 2. Acoustic resonance frequency validation for fluid-borne noise simulation.
	Acoustic Resonance Frequency

	FE Model(Hz)
	Theory(Hz)
	Error %

	821.1
	818.6
	0.3

	1638.6
	1637.1
	0.1

	2458.4
	2455.7
	0.1





Table 3. Simulated cases of the elbow installed with the guide vane in different positions.
	Type
	Case No.
	Position of Vane

	
	
	(rs-Ri)/(Ro-Ri)

	without vane
	1
	0

	with one vane
	2
	0.175

	
	3
	0.308

	
	4
	0.493

	
	5
	0.738




Table 4. Loss coefficient of simulation cases and experimental data.
	Case No.
	Loss Coefficient (Re=5×104)
	Loss Coefficient (Re=1×105)

	
	Ito’s Exp Data
	LES Model Data
	Ito’s Exp Data
	LES Model Data

	1
	0.60
	0.58
	0.54
	0.52

	2
	0.35
	0.35
	0.30
	0.29

	3
	0.32
	0.32
	0.27
	0.26

	4
	0.35
	0.34
	0.30
	0.29

	5
	0.45
	0.43
	0.40
	0.38





Table 5. Vibration level between 10 Hz and 800 Hz.
	Case No
	Weighted Vibration Level (dB)

	
	Re=5×104
	Re=1×105

	1
	78.92
	98.15

	2
	77.57
	96.51

	3
	73.56
	92.49

	4
	78.84
	94.46

	5
	79.48
	97.21




Table 6. Sound power level when f*D/U is between 0.1 and 10.
	Case No.
	Total sound power level (dB)

	
	Re=5×104
	Re=1×105

	1
	34.87 
	49.96

	2
	35.69 
	50.06

	3
	33.18 
	47.98

	4
	32.90 
	46.01

	5
	33.56 
	49.34
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