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This paper presents a research on dynamic characteristics of an internal pipe noise dampener.
The study covers an investigation of vortex pulsations within a pipe system after the dampener.
For this purpose, the numerical technique of estimation of hydrodynamic noise after the damp-
ener diffuser has been developed. This technique is based on LES turbulence model. The ob-
tained numerical data illustrates the inherent hydrodynamic noise level in the dampener diffuser.
This noise level allows us to estimate background noise condition of the piping in which damp-
eners are used. The numerical results are verified by experimental data which confirm the ade-
quacy of the developed model at the low frequency range.
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1. Introduction

The study of oscillations in piping has become an important aspect of designing water supply
and treatment systems. Water pressure pulsations induced by periodic flow after a pump and vortex
shedding behind bends and changes in pipe cross-section are of particular interest and complexity.
The pressure pulsations of working fluid may result in unacceptable level of pipeline vibration [1,
2] as well as in high acoustic noise [3, 4, 5, 7, 8]. One way around this problem is to use piping
pressure pulsation dampeners [9 - 14]. In case of high flow rates a decisive role in dampener effec-
tiveness and efficiency is the acoustic noise induced by vortex shedding downstream discontinuities
encountered in dampener structure. One of such discontinuities is a diffuser connecting a dampener
with a pipeline. Therefore, in order to solve the problem of dampener sound generation in a proper
manner the process of vortex pulsation generation in the diffuser must be simulated.

The features of the flow passing through the diffuser have been widely discussed in the litera-
ture. There have been several investigations into the hydrodynamic processes inside the diffuser.
McDonald & Fox [15] and then Kwong & Dowling [16] have demonstrated that a conical diffuser
is affected by transitory stall. Dequand et al. [2] concluded that separation flow in the diffuser has
significant influence on the formation of duct acoustic pulsations caused by vortex shedding.
Kwong & Dowling [16] have described the flow field in the diffuser as stall cell. They have classi-
fied two modes of unsteadiness. In the first mode the upstream edge of the stall cell is exposed to
oscillations with high tone amplitude. The second mode is associated with whole stall oscillations
from one side of the diffuser to another. This kind of flow is characterized by broadband oscilla-
tions. Increased divergence angle of the diffuser leads to changes in the pulsation spectrum. First of
all, the level of amplitudes considerably increases. Secondly, the spectrum becomes more broad-
band and the frequency of the tonal component reduces.

In the observed papers great attention is paid common phenomenon of the fluid passing through
the diffuser. However, the methods and techniques of calculating the sound generation in piping
components are also of particular interest. There is a several literature on this issue. One part of the
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works is devoted to predict the vortex-born noise by means of semi-empirical techniques. For ex-
ample Karekull et al. [5] put emphasis on searching for a general scaling law for the sound power
for orifices, bends and dampeners. They used only the pressure drop derived from experiments or
from simple steady-state calculation of fluid flow as an input parameters for modelling. The major
benefit of this approach is the reduction of calculation time. In spite of this undeniable advantage,
the method gives only an approximate level of the flow noise. Furthermore, the common grounds of
the diffuser noise such as the presence of tonal spectrum component and the influence of divergence
angle to spectral frequencies content cannot be conceptually modelled using the general scaling law.
Unsteady Computational Fluid Dynamics (CFD) methods are used in the other part of the works in
order to directly simulate the vortex sound generation, see, for example Lam et al. [6], Gloerfelt &
Lafon [17], Singh & Rubini [13]. This approach allows us to obtain more detailed information on
vortex noise. For example, Large Eddy Simulation (LES) technique applied to the flow in a dia-
phragm allowed Gloerfelt & Lafon [17] to demonstrate the ability of the Kelvin—Helmholtz vortices
to dissipate wave propagation. Although considerable research has been devoted to direct computa-
tion of the duct noise radiated by a vortex flows issuing from any diaphragms, abrupt expansions
and duct junctions, rather less attention has been paid to CFD calculation of turbulent flows in a
diffuser. Furthermore, there are few studies devoted to the investigation of mesh resolution impact
on direct computation hydrodynamic noise.

The aim of this paper is to extend the use of unsteady CFD methods in order to simulate vortex
pulsations appearing downstream of the diffuser as well as to find vortex noise inside the duct.

2. Operation principle of a piping noise dampener

The piping noise dampener consists of a non-flowing vessel placed parallel to a constricted duct
that passes the mean flow (Fig. 1). In high frequency range the vessel has a significant acoustic
conductivity while the constricted duct poses a high acoustic resistance. That is why in high fre-
quencies the flow oscillation energy is isolated inside the non-flowing vessel and it does not passed
through the dampener. Isolated oscillation energy is attenuated in hydraulic throttles connected the
constricted duct and the non-flowing vessel. In terms of the electroacoustic analogies theory a ves-
sel and a duct are reactive wave resistances and a hydraulic throttle is an active one. Herewith, for
the maximum acoustic wave absorption the wave impedance of the dampener and connected pipe-
line must be equal each other. While the wave impedance of the pipeline is frequency independent
and active the hydraulic throttle must provide the similar character of wave resistant in the inlet and
outlet of the dampener. Therefore, this type of dampener is called the dampener with constant active
resistance [12].

Figure 1: Schematic representation of the dampener. (1) Dampener housing assembly. (2) Constricted duct.
(3) Non-flowing vessel. (4) Hydraulic throttles. (5), (6) Connecting flange.

3. Methods

The process of the vortex pulsation modelling consisted of two stages. The first stage was de-
voted to the flow analysis using steady-state Reynolds-averaged Navier-Stokes (RANS) model.
During this calculation the low-Reynolds k — SST turbulence model was used to closure govern-

ing equations. The choice of such turbulence model was made due to its best ability to predict the

2 ICSV24, London, 23-27 July 2017



ICSV24, London, 23-27 July 2017

flow separation from the wall [18]. The results of steady-state calculation defined the mesh size as
well as the initial conditions to the flow analysis using LES that carried out at the second stage. Fi-
nally the acoustic pulsation was evaluated in the region with the maximum distance from the dif-
fuser. Fig. 2 depicts the geometry of flow domain region.
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Figure 2: Geometry of computational domain.

3.1 Governing equations
The prediction of pressure pulsations in the diffuser as well as their propagation need the calcula-
tion of the flow parameters time dependency. For this purpose it is necessary to solve the complete
system of hydrodynamics equations in three-dimensional form. This system consists of the continu-
ity equation:
Opu ;
% Uiy, (1)
ot 8XJ

and the momentum equation
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where p is a density, u; and x; (j=1,2,3) is a velocity and a displacement projection on the axis
of a Cartesian system, p is a pressure, t;; is components of stress tensor, t is a time. The repeated

index convention for summation is systematically used. Moreover, the complete system of hydro-
dynamics equations also includes the state equation. However, the accepted assumption that the
wave processes are adiabatic made it possible to eliminate the temperature from the state equation.
This led to the relation between density and pressure using Tait equation of state

Ko +NAp
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where p, is a reference liquid density, K is a reference bulk modulus, n is a density exponent,

Ap = p—pgy, p isan absolute liquid pressure, pq is an absolute reference liquid pressure.

The solution of the system of hydrodynamics equations was carried out using their LES filtering.
Then the filtered of the continuity equation is written as
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where p is LES-filtered density, uj is the Favre-filtered velocity. The filtered momentum equation
IS written as
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where p is LES-filtered pressure, r{j =UjUi—u;jUy; is a residual stress tensor, p is a dynamic vis-

cosity. The residual stress tensor is derived from the following expression

i) = —2vsGsSij (6)

where Sj; =1/2(8ui /ax jTouj /axiJ Is a rate-of-strain tensor, vggg IS an eddy viscosity. The eddy

viscosity was calculated by taking into account the influence of the pipe wall to the fluid flux. For
this purpose the wall-adapting local eddy-viscosity (WALE) model was used. According to Nicoud
and Ducros [19] in the WALE model the eddy viscosity is computed by

ded P2
(Sij Sij o

(587 + (Si(iI S )5/4 |

- 2 _ 2 N 2
where Ss =12 (aui/axjj +(6u;/&xi] —1/38ij(auk%3ka , V is the cell volume.

The system of hydrodynamics equations was computed using a finite volume method with pres-
sure-based solver and pressure-velocity coupled scheme, using the FluentCFD-14.5 code.
Therewith, the cell size and the time step of the flow simulation will be defined thoroughly due to
their high influence to the computational accuracy.

Vsgs = (0.325\/1/3)2

3.2 Space and time discretization

The estimation of fluid pulsations caused by vortex shedding downstream the diffuser was car-
ried out using LES analysis. When it comes to the computational accuracy of vortex structure and
vortex induced acoustic waves the main simulating parameter is cells size. Since it is the cells size
that determines the computational ability to explicitly model the vortex structures. The following
two factors influences to the cells size determination. The first factor related to minimum cells size,
it suggests that for the vortex prediction it is required smaller cells size than for acoustic computa-
tion. In this case, the cells size is determined in accordance with the minimum scale of energy con-
tented vortex. The second factor relates to the cells size distribution in computational domain. The
computational domain have to be sufficiently large. This is due to the need to separate the vortex
pulsations from the acoustic waves. This separation can be performed by registering the parameters
of pulsations far from the diffuser, where the vortex structures are damped due to the decay process.
The employment of the minimum cells size throughout the computational domain demands the im-
possibly large computational requirements. This problem was solved by increasing cells size with
distance from the diffuser. It becomes possible in connection with the magnification of the energy
contented vortex scale due to vortex decay. Hence, the calculation of the energy contented vortex
scale distribution by the length of the computational domain diminished demands to the cells size.
The energy contented vortex scale can be estimated using RANS model as follows

32

L. = L’ (8)

€
where k is the kinetic energy of turbulence, ¢ is the dissipation rate of the turbulence kinetic en-
ergy. In this case, the value of the linear cell size is chosen equal to one eighth magnitude of the
obtained scale. This let to use of eight cells to calculate the large vortex, which is the minimum for
an explicit simulation of the vortex structure. This was the way to select the cell size in the core of
the flow.
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The other no less important aspect was the computation of the vortex onset result from detaching
the flow from the wall. Hence, a particular attention was paid to establish the cells size in near-wall
region. For its explicit modeling, the height of the first cell should not exceed the height of the vis-

cous sublayer. To satisfy this condition, the dimensionless distance to the wall y* must be less than

or equal to one. Hence, according to Pope [20] the height of the first mesh layer attached to wall is
given by

Ay < E[(2 -logy o Re—0,65)_2’3u20,5T0’5, (9)
P

where p is dynamic viscosity of the fluid; p is the fluid density; u is fluid velocity away from the
boundary layer, and Re is the Reynolds number. By moving out the wall, the mesh size increased
in 1.2 times. The size of the near-wall region is estimated from the boundary layer displacement
thickness [21].

5 d/2

~1+15lg(Re)’ 10

where d is the inner diameter of the piping, Re is the Reynolds number. The time step value selec-
tion was based on the required maximum frequency in the spectrum of vortex pulsations:
1

At = .
2 fmax

(11)

3.3 Boundary conditions

As a boundary condition at the input, a constant total pressure of the fluid was set. At the output,
a constant flow rate was set. This made it possible not only to determine the hydrodynamic flow
conditions, but also to set the conditions for the behavior of the acoustic wave reaching the output
section. Constant flow means that its pulsation component is equal to zero, which leads to the fact
that the impedance of the hydraulic load connected to the output section tends to infinity. In other
words, from the acoustic point of view, setting the output at a constant flow rate, the conditions for
the acoustically closed end were set. This was result in the appearance of a standing wave corre-
sponding to the quarter-wave resonance of the fluid column located behind the diffuser. The fre-
quency of the quarter-wave resonance can be estimated follows:

a
fre, =—.
rez = )

where a is the sound velocity, | is the length of the fluid column located behind the diffuser. Fur-
ther, the resulting resonant peak was not taken into account in the spectrum of pulsations caused by
the vortex structures. To exclude the influence of the output boundary condition on the formation of
vortex structures [22-24], their propagation and decay, the output section of the calculated region
was removed from the diffuser by the length of 18 outlet diffuser diameters.

(12)

4. Results and discussions

4.1 Results of RANS modelling

In what follows, the results of the pilot study in flow dynamics passed through the diffuser are
described. Fig. 3 depicts the results of flow velocity computing in the near-wall region. The dimen-
sionless data were showed for the crossection with the minimum diameter of the fluid domain

(Fig 2, point 1). As can be seen, the minimum value of the dimensionless wall distance y* was 0.5.

The achieved y* was less than one, this being proving an adequate calculation of the first near-wall
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cell height for explicitly computation of the viscous sublayer. Moreover, the graph clearly illustrates
viscous sublayer, blending region, log-law region and outer layer, this being demonstrating an ap-

propriate cells density for the explicit estimation of the near-wall region.
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Figure 3: Dimensionless flow Figure 4: Computational residuals  Figure 5: Mean flow velocity evo-

velocity in the near-wall region of RANS modelling. (1) k, (2) x-
(point 1). velocity, (3) y-velocity, (4) z-
velocity, (5) omega, (6) continu-
ity.

lution versus the iterations
(point 1).

Then, the number of iterations required for mean flow estimation was selected. Fig. 4 illustrates
the stabilization of computational residuals on appropriate level of 10 — 10 after 5 000 iterations.
The other factor that indicated the convergence of mean-flow computation was the estimation of
mean flow velocity at duct benchmark points. Fig. 5 shows the mean flow velocity evolution versus
the iterations at point 1. As can be seen, the value of the velocity stabilizes over the 10.5 m/s, that is

adequate to its approximate estimation from the balance of flow rate.

Hence, the results of mean flow analysis is believed to be adequate. In what follows, the evaluat-
ed data (Fig. 6 a, b) were used as initial conditions for the transient flow analysis. Moreover, the
obtained results and the equation (8) were used to estimate the distribution of energy contented vor-
tex scale over the computational domain (Fig. 6 ¢). This scale was used to adopted computational

mesh for transient LES simulation.
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Figure 6: Reynolds averaged flow parameters distributions. (a) Flow velocity. (b) Flow static pressure.

(c) Energy contented vortex scale.

4.2 Results of LES modelling

The flow at the diffuser outlet was showed to be unstable according to instantaneous velocity
field in longitudinal section (Fig. 7). The alternation of the flow parts with positive and negative
axial velocity component indicated the periodicity of flow separation from the wall process. Fig. 8
depicts the root-mean-square pressure pulsation field. The flow zone with the maximum value of
velocity pulsation was observed inside the diffuser. At the axial direction, this zone propagated
throughout the length of the diffuser. At the radial direction, this zone located by the diameter of the
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diffuser inlet section. The vortex pulsation illustrated to arise in the inlet of the diffuser and along
its wall.

-5.97 -3.47 -0.98 1.51 4.01 6.51 9.00 1067 3 12361 2469.0 37019 49348 6167.7 7400.6 82225
e -
Figure 7: Snapshot of the instantaneous velocity. Figure 8: RMS pressure pulsation distribution.

The pressure time history data was collected at the axial duct point (Fig. 2 point 2) at a distance
of nine diffuser outlet diameters. Fig. 9 compares the third-octave spectra of estimated theoretical
results and experimental data obtained previously [25]. It should be noted that the acceptable coin-
cidence of theoretical and experimental spectra was achieved up to a frequency of 8 Hz. However,
above the frequency of 8 Hz the theoretical spectrum unfortunately became lower than experimental
one. Presumably, the lack of coincidence at the frequency rage over 8 Hz was suggested to be asso-

ciated with insufficient time step used for prediction of high frequency flow dynamics.
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Figure 9: Spectrum of inherent hydrodynamic noise level. (1) Theoretical data. (2) Experimental data.

5. Conclusion

A direct vortex borne noise computation in liquid fluid passed through the diffuser was obtained.
It was noted that the source of the vortex pulsations located in the inlet of the diffuser along its wall.
An acceptable coincidence of theoretical and experimental results was achieved at the frequencies
up to 8 Hz. A vortex borne nose simulation accuracy increase can be carry out by decreasing the
time step of transient flow analysis.
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