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Abstract. Vibrations in pipelines are common in systems with alternative pumps due to the fluctuating and pulsating flow
generated by these devices. Flow attenuators are installed to reduce these vibrations by absorbing the pressure and flow
oscillations produced by the pump. The efficiency of flow attenuators can be enhanced by adjusting geometric parameters,
such as thickness, and by arranging them in series. This study analyzed the behavior of series-connected flow attenuators,
varying their thickness, to investigate the differences in flow fluctuation attenuation and distribution. Numerical simula-
tions were conducted using specific software. Two geometric configurations of attenuators were considered: a straight
tube and a variation consisting of sections connected in series. The thickness of the attenuators ranged from 1 to 3 mm.
The results showed that the thickness of the series-connected attenuators significantly influences flow fluctuation attenua-
tion. Thinner attenuators yielded better results. Geometric modifications and the arrangement of attenuators are decisive
factors in optimizing system performance, resulting in performance improvements in process units that employ alternative

pumps.
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1. INTRODUCTION

Positive displacement pumps, also known as reciprocating pumps, are widely used in various industrial sectors, in-
cluding refineries, petrochemical facilities, and oil platforms. However, these pumps have a peculiar characteristic that
can cause unwanted disturbances in pipeline systems: the fluctuating flow with a sinusoidal pattern (Xiaohui et al., 2015).
This flow fluctuation occurs due to the operation of reciprocating pumps, especially axial piston pumps, which use check
valves based on pressure difference, resulting in periodic discharge of fluid due to piston movement. The flow fluctuation
from positive displacement pumps can generate significant vibrations in pipeline systems. To address these problems
resulting from vibrations in refinery pipelines and other industrial processes, it is common to use external devices called
flow attenuators or pulsation dampeners, positioned after the reciprocating pumps. These devices play an essential role
in controlling the pulsations generated by the pumps, providing an effective solution to reduce pulsating pressures and
flow fluctuation (Bernart, 1999). The use of a single flow attenuator may have limitations in fully absorbing the flow
fluctuations generated by the pump. In this context, studies have investigated the use of multiple interconnected attenu-
ators in series along the main line, aiming to absorb the energy of flow variations throughout the system (Xiaohui et al.,
2015). However, in the oil and gas industry, it is common to use a central hydraulic system to supply multiple wells with
a single pump, resulting in multiple connection lines to the main line. This requires calculating the energy requirements
of the main system, considering factors such as injection gas pressure, injection point depth, and pump gas flow (Viersma,
1980). In addition to the number of attenuation devices, the type of attenuator used plays a relevant role. For example,
there are bladder-type attenuators that use a flexible membrane and gases to absorb the energy of flow variations, and
resistive attenuators, such as in-line models, composed only of flexible elastomer tubes. While bladder-type attenuators
require the presence of gas to function, resistive attenuators do not have this requirement, making them a more econom-
ically viable option and easily integrable into the pipeline system. Given the structural complexity of flow attenuators,
analytical methods have limitations in analyzing these structures. As an alternative, numerical methods have been em-
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ployed, allowing the simulation of the dynamic behavior and interaction between the moving fluid and the deformable
structure of the attenuators. These methods provide an effective approach to evaluating the performance of attenuators
under different operating conditions. In this context, the objective of this study is to analyze, using numerical tools based
on fluid-structure interaction (FSI), the effect of fractional flow attenuators arranged in series. Furthermore, it aims to
investigate the influence of different attenuator thicknesses on the attenuation of flow peaks generated by positive dis-
placement pumps. Understanding the behavior of these attenuators in relation to fractionalization and thickness variation
is crucial to enhance the efficiency of these devices and propose more effective solutions for reducing flow fluctuations.

2. METHODOLOGY

The fluid-structure analysis was conducted using a two-way coupling approach, employing ANSYS Fluent © for fluid
analysis, ANSYS Mechanical © for structural analysis, and ANSYS System Coupling © to facilitate integration between

these simulations.
2.1 Geometry and boundary conditions

The geometry of the flow attenuator was created using the Design Modeler drawing tool available in the Ansys®
software package. The geometry consists of a main cylinder representing the fluid volume with a radius of » = 6.35 mm
and a length of L = 600 mm. Additional cylinders were created at the ends of this cylinder to represent the rigid piping,
and an internal face was added to apply the pressure drop condition. From the external surface of this main cylinder, a
surface was created to represent the attenuator wall, corresponding to the structural domain, with a thickness of & = 1
mm. To save computational resources, a symmetry condition was used, as shown in Figure 3. Figure la represents the
reference geometry used for the mesh test, and Fig. 1b is the configuration used to represent the attenuator in series by

sectioning the reference geometry.
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Figure 1: Geometries used in the simulations.

In the structural domain, the analysis was performed considering natural linear rubber, described in Shahzad et al.
(2015) study as an incompressible, homogeneous, and isotropic material. Fixed supports were applied at the ends of
the rubber attenuators as boundary conditions, and a fluid-structure exchange interface was established to ensure proper
constraint and allow interaction between the structure and the surrounding fluid. In the fluid domain, boundary conditions
were set to simulate the flow through the attenuator. Non-slip conditions were applied to the walls, and a porous jump was
used to model flow with a pressure drop across the porous medium. At the inlet region, a transient and fully developed
velocity profile was applied. This profile started with an average velocity (V,;,) of 0.09494 m/s and then transitioned to a
transient regime with a sinusoidal curve of amplitude 0.01187 m/s and a frequency of 1 Hz (Eq. 1). At the outlet region,
a manometric pressure equal to 0 was imposed. Water was used as the fluid in the simulation, and laminar flow was

considered.

(t) = 0.09494, ift <3 0
1 0.09494 + 0.01187 - sin(27t), ift >3

Equation 1 can be divided into two distinct periods. In the first period, which extends up to 3 seconds, the focus is on the
gradual filling of the fluid in the attenuator, resulting in its deformation until an equilibrium is reached with the internal

stresses. After 3 seconds, the pulsating flow begins.
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2.2 Mathematical formulation

Fluid-structure interaction (FSI) combines structural analysis methodologies with advanced computational fluid me-
chanics techniques. The equations that describe the behavior of the solid structure depend on the nature of the material
and the desired level of complexity in the simulation. For linear structures, the equilibrium equations can be described by
the principle of conservation of linear momentum, that is, the constitutive equations are based, in this case, on Hooke’s
law (Sang et al., 2017).
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where p; is the material density, o is the second-order stress tensor, f; represents the external forces applied, c is the
fourth-order stiffness tensor, d_; is the displacement vector, and ¢ is the strain tensor.

The equations governing fluid flow and associated phenomena are derived from the basic principles of mass conserva-
tion and momentum conservation. This leads to the governing equations of fluid flow (Versteeg and Malalasekera, 2007).
For a deforming control volume, the variation of relative motion at the boundaries becomes a factor, and the rate of change
of the control volume’s shape becomes part of the analysis. Consequently, the mass conservation equation that describes
fluid continuity for a deformable tube can be written as follows:
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where py is the fluid density, ¢ is time, U is the velocity vector, V,,, represents the average volume of fluid in the
control volume, and 77 is the normal vector to the surface. This equation describes the variation of fluid density over time,
considering convective transport and volume deformation.

As for the momentum equation, it describes the relationship between the rate of change of linear motion and the forces
acting on a fluid. This equation is a direct application of Newton’s second law for fluids. It considers both surface forces,
such as pressure and viscous forces, and body forces, such as gravity (Hibbeler, 2016).

Therefore, considering laminar flow with constant density and viscosity, the governing equations of fluid flow can be
expressed in terms of the body forces per unit volume ( f_}), fluid density (py), pressure (p), and dynamic viscosity (u)
(Tey et al., 2017):

(U I L
pf% +psU - (VU) = —VP+M(V2U) + fr. (6)

Finally, data transfer between the fluid and the solid is established through a fluid-solid coupling, subject to two
conditions that must be satisfied. The first condition is known as the kinematic condition (Wang and Yan, 2010), expressed
as follows:

- -

df = ds, (7

where d_} and d,, represent the displacements of the fluid and the solid, respectively.
The second condition is the stress equilibrium, given by:

ol = 04T, (8)

where oy and o are the stresses of the fluid and the solid, respectively. 7 is the unit normal vector to the fluid-structure
interface.

The relationship between the structure and the fluid can be simplified as follows: the configuration of the structure
affects the flow conditions at the fluid interface, resulting in changes in pressure and viscous forces. These changes, in
turn, impact the motion of the structure itself. To describe the behavior of the structure, the Finite Element Method (FEM)
was employed, and Finite Volume Method (FVM) was used in fluid dynamic simulations.
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3. RESULTS AND DISCUSSIONS
3.1 Influence of the thickness of the flow attenuator

Figure 2 illustrates the variations in fluid inlet and outlet velocities for different attenuator thicknesses. In all simula-
tions conducted, a reduction in the amplitude of the outlet flow was observed, and this reduction became less significant as
the attenuator wall thickness increased, following a trend predicted in the literature. Additionally, in these specific cases,
it was possible to identify a change in the phase of the velocity at the outlet compared to the inlet, as evidenced by the
different time instances at which the velocity peaks occur (with a phase shift of 0.16 seconds), corresponding to a phase
angle of 57.6°. This observed behavior can be attributed to the time required for the tube to expand and accommodate the

fluid inside it.
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Figure 2: Comparison between the exit velocities for the reference attenuators, with R1, R2, and R3 corresponding to
attenuators with thicknesses of 1 mm, 2 mm, and 3 mm, respectively.

To evaluate the performance of the attenuator, it is essential to implement the attenuation factor or simply attenuation
(%A), calculated as follows:

_ Qe(t) — Qs(t) .
A= Qe(t) - Qm 100 (9)

where Q. (t) is the inlet flow rate, Qs (t) is the outlet flow rate, and @), is the average flow rate.

In Figure 3a, the attenuations for the three analyzed thicknesses are presented. As observed previously, the attenuation
decreases as the attenuator thickness increases. For the R/ configuration, the attenuation was 69.4%, while R2 attenuated
by 54.1%, and R3 showed an attenuation of 46.2%. These differences are related to the material deformation: as the
attenuator thickness increases, there is a greater loss of flow attenuation capacity. This loss occurs because the elastomeric
material exhibits greater resistance to deformation, resulting in a decrease in the cumulative effect of the attenuator. To
investigate this effect, deformations along the length of the attenuator were compared (Fig. 3b).



27th ABCM International Congress of Mechanical Engineering (COBEM 2023)
December 4-8, 2023, Florianépolis, SC, Brazil

80 0.3
= 70 &
= ~ —_
= ~ < E 0.2
5 N £
= 60 -~ =
g RS 2
g *~. g 01
g 50 S~o £
e £ R1 R2 R3
a
40 0 1 L
1 2 3 0 200 400 600
Thickness [mm] Length [mm]
(a) Attenuation efficiency. (b) Deformations.

Figure 3: Attenuation efficiency and comparison between deformations for the reference attenuator and thickness along
its length, for R1, R2 and R3.

The results in Figure 3b visually demonstrate a similar proportion to the attenuation values observed in Figure 3a.
Thus, the thicker the elastomeric material, the greater the structural resistance, resulting in less deformation of the attenu-
ator. In other words, less fluid is accumulated and returned to the system. Considering this behaviour is important in the
design of the attenuator for applications that require a specific level of attenuation.

3.2 Influence of flow attenuator fractioning

Figure 4 depicts the outlet velocity of the reference attenuator (1 mm thick) split into 2 sections. It was observed that
each section contributes to the total flow attenuation. When calculating the total attenuation based on the outlet velocity of
section B, a value of 69.16% was obtained. It is essential to highlight that section A had a more substantial contribution to
the reduction in outlet velocity, accounting for approximately 56.5% of the total attenuation, while section B contributed
with 43.5%, in accordance with the results described by (Xiaohui et al., 2015), which emphasize the importance of the
location and order of attenuators in system performance. Therefore, section A initially received a higher proportion of the
pulsating flow, resulting in a more significant contribution.
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Figure 4: Comparison between inlet and outlet velocities for the reference attenuator fractionated into 2 sections (R2S).
Sections A and B represent the 1st and 2nd sections, respectively, in the order of positioning.

The same analysis was performed for the fractionation of the reference attenuator into 3 sections (R3S) to investigate its
effect on the attenuation efficiency (Figure 5). The total attenuation was 68.8%. Similarly, the most significant decreases
in flow occurred in the order of positioning of the sections, with section A (37.4%) contributing more than section B
(36.9%), which, in turn, contributed more than section C (25.7%). It is interesting to note that despite the differences in
the contribution of each section, there is a relationship between this contribution and the number of sections. For example,
in the R2S configuration, the distribution of attenuation is close to 1/2, while for the R3S configuration, it is close to 1/3



G.C. Barreiros, M.C. Vieira, PH.B. BIS, J.P. Barbosa, R.N. Siqueira and A.C. Zotelle
Effects of thickness changes on the thickness attenuators flows associated in series in pulsed flows

of the total attenuation. Therefore, this result indicates that the distribution of pulsating flow among the sections becomes
more uniform as the attenuator is subdivided into a greater number of parts.

- = - Average —eo— Inlet — 8- OQutlet - Section A

= < = QOutlet - Section B = @ = Outlet - Section C
0.11

0.105

0.1

0.095

Velocity [m/s]

0.09

0.085

0.08

Time [s]

Figure 5: Comparison between the inlet and outlet velocities for the reference attenuator fractionated into 3 sections
(R3S). Sections A, B, and C represent the 1st, 2nd, and 3rd sections, respectively, in the order of positioning.

Figure 6 presents the total attenuations for different configurations, including the reference R1, R2S, R3S, and RI10S
(reference fractionated into 10 sections). The RI0S configuration was evaluated to analyze the attenuation behavior with a
larger number of sections. It can be observed that the total attenuation values for R2S (69.16%), R3S (68.76%), and R10S
(67.78%) are progressively lower compared to the reference configuration R/ (69.41%). This trend is consistent with the
quantitative analysis of the results, demonstrating that increasing the number of sections results in a slight decrease in
the ability to attenuate pulsating flow. However, despite the reduction in the flow attenuation capacity with fractionation,
this decrease is relatively insignificant, less than 0.5% for each fractionation performed. Thus, the use of fractionated
attenuators can be advantageous in specific scenarios, such as in systems that require greater flexibility for adjustments.
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Figure 6: Efficiency of attenuation for the attenuators with the configurations R1, R2S, R3S, and R10S.

At this point, several factors can be considered as influencers of the attenuation reduction behavior concerning frac-
tionation. The first factor is related to the type of fluid being transported and the dimensions of the attenuator device. The
flow resistance is directly linked to the fluid’s dynamic viscosity and the length of the tube, while inversely proportional to
the fourth power of its radius. In the specific case of fractionation, only the length is modified, while the other parameters
remain equally distributed. Consequently, the total resistance remains unchanged, as also noted by Dutra et al. (1999),
since, for attenuators in series, the total resistance is equivalent to the sum of all individual resistances. Another factor
is related to compliance, meaning the flexibility of the tube and the pressure acting inside the attenuator. Due to frac-
tionation, there is a reduction in the internal area, resulting in an increase in force on its inner surface and, consequently,
greater deformation in the attenuator. In other words, despite the decrease in length, the deformation remains the same
when compared to the reference geometry, maintaining the total volume of accumulated fluid in each section. The effect
of deformation concerning length can be visualized in Figure 7.
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Figure 7: Comparison of deformation as a function of length for the geometries R/, R2S, and R3S.

In Figure 7, the regions where the attenuator is divided are highlighted. In this context, it can be observed that due to the
presence of fixed supports, there is a loss in the accumulated volume. When considering a non-fractionated attenuator, only
two supports are used. However, as the attenuator undergoes the fractionation process, there is a progressive utilization of
a greater number of fixed supports.

3.3 Combined effect of thickness and fractionation

To evaluate the combined effect of thickness and fractionation of the attenuator, the thickness variation was simulated
for the R3S configuration, at 1, 2, and 3 mm. The obtained results are presented in Figure 8, relating the thicknesses and
sections (A, B, and C) to attenuation. Through it, it is possible to analyze the attenuation of each section separately for
different thicknesses. It is observed that for section A with 1 mm thickness, there was an attenuation of 26.43%, for 2
mm, 20.88%, and for 3 mm, 17.88%, with percentage differences of 5.56% and 3%, but when it comes to sections B
and C, these differences increase. These results suggest that the gradual increase in attenuator thickness is associated
with a decrease in the slope of the attenuation curve. This is due to the fact that a portion of the loss is attributed to the
fractionation process of the attenuator, with the highest attenuation capacity being observed in the initial sections.
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Figure 8: The combined effect of thickness on the attenuator divided into 3 sections (A, B, and C) on cumulative attenua-
tion.

It was observed that there is a proportional difference in attenuation between the sections, regardless of the thickness
of the attenuator. This means that each section contributes proportionally to the total attenuation of the flow. We can
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understand this concept through Tab. 1, where the relative attenuations of each section are presented.

Table 1: Percentage of attenuation from the sections in relation to the total attenuation.

Sections A B C
Attenuator thickness Relative percentage
1 mm 382% 36.4% 25.4%
2 mm 38.7% 36.7% 24.6%
3 mm 39.3% 36.5% 24.2%

4. CONCLUSION

The behavior of flow attenuating devices in pulsed flow was investigated numerically, analyzing the influence of their
thickness on energy absorption and attenuation of flow peaks. The fractionation of the attenuators was also evaluated. and
its effects on this configuration. The results showed that the thickness of the flux attenuator affects its ability to absorb
energy. An increase in thickness results in lower outflow amplitude and reduced pulse attenuation. flow rates. Splitting
the attenuator into sections contributes to attenuation total flow. Each section contributed to the reduction of the output
speed, with the first section the most intense. As the number of sections increased, there were a more even distribution
of the pulsating flow between them. However, the increase fractionation resulted in a slight decrease in the attenuation
capacity of the pulsating flow due to loss of volume caused by fixed supports. When considering the thickness variation in
fractional configurations, discrepancies were observed in flow attenuation. As the thickness increases, there is a difference
percentage in the attenuation of each section, emphasizing the importance of taking into account both the thickness and
fractionation of the attenuator when designing systems with specific levels of attenuation. This work has limitations
and recommendations for future research. It is interesting to investigate the influence of the oscillation frequency tion
of flow pulsations on attenuator performance. consider different frequencies allow evaluating the attenuation capacity
of each attenuator section fractionated under different operating conditions. In addition, it is recommended to analyze
separately the thickness of each fractional attenuator section to understand better the relationship between the thickness of
the attenuator and the order of its placement for the case of series connection. Finally, it would be advantageous to carry
out experiments practical tools to validate and improve the results obtained, since the simulations were conducted based
on numerical models and simplified considerations.
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