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Resumo

Vibracdes acusticamente induzidas (AIV) podem causar falhas em sistemas de tubulagdes pressurizadas por
compressores alternativos reciprocos de grande capacidade. OpenPulse é um software desenvolvido em cédigo
aberto, escrito em Python, capaz de modelar numericamente AIV de baixas frequéncias. A geometria da estrutura
de interesse, representada por linhas, é importada e associada a propriedades de materiais, gases e se¢des, além de
condi¢des de contorno como pressdes internas, forcas, aceleragdes etc (obtidas de maneira experimental ou tedrica).
Uma andlise harmonica acustica é realizada utilizando o dominio acustico 1D equivalente do sistema, discretizado
através do Método dos Elementos Finitos de Transferéncia (FETM). O campo de pressdes resultante é aplicado
como carregamento distribuido interno sobre o respectivo dominio estrutural, modelado através da teoria de vigas
de Timoshenko e do Método dos Elementos Finitos (FEM). Assim, uma andlise harmodnica estrutural € realizada e
o campo de deslocamentos (vibracdes) € obtido. Além de condi¢des de contorno tradicionais, elementos especiais
como massas, molas, amortecedores e juntas podem ser inseridos ao longo do dominio. A estratégia ¢ demonstrada
através de um exemplo simples, onde as respostas acusticas e estruturais de determinados pontos do sistema sdo
apresentadas.

Palavras-chave: vibragdes acusticamente induzidas, pulsacdo, FEM, FETM.
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OpenPulse: Open Source Software for Pulsation Analysis of Pipeline Systems
Abstract

Acoustically Induced Vibration (AIV) can be a cause of failure in gas pipeline systems pressurized by reciprocating
compressors. OpenPulse is an open-source software written in Python for numerical modelling of low-frequency
AIV. It allows to import the geometry of the pipe system, insert materials properties, set sections, and import
pressure/acceleration/force loads (from measurements or theory). The computational procedure performs a time-
harmonic acoustic response analysis of the respective 1D acoustic domain using the Finite Element Transfer
Matrix Method (FETM). The resulting pressure field is applied as a distributed load over the respective structural
piping system, modeled with the Timoshenko beam theory and the Finite Element Method (FEM), in order to
run a structural time-harmonic response analysis. In addition to simply boundary conditions as constraints on
displacements, OpenPulse allows to insert lumped springs, masses and dampers along the domain. This strategy
is presented using a simple application with a particular set of boundary conditions, where nodal pressure and
displacement frequency plots are presented at some points of the system.

Keywords: acoustically-induced vibration, pulsation, FEM, FETM.



2 OpenPulse: Open Source Software for Pulsation Analysis of Pipeline Systems

1. INTRODUCTION

In oil refinery plants, large reciprocating compres-
sors represent an important source of excitation
for gas pipeline systems. As a consequence, the
structural behavior of the pipes can be strongly
affected by the response of the acoustic domain
(the gas being transported through pipes). This
kind of excitation is known as Acoustically Indu-
ced Vibration (AIV) and is an important vibration
mechanism in pipeline systems, which responds
to both unsteady and pulsating flow fields [1].

Approximate acoustic models are often used to
calculate frequency-domain solutions for AIV [2].
The most common methods are: the Method
of Characteristics (MOC) [3]; the Finite Ele-
ment Method (FEM) [4]; the Matrix Condensa-
tion Method (MCM) [5, 6]; the Transfer Matrix
Method (TMM) ([1, 5, 7-9]); and, finally, hybrid
techniques that consists in combinations between
the aforementioned methods like the MOC-FEM
[3], the Finite Element Transfer Method (FETM)
[5,7,9, 10] sometimes called as the Stiffness Ma-
trix Method (SMM) ([1, 10]), as well as others.
On the other hand, the structural response of the
pipes is often obtained by FEM.

The objective of this work is to predict the acous-
tic and the structural harmonic responses of pipe-
line systems subjected to internal “low-frequency”
distributed loads (internal acoustic pulsation in
frequencies equivalent to the first harmonics of
typical compressors pulsation’s spectra). It is
assumed that the pipes are composed of linear
elastic isotropic materials, with length much lar-
ger than the diameter and deflections sufficiently
small compared to the pipe thickness. The target
is to analyze the global structural behavior of the
pipeline system, which here is considered as a
system of beams. Also, it is considered a “weak”
coupling between structural and acoustic fields
based on the resultant structural stresses over the
pipe wall (obtained analytically from pipe sec-
tion dimensions and internal pressure), which is
converted in axial structural forces.

Also, it is assumed that there is an acoustic field
through a non-dissipative ideal gas inside each
pipe/duct, and the structural vibration response of
the pipe can be represented by the Timoshenko
beam theory, for a defined domain and a set of
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boundary conditions. The problem is modeled by
a combination of FETM (for acoustic field) and
FEM (for structural field) considering reciproca-
ting compressor pulsation as the main source of
excitation under time-harmonic plane wave as-
sumption. Here, the FETM, which can be nu-
merically implemented in the same way as FEM,
enables simulating complex geometries and faci-
litates the weak coupling procedure.

An open source code called OpenPulse [11] was
developed in Python to solve the AIV problem
and, also, to solve separately the acoustic or the
structural problem, when necessary. In this arti-
cle, it is presented the main physical and numeri-
cal concepts that are used to develop OpenPulse,
and the effectiveness of the adopted strategy is
demonstrated using a simplified example appli-
cation. The related engineering project is at an
early stage, and preliminary results are demons-
trated without experimental validation. This work
is an updade of the article presented at ISMA2020
(Leuven - Belgium) [2].

2. MODELLING THE ACOUSTIC DOMAIN

The main objective of the acoustic field analysis
is the obtaining of the acoustic pressure (consi-
dering plane wave hypothesis, 1D acoustics) for
a certain frequency range, at all points of a pipe
system. After this procedure, the acoustic results
are stored to be used in FEM structural analysis
as a load case under certain coupling conditions.
In this section, the TMM formulation for an 1D
hard-walled straight uniform duct element and its
adaptation to FETM is briefly presented.

2.1 Adapting TMM to FETM

The TMM is a powerful mathematical technique
to build discretized models for performing analyti-
cal and numerical studies of the plane wave acous-
tics in pipe systems. This method is particularly
efficient to deal with plane acoustical waves in
tubular circuits, because of the following aspects
of the formulation [8]: (i) two scalar fields p and
q are sufficient to describe the waves; (ii) it uses
exact analytical wave solutions for low order mo-
des propagation (plane waves); (iii) only a few
types of transfer matrices are necessary for as-
sembling discretized tubular models; (iv) certain
implementations and changes in boundary condi-
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Figura 1: Uniform tube element (adapted from [8]).

tions (i.e., nodal impedances, position and kind
of nodal sources) and extension to dissipative pro-
blems can be done maintaining the element for-
mulation.

Consider a hard-walled straight uniform duct ele-
ment as shown in Fig. 1. Gas properties like mean
density py and speed of sound ¢y are assumed to
be uniform inside the tube. Volume velocity and
pressure at the inlet of the element are denoted
as g1 and p, while g, and p, denote the corres-
ponding quantities at the outlet. Z represents the
acoustical impedance of the tube element. The
objective is to find a matrix equation that expres-
ses the volume velocity g(x,k) and the pressure
p(x,k) at any point x inside the tube element at the
wavenumber k = @/c , in terms of their values at
the inlet. The tube element can be represented as
a linear system with two inputs and two outputs

as follows:
P2 e |P1
=T , 1
[Clz} {6111 M

where T¥ is the 2x2 transfer matrix for the uniform
tube element.

To obtain each entry of T¢, it is needed to solve
the wave equation under the assumption of plane
waves. By definition, the domain of fluid in a
tube is characterized by one dimension, x, which
is much larger than the others. As a consequence,
for a fluid oscillation at a given frequency @, the
compressibility parameter is predominant in the
longitudinal direction. Moreover, if @ is small
enough the compressibility parameter can be ta-
ken into account just in the longitudinal direction.
So, the larger is the wavelength A, the better the
plane wave assumption works. Therefore, we can
assume constant pressure in the whole tube cross-
section and establish a frequency range validity
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for this assumption as

A ¢
“=Lss, )
ri r;
where r; is the inner duct radius. For this simple
case, the homogeneous and non-dissipative wave
equation is
1
Px) — 5 P(ur) = 0. (3)
“r

The sub-indexes inside parenthesis indicate deri-
vatives.

Then, the 1D solution can be written in terms of
traveling waves for the pressure as

plx,1) = (Ae_ikx +Beikx> e 4)
Consequently, with the aid of Euler’s equation:

S . N
q(x,1) = _Pf{?f (Ae”kx —Be’kx) e’ (5

where ¢ is the interior volume velocity (which,
for a given element n, is related to the particle
velocity u, by gn = Seiement, n). From the mathe-
matical standpoint, the two constants A and B
appearing in the general solution of the local Eq.
3 are univocally defined if both the pressure and
the volume velocity are specified at the inlet of
the tube element.

Evaluating Eqgs. 4 and 5 at x =0 and x = L, the
constants A and B are eliminated and the compo-
nents of the transfer matrix T¢ are obtained. Thus,
Eq. 1 can be written as

” cos(kx)
[cp} - —Zif sin(kx) cos(kx) q1

(6)
where Zy = prcy/Sy is the acoustic fluid impe-
dance. Observe that T¢ is not symmetric because
of the choice made in the definition of the input
and output vectors, which mix kinematics and
stress variables (mixed formulation) [8].

To relate the TMM with a FEM-like matrix form,
a few algebraic operations need to be done to re-
arrange the variables of the mixed formulation
into one not mixed (the same type of variables in
each nodal vector), which is more suitable with
the FEM matrices. In structural mechanics, this

—iZpsin(kx) {pl} |
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method is known as FETM [7]. Taking the pro-
cess suggested by [12], the TMM system of Eq.
6 can be adapted into the form (for a given duct
element ¢)

ap’ =g, )
where q° = [q1,¢2] and p® = [py, po|’ are the no-
dal volume velocities and the nodal pressures,
respectively. K¢ is the elementary matrix for a

straight tube, which is presented in the expanded
form of Eq. 7:

—icot(kx) | Zs
i/Zysin(kx)

mendl WEHE
(8)

The matrix K¢ is known as the element Mobi-
lity Matrix [13], being clearly symmetric. This
name probably is the most appropriated ba-
sed on the mechanical/acoustic analogue force-
velocity/pressure-volume velocity. K is also cal-
led Acoustic Stiffness Matrix [12], Admittance
Matrix [14, 15] and Four-Pole Matrix [16]. In
essence, the matrix K still depends on harmoni-
cally functions and on the fluid wave-number &,
i.e., it is frequency dependent (k = ®/cy).

2.2 Obtaining the global acoustic mobility ma-
trix

In order to obtain the global acoustic behavior of
the system, the elementary matrices K are as-
sembled respecting the connectivity of each pipe
element. The global mobility matrix K, is ob-
tained doing the same procedure as adopted in
FEM (see, e.g., [17]). In this work, each 1D
acoustic element has two nodes and each node
has 1 degree-of-freedom (DOF) (pressure). Also,
the elements can have arbitrary length and cross-
sectional area without harming the continuity of
the field variables p and g. Briefly, the steps for
the assembly process of the n K§ matrices, con-
sidering a system with n elements, are: 1) node
indexing in a convenient way (dependent on the
desired bandwidth for K, ); ii) construction of the
connectivity table; iii) assembly of the n K§ ma-
trices according to the connectivity table, leading
to K4 .

Thus, for a given excitation frequency ®, the glo-
bal acoustic system is

Kap=gq, €))
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where Ky is the global Mobility Matrix, p are
the nodal pressures and q are the nodal volume
velocities for the whole system.

2.3 Acoustic boundary conditions (BC)

In the global system presented in Eq. 9, the glo-
bal pressure vector p is presented as an unknown
variable and must be found. Before solving the
system, it is necessary to consider the applica-
tion of BC’s, which can be classified as: i) nodal
volume velocity, g;; ii) nodal pressure, p;; iii) no-
dal acoustic impedance, Z;, or element acoustic
impedance, Z;;. Some components like valves,
cylinders, filters, etc, can be considered by their
equivalent acoustic impedances.

These BC’s can vary with the frequency. For
example, one can consider to apply a table of pres-
sure obtained from an experiment or to apply a ta-
ble of acoustic impedance that represents a valve,
etc. Besides that, OpenPulse brings a simplified
analytical model of a reciprocating compressor,
enabling the obtaining of the resultant volume
velocity for different construction/operation pa-
rameters. More details on the implementation of
BC’s used in this work can be found in [11].

2.4 Other features for acoustic analysis

Some features also implemented in OpenPulse
that are detailed in [11]: capability of considering
a mean flow velocity; adjustment of effective ele-
ment lengths depending on the transition of pipe
diameters (e.g., in expansion chambers and side
branches); materials properties can be associated
to different regions, making it possible to change
gas properties according to the operational cha-
racteristics of each region of the domain (tempera-
ture, mean pressure, etc); addition of dissipation
through inserting a complex wave number k, if
needed.

3. MODELLING THE STRUCTURAL DO-
MAIN

Once the acoustic domain is modeled, now we
need to describe the structural part of the system.
Structural FEM models based on beam theory
are well consolidated for predicting global vibra-
tions of pipe systems (considering here that the
length of the pipes is much larger than the diame-
ter, with small deflections and global behavior).
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The classical Timoshenko beam theory requires
only C%-continuity, enabling the use of finite ele-
ment shape functions that are easily constructed.
The C° Timoshenko’s formulation also allows us
to obtain better stress/strain values when compa-
red to other procedures.

Figura 2: 3D beam local coordinates.

3.1 Main assumptions

It is initially assumed that the {x{,x$,x§ }-axes are
locally defined at the centroid of the beam seg-
ment cross-section and are principal axes [17], as
can be seen in Fig. 2. A more detailed assumption
is considered in OpenPulse [11], but the present
one is sufficient to explain the structural model-
ling without losing of physical meaning.

The tridimensional displacements of a point
(x1,x2,x3) that belongs to a cross-sectional area
A° placed in x| are given by [17-19]:

ui (x1,x2,x3,1) = wy(x1,1) —x2603(x1,1) (10)
+X302(.x1,t),

up(x1,x2,x3,1) = wa(x,1) —x361(x1,1), (11)

uz(x1,x2,x3,t) = ws(xy,1) +x20; (x1,¢).  (12)

Consequently, the movement of a given point
(x1,x2,x3) in the element domain Q¢ is described

by M(XI,)CZ,X3,I) - [l/tl,l/tz,l/t:‘,].

The translation components w; of the neutral line
and the rotation angles 6; of the sectional area
are illustrated in Fig. 3. These kinematic cons-
traints do not include warping (the plane sections
remain plane). Besides that, it is considered that
w1, wp and ws are small when compared to h°,
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and sin 6; ~ tan 6; ~ 6;.
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Figura 3: Deformation components in Timoshenko
beam theory.

Different from Euler-Bernoulli theory, here 0,
(= o12) and 03] (= 073) are not null (shear stress
is considered). However, 023 = 0 and 03 =0
(there is no bending along x; and x3). Considering
the homogeneous isotropic case, we have [17]:

0;j = A& 0 + 21 &), (13)

where §;; is the “delta of Kronecker” (see [20] for
a review on continuum mechanics), and A and u
are the Lamé parameters, which are obtained by:

vE E

A=avasny FT ey

(14)

The Young’s modulus E and the Poisson’s ratio
Vv are intrinsic material properties considering an
isotropic media. Assuming the hypothesis for
shear previously presented and Eq. 13, the fol-
lowing constitutive relations are obtained:

oy =Ee, oy =2Ugy, (15)

and with y=2,3.

From Eqgs. 10 to 12, the kinematic relations
(strain-displacement equations) can be obtained
as follows:

&gy =gy =0, (16)

€11 :Wll —XQ93I+X39£, (17)
1

&1 = E(le —x30] — 63), (18)
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1
&31 =§(w’3+x291’+92). (19)

where the primes denote differentiation with res-
pect to xj (d()/dxy), and By =23,32.

3.2 Mechanical equilibrium and variational
equation

Assuming the local condition of mechanical equi-
librium in a continuum medium , and conside-
ring the virtual displacement field u (a kinematic
admissible field), the variational equation can be
written as [17]

uik;dI’

/ﬁ(ij)G,’jd.Q.—/ﬁiE'dQ—
+/ u;pii;dQ =0,
Q

where [ is the boundary of QQ where Newmann
boundary conditions k; are applied (at normal di-
rection ). The entity F' represents the body forces
acting on Q and p is the density of the material.
The sub-indexes inside parenthesis indicate deri-
vatives.

Considering dA = dx»>dx3, the domain can be re-
presented by elements as follows:

nel nel  .h,
dQ = /dQ: / /dAdx. 21
Jpe=X [ ae=X [ ] daan. @b

Assuming I'y = {@} due to the “line shape” of the
simplified structure [17], it is applied the hypothe-
sis that all distributed external loads (force/length
or moment/length) can be considered in the body
force vector F. By this way, Eq. 20 can be rewrit-
ten using a matricial form, emphasizing that the
integration is performed over the element length:

he
0=1Y YDy + % D’k +E(EA)e
0
+9( uje)\y] dx’
he —T aT e
—/ w F+0 Cldx]
0

hl) J— .
+ / [WTG’rw+9TG’9] dx‘f},
0

(22)
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where [17]
wi 91
w3 93
Y2 i)
T
R 77 V) b [EE 0
D _[0 ,uAi]’D =lo ex @
pA¢ 0 0
G"'=1|0 pA¢ 0 |, (26)
0 0 pA®
pJ¢ 0 O
G=|0 pr o], 27)
0 0 pI§’

and: ¥ = 03; Kk = 6 is called “curvature”;
E=w; h=wy— 03 13 =wi+ 6y F = {F}
and C; = {C{} are the element applied external
forces and couples, respectively, per unity length,
for 1 < e < nel. In order to simplify the presenta-
tion of the main hypotheses, the assumption that
{x§,x5, x5 }-axes are locally defined at the centroid
of the beam segment cross-section (and that they
are principal axes) decouples bending from axial
strain, in addition to decoupling torsional from
transversal strain. In OpenPulse, a more real as-
sumption is considered (see [11]).

In the above equations, J¢,I5 and I5 are the area
moments of inertia and A¢ is the effective shear
area considering a representative shear correction
factor [21].

3.3 Structural Finite Element Method

The FEM procedure is implemented assuming
that [17]:

npel
Wf(x17x27x37t) - Z Nawfa7 (28)
a=1

and
npel
el'e(xbxzv-xgﬂt) = Z Naelin (29)
a=1



FIA 2020/22 | XXIX Sobrac

where N, is the shape function related to the
“weights” w;, and 0;, at node a in element e.

In order to obtain the element matrices,
we assume the following vector form
for the element’s degrees of freedom
weights and element’s load weights: d° =

e e e e e e e e e
(Wi Wy, w5,07,,05,,65,... s Winpel» Wanpel» Wanpel>
e e e /
Olnpel,ez,lpel,93npel] . Consequently,

wS (x1,x2,X3,1)
w$(x1,X2,%3,1)
w§(x1,x2,X3,1)
Of(xl,xz,X3,t)
95()61,)62,)63,1‘)
05 (x1,x2,x3,1) |

= Nd°, (30)

where N is the matrix of shape functions. Con-
sidering B¢, B’, B® and B’ the matrices of shape
functions derivatives depending on the strain eva-
luated in Eq. 22, the element stiffness matrix K¢
is obtained as [17]

K¢ = K + K¢ +K¢+K¢, 31)

where

he
K¢ = / BbTDbBbdxf (bending stiffness),
0
(32)

he
K¢ = /0 BsTDSBsdx‘f (shear stiffness), (33)

he
K¢ = /0 BT (EA)B%dx{ (axial stiffness),
(34)

he
K¢ = / B'" (uJ)B'dx$ (torsional stiffness).
0
(35)

The element mass matrix M€ is obtained as
M =M;,. +M;, (36)
where

he

MY, = / N"TG"N"dx¢ (translational mass),
0

(37)

he
M¢ = / N'TG"N'dx¢ (rotational mass). (38)
0

Considering Fiye = [F1,F>,F3,C1,Cy,C3]', the
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element force vector is obtained as follows:

he
= / NTF e edxs. (39)
0

3.4 Obtaining the global structural system of
equations

To obtain the global structural behavior of the
system, the elementary entities K., M, and f, are
assembled, after local to global coordinate system
transformation [19], respecting the connectivity
of each beam element. The elements can have
arbitrary length and cross-sectional area without
harming the continuity of the field variables. After
the assembling procedure, the global structural
system is

Kd+Md =f, (40)

where K and M are global stiffness and mass ma-
trices, respectively, d are the nodal displacements
and rotations, and f are the nodal forces and mo-
ments for the whole system. In this work, the
objective is to analyze time-harmonic vibrations.
So, the system above can be rewritten as

(K— 0*M)d(0) = f(o). (41)

The damping matrix C used in harmonic analysis
(considering only the material damping) is defined
as

C= aM+(B+%n)K, (42)

where « is the mass-proportional coefficient, 8
is stiffness-proportional coefficient, and 1) is the
structural (hysteretic) damping. @ = 27 f, where
f 1is the excitation frequency. Eq. 41 is rewritten
as

(K+ joC — o*M)d(0) = f(o). (43)

3.5 Structural boundary conditions (BC)

In the global system presented in Eq. 43, the glo-
bal vector d is presented as an unknown variable
and must be found. Before solving the system,
it is necessary to consider the applications of the
BC’s, which can be classified as: i) nodal forces
and/or moments, f;; nodal displacements and/rota-
tions, d;; nodal lumped parameters: mass, spring
and dampers. These BC’s can vary with the fre-
quency. For example, one can consider to apply
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a table of accelerations obtained from an experi-
ment, or to apply a table of spring stiffness that
represents supports, etc. More details on the im-
plementation of BC’s used in this work can be
found in [11].

3.6 Other features for structural analysis

Some features also implemented in OpenPulse
that are detailed in [11]: possibility of applying an
offset between local coordinates and the beam’s
neutral axis as described in [22]; calculation of
section properties and shear correction factor th-
rough a FE mesh of each section, as described
in [22]; different materials can be associated to
different regions, making it possible to change
pipe properties according to the operational/struc-
tural characteristics of each part of the domain;
addition of distributed mass for representing insu-
lation material, if relevant.

4. ACOUSTIC-STRUCTURE ONE-WAY
COUPLING

In the previous sections, the acoustic behavior
of the fluid being transported throughout pipes
and the structural behavior of pipeline systems
were described independently (by assuming ap-
propriate hypotheses that allow modeling each
behavior independently). However, the objective
of this work is to predict the dynamic response of
structural systems subjected to harmonic acoustic
loads.

In this work, we consider the structural pipe ele-
ment as a beam with a hollow section, as can be
seen in Fig. 4. The acoustic pipe element is con-
figured in such a manner that the FETM mesh is
the same as that used for FEM structural analysis.
Additionally, the acoustic pipe element diameter
equals to the internal structural diameter D; con-
sidered in the respective beam element.

There are some important works on the formula-
tion of an “elasto-acoustic” beam based on the
“strong” coupling between structural and fluid fi-
elds [23-26]. However, in this work it is assumed
a “weak” coupling (one-way coupling) based on
the following hypotheses:

e the fluid is a gas;

* the viscosity of the fluid is negligible;
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Figura 4: Section of the pipe element.

Di Do

* the acoustic plane wave propagates in axial
direction (1-D acoustics);

* the pipe is thin-walled and linearly elastic;

* the radial inertia of the pipe wall is neglec-
ted if considering low frequencies (ka << 1)
[27];

e the acoustic wave speed cy in the gas is af-
fected by the mechanical compliance of the
pipe wall [27] and is given by:

DK ~1/2
cf:(%(u Etf)> L 44

where py is the fluid mass density, K is the
fluid bulk modulus, E is the Young’s modu-
lus of pipe material, D; is the internal diame-
ter and ¢ is the pipe wall thickness;

e resultant normal and shear stresses in the
structure are derived from the internal fluid
pressure under the assumptions: i) plane
stress conditions in the wall; ii) cross sec-
tions remain plane to the neutral axis.

4.1 Internal pressure effect on a structural
pipe: equivalent load vector

In the approach used in this work [28, 29], consi-
dering the assumptions listed above, the load equi-
valent to the stress field induced by the pressure
effect is applied on each element as an external
axial load, considering harmonic pulsation/vibra-
tion with an excitation frequency .

The axial stress is resultant from the difference
between internal and external pressure, and is gi-
ven by [28, 30]:

_ Pi((“))Di2 - Png

o1(@) p2-p*
o 1

(45)
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Load Set element Set cross-sections N Set structural and N Set structural and
geometry length dimensions fluid properties acoustic BC’s

components
(valves,
cylinders, Acoustic | —> i
supports, etc).

Figura 5: Sequence of problem set-up in OpenPulse.

L Define 1| Run harmonic analysis [+ Plot and analyze results

where p;(w) is the internal pressure, obtained 4.2 Fluid mass effect
from the acoustic problem defined in Eq. 9 con-
sidering Eq. 44; D, is the internal diameter; D,
is the external diameter; and p, is the external
pressure, considered constant in this work.

The mass of the gas is considered distributed th-
roughout the length of the structural elements.
Thus, the matrix G in Eq. 26 is modified as

follows
The radial stress can be obtained using the Lamé A0 0
stress distribution [28, 30], using the internal and tr! tr Pri
.. G"'=G'+| 0 pA; O |, (50)
external pressures as a boundary condition:
0 0 P fAl'
(0)D? — p,D% DD (pi(w) —
o, (r,) = Pil )2 ’ ‘g” o DiDs(pi(®) zpo)' where A; is the internal area of the pipe, calculated
Dj —Dj 4r*(D3— D7) ' .
with D;.
(46)
And the hoop (circumferential) stress is obtained 5. IMPLEMENTATION AND USER INTER-
using the same stress distribution considered in FACE USING PYTHON

the radial case, resulting in: OpenPulse is a open-source software written in

(@)D? — D(z D2D%(pi(®) — Python 3.7.7, with the requirement of installing

oc(r, @) = Pil®)Di — poD, +— o(Pi{®) — o) - the libraries numpy, scipy, vtk, PyQtS, Gmsh,
D2 —D? 4r2(D2 — D?) : %

¢ ! ¢ (’ 47) hS5py and matplotlib. The software is implemen-

ted in a way that follows the sequence illustrated
Consequently, the axial equivalent forces acting in Fig. 5.

at both ends of each element can be found, and
the additional element load vector ff,, which must
be added to Eq. 39, is given by:

A friendly interface allows the user to import the
geometry of the pipe system (lines in IGES for-
mat), insert materials properties, set sections, and
f; = [—F,,,O,O,O,O,O,FP,O,O,O,O,O}I, (48) import pressure/acceleration/force loads (from

measurements or theory), as can be seen in Fig. 6.

where After defining the FEM mesh for the model, the
1 user can plot the piping system geometry, see the
Fp =A.E 5 (o1 —v(o,+0c)) |- (49) FE mesh, and run the desired simulations after

a proper setup. It is possible to plot deformed
shapes, frequency plots of acoustical and structu-
ral responses, stress fields, and local stresses of
desired sections.

After this procedure, the new element load vec-
tors ff, can be assembled and added to the global
vector f, which allows the calculation of the dis-
placements vector d through Eq. 43. The axial The code and a more detailed description of the
stress o7 is considered only in the “capped end” implementation can be found in [11].

condition [11].
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ua[& E Animation controls: D] Hide/Show controls: @ ide O Show /| /| /| Shew Acoustc swucural

v | General Settings |
Set Project Attributes Line ID 4 open Pulse
Set Mesh Properties Material: Steel
Set Geometry File Structural element type: pipe_1
Set Material N .
Set Fluid %_ﬂil dla!ngiggztz.lllm) oJf" Set: cross-section - X
Set Cross-Section ckness: 0.002 (m i i O Al lines
. Model Setup |  Fluid: Air @300k Attribute cross-section to: @ Selected lines
.0 (K) O Selected elements
Set Structural Element Type Pressure: 101325.0 (Pa)
Add Connecting Flanges Lines IDs: "
Set Beam X-axis Rotation ~
Set Prescribed DOFs Pipe | Beam
Set Rotation Decoupling Straight sections  Variable sections
Set Nodal Loads
Add: Mass / Spring / Damper i .
Add Elastic Nodal Links Outer dameter (do: [ 0.1
Add Expansion Joint Thickness (t): | 0.002 | [m]
Add Valve
Set Stress Stiffening Offsety (e,): [ml
Set Capped End

v Acoustic Model Setup Offsetz (e.): | m
Set Acoustic Element Type
Set Acoustic Pressure Insulation thickness (t): | m -l
Set Volume Velocity Insulation density: | [kg/m?] dout
Set Specific Inpedance ity: o/ -

Set Radiation Impedance
Add Perforated Plate

Set Element Length Correction
Add Compressor Excitation

Elementtype: Pipe1 -

Analysis Plot cross-section | Confirm
Results Viewer - Structural Fi
Results Viewer - Acoustic <
¢ wr Scale 1:0.29357

mopt I R T

Figura 6: Main window of OpenPulse. Entry of properties and section parameters.

6. SIMPLIFIED EXAMPLE OF APPLICA- Openfulse
TION —

In this section, the simplified piping system pre-
sented in Fig. 7a is analyzed. The maximum pipe
length in the model is 2.25 m. The element size
for acoustic and structural analyses is 0.01 m (the
same mesh is used in both analyses). The external
and internal diameters are D, = 0.05 m and D; =
0.034 m. An expansion chamber is considered
with D, = 0.2 m and D; = 0.184 m. The structure
is modelled considering steel pipes with £ = 210
GPa’ V= 0'3 and p = 7860 kg/m3' The gas being FRE?UENCY PLOT OF VOLUME?R)IC FLOW RATE AT DISCHARGE
transported is hydrogen with p; = 0.087 kg/m’ 2

and cy = 1321.1 m/s. In this simple example, no
dissipation or damping is considered. A gene-
ral compressor is set to have the volumetric flow
depicted in Figure 7b.

°

°

An acoustic impedance is applied at the end of the
piping system to simulate an infinite tube. For the
structure, it is considered a fixation of some trans- A
lational movements (rotations free) in the nodes
marked in green in Figure 7a. Remembering that
it is possible to set other boundary conditions for (b)
structural analysis as forces, vibrations, springs,
etc.

Volumetric crank flow rate [m3/s]
°

o 25 50 75 100 125 150 175 200
Frequency [Hz]

Figura 7: (a) Simple example of a piping system
supported by “I”” type beams. In red: discharge of a
According to the parameters of the compressor remprocatmg compressor. In green: dlsplacement
considered, the harmonic analysis is set to run constraints. (b) Frequency plot of volumetric flow rate at

i o the discharge of a compressor.
from O to 200 Hz, with increments of 2 Hz.
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The acoustic and structural responses of the piping
system are presented in Fig. 8 for an excitation
frequency of 12 Hz (fundamental frequency in the
spectrum of the excitation pressure).

OpenPulse

7o)

ﬁ I

@ OpenPulse
1
,

(b)

Figura 8: (a) Acoustic response and (b) structural
response at 12 Hz. Colormap: amplitudes.

The frequency plot of acoustic pressure and struc-
tural displacement can be done in the results mo-
dule of OpenPulse. For example, a node at the
left largest vertical tube (node 563) is analyzed in
Fig. 9.

7. CONCLUSION

In this work, the authors presented physical and
numeric details of the implementation of an open
source software - the OpenPulse - with the ob-
jective of analyzing acoustically induced vibra-
tion caused in pipeline systems by low-frequency
internal pulsation. The related project is in an
early stage, but the first results present coherent
significance, which can be validated with other
commercial FEM codes (using 3D FEM acoustic
analysis and 3D beam structures). The authors
hope to publish a future work presenting different
possibilities of using OpenPulse in more realis-
tic examples, considering more piping elements
(valves, chambers, etc) and comparing them with

OpenPulse: Open Source Software for Pulsation Analysis of Pipeline Systems 11

ACOUSTIC FREQUENCY RESPONSE - DIRECT METHOD
Acoustc pressure

- Absolute [dB]

Acoustic Response

E3 100 s
Frequency [Hz]

(a)

STRUCTURAL FREQUENCY RESPONSE - DIRECT METHOD

- Absolute [m/s]

Structural Response

5 100 s
Frequency [Hz]

(b)

Figura 9: (a) Frequency plot of pressure amplitude and
(b) x-velocity amplitude at node 563.

experimental results.
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