
International Journal of Mechanical Sciences 227 (2022) 107357

A
0

Contents lists available at ScienceDirect

International Journal of Mechanical Sciences

journal homepage: www.elsevier.com/locate/ijmecsci

Acoustics and vibrations in a complex piping network with pump
startup–shutdown transients
Feroz Ahmed a,∗, Ian Eames a, Alireza Azarbadegan b, Emad Moeendarbary a

a Department of Mechanical Engineering, University College London, Torrington Place, London, WC1E 7JE, UK
b BP Exploration Operating Company Limited, Chertsey Road, Sunbury-on-Thames, Middlesex, TW16 7NL, UK

A R T I C L E I N F O

Keywords:
Reciprocating pump
Pulsation
Startup–shutdown
Transient flow
Piping network

A B S T R A C T

Pump dynamic operational conditions result in extreme transient events that can enhance the response of
piping networks. The predominant transients during rapid startup and shutdown are mainly studied for
centrifugal pumps and are scarce for reciprocating pumps. Our study extends the conventional steady-state
analysis to include the effect of reciprocating pump dynamic loading on pulsatile flow-induced acoustics and
vibrations in a complex piping network. The forced response resulting from acoustical–structural coupling
is assessed by utilising the one-dimensional multiphysics piping acoustic model and beam structural model.
The network responses to pulsatile flows during dynamic pump loading (rapid start-up-shutdown events) are
compared to the responses due to pulsatile flows during steady-state pump loading. With pump startup–
shutdowns operations accompanied by pulsatile flows, the network response is the result of the combination of
the transient and steady-state characteristics of plane acoustic waves and structural vibrations. The dynamic
pump loading excites the fundamental, low-frequency acoustic eigenmode that causes transient loading of
pipeline similar to reservoir–pipe–valve (RPV) systems.
1. Introduction

Hydraulic transients are major concerns in the industrial piping
networks equipped with turbo-machineries, e.g., turbine-based hydro-
electric power systems [1,2] and pumping systems (centrifugal [3–5]
& positive-displacement [6] pumps). In oil pipelines driven by turbo-
machinery pumps, a high pressure transient exists particularly due to
rapid changes in the operational conditions of valves (e.g., rapid valve
opening and closing [3,7,8]), pumps (e.g., startup–shutdown [4]), and
speed changes [9]. In addition, the transient may also be produced as a
result of power failure to the pump electric motors, pump failures [10,
11], trips [12,13], or pipeline ruptures. The consequence of excessive
piping vibration and cavitation associated with hydraulic transients is
the loss in reliability & mechanical integrity (e.g., vibration-induced fa-
tigue failures, instrument distortion and process efficiency), and process
integrity (e.g., leaks, fire explosions, noise, environmental pollution,
production downtime, human life, and safety) [14–16].

There is a large number of studies in the literature that highlight
the effect of valve-induced [3,7,8,17,18] and pump-induced [4,19–
21] transients in hydraulic systems. Typically, valve-induced pres-
sure transients occur upon the closure of discharge valves within the
reservoir–pipe–valve (RLV) systems [7,8,17,18]. The underlying mech-
anisms of the transient characteristics of pressure response in these
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systems are determined by the nature of the inlet and outlet flow
conditions. The constant pressure at the reservoir-end and a zero flow
at the valve-end (due to the rapid closure of the discharge valve) cause
the water hammer phenomenon, one of the most widely studied in
the RPV systems [17,18]. The valves in practical RPV systems are not
always stationary but susceptible to vibrations. Pulsating (or oscillating
or vibrating) motion of the valve coupled with the linear closure motion
of the outlet valve leads to transient characteristics that differ from
those of a typical water hammer condition.

The second most widely-studied transients in hydraulic piping sys-
tems are the pump-induced pressure transients, which are generated
due to dynamic pump conditions, i.e., rapid pump startup [19,20],
shutdown [21], or startup–shutdown events. The pump-induced tran-
sient pressure waves (which is predominantly studied for centrifugal
pumps) is generated when the flow is constant (i.e., startup) or zero
(i.e., shutdown) at the inlet-end and pressure is zero at the outlet-
end. Interestingly, the transient characteristics associated with rapid
pump startups and shutdowns are similar to those associated with
valve openings and closings in reservoir–pipe–valve (RPV) systems,
respectively [3–5].

The transients in hydraulic systems become severe, especially in
pipeline systems with coupled pressure responses associated with rapid
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Fig. 1. (a) Schematic of an industrial complex piping network driven by three parallel high-pressure (multi-variable speed) reciprocating pumps. The pulsation-induced shaking
forces at piping discontinuities or pipe fittings (bends, junctions, transitions, and valves) are highlighted. (b) Complex acoustic response in a piping network due to pump speed
variations including startup–shutdown events. The response block consists of steady-state acoustic loading superimposed on transient loading.
pump operation and valve closure [22]. This is especially predominant
in the practical hydraulic systems, where there is a network of branches
with multiple inlet and outlet points [23]. The transient characteristics
of acoustic waves in these systems are influenced by the dynamic
interaction of pump and valve motions, as opposed to transient pressure
waves in a single pipeline (e.g., rapid valve closure at the outlet of a
pipeline, or pump startup and shutdown at the inlet) [24,25]. In order
to understand how the pump-valve interactions occur, it is necessary
to know the type of pump (i.e., centrifugal [26] or reciprocating [27])
and the conditions under which the pump operates (e.g., steady-state
or startup–shutdown).

The two types of transient associated with reciprocating pump op-
erations are (a) transient overshoot oscillation due to piston–chamber–
valve interactions [28–32] and (b) transients due to dynamic pump con-
ditions, i.e., rapid pump startup and shutdown. The piston–chamber–
valve interaction (i.e., the motion of piston/plunger in a liquid cham-
ber) in a high-pressure reciprocating pump generates distorted dis-
charge pulsatile flow with jump-discontinuity in its profile (see the inset
in Fig. 2a and the bottom panel in Fig. 4a) [31]. This discharge flow
profile is accompanied by the transient overshoot, which is significantly
weaker than the pulsation level [31]. The interplay between the re-
ciprocating pump-induced pulsatile flow and piping acoustic standing
waves generates steady-state pressure pulsation that propagates as a
plane wave in a large piping network. In a complex piping network,
the acoustic–structural coupling, not the pulsation, can generate large
shaking forces at pipe discontinuities (bends, junctions, transitions,
and valves) and small-bore connections (SBCs), resulting in vibration.
The dynamic pump conditions are common during speed alterations
and regular startup–shutdown operations [33]. The byproduct of these
complex pump operational conditions is the extreme transient events,
which enhance the acoustic–structural interaction through combined
transient-steady-state pulsation-induced shaking loading (see Fig. 1).
The transients caused by rapid pump operation (startup–shutdown) are
mainly investigated for centrifugal pumps, and is scarce for recipro-
cating pumps [27]. As a consequence, the typical coupled acoustics
and vibrations in piping networks are being studied using steady-
state analysis (under constant pump speed operation) [23,34], where
forced vibration can cause high-cycle fatigue (HCF). The transients are
extremely important because, compared to steady-state pump speeds,
the components of the piping system that are susceptible to resonance
may be very different. Hence, the piping system can experience both
2

high-cycle fatigue (HCF) and low-cycle fatigue (LCF) when subjected
to transient loading conditions with pulsatile flows.

Our objective in this study is to investigate the response of a
pipe network subjected to dynamic pump loading. We applied one-
dimensional (1D) multiphysics models to a complex piping network
under steady-state and dynamic pump loads in order to investigate
various contributions towards the acoustic and vibration response of
the piping network. The choice of the model system studied in this
paper is justified in Section 2. This choice takes the problem outside the
scope of an idealised academic model and more towards the type seen
in industry. In doing so, we start to see an extraordinarily high level
of complexity and some fundamental components that have a bearing
on real problems. In Section 3, the multiphysical models and numerics
are discussed to analyse plane acoustic wave propagation and piping
structural vibration. Section 4 discusses results and discussion, cover-
ing pulsatile flow harmonics, eigenmodes, and acoustic and vibration
responses.

2. Model system

We selected a particular model system so it can demonstrate the
level of complexity involved in the energy sector while delivering
mono-ethylene glycol (MEG). The system consists of a complex piping
network connected with three parallel constant-speed high-pressure
reciprocating pumps (see Fig. 1a). Parallel pumps are common in the
industry to increase the volume flux through the piping networks [10,
33,35–37]. We choose a five-chamber pump operating at elevated
differential pressure 𝛥𝑝(= 𝑝𝑑 − 𝑝𝑠) = 77.6 MPa (where 𝑝𝑑 and 𝑝𝑠 are
discharge and suction pressure, respectively) with volumetric efficiency
𝜂𝑣 = 0.95. Each pump at rated operational condition (i.e., point of best
efficiency) with rated shaft frequency 𝑓𝑝,𝑟 = 5.77 Hz generates a large
flux of discharge flow 𝑄𝑚,𝑟 = 6.11×10−3 m3∕s with jump-discontinuity in
its profile [31,38] (see the inset in Fig. 2a). The choice of pulsatile flow
patterns is based on the manufacturer’s pump data, and is discussed
in [31]. The operational conditions of all pumps are kept the same,
and the adverse interactions between the flow generated by two pumps,
i.e., the time delay between the start of two pumps [31], are neglected.

We consider three types of pump operations that generate: (i)
steady-state pulsatile flows (see Fig. 2a), (ii) rapid flow acceleration–
deceleration simulating pump startup and shutdown events (see Fig. 2b)
and (iii) rapid acceleration–deceleration with steady-state pulsatile
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Fig. 2. Discharge flows from various pump loading operations — (a) steady-state pump loading with pulsatile flow, (b) dynamic pump loading (startup–shutdown) with mean
flow and pulsatile flow. The inset in (a,b) describes the typical volume flux from a five-chamber pump (𝜂𝑣 = 0.95) under one-complete crank rotation.
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flows (see Fig. 2b). The choice of stepped-pattern of the pump dynamic
operation for pump startup (accelerating transient d𝑄∕d𝑡 > 0) and
shutdown (decelerating transient d𝑄∕d𝑡 < 0) is based on the assumption
of rapid transient pump dynamic operation (the worst-case scenario).

The steel pipe geometry (see Fig. 1a) contains large number of
long pipes (with 𝐿∕𝐷𝑜 ≫ 1, where 𝐿 is the pipe length and 𝐷𝑜 the
pipe outer diameter), thick pipes (with 𝐷𝑜∕𝑇 ≃ 4, where 𝐷𝑜∕𝑇 is the
diameter-to-wall-thickness ratio), 90-degree curved pipes (with 𝑅𝑐∕𝐷 ≃
2.3 & 1.8 where 𝑅𝑐 is the bend radius and 𝐷 the pipe inner diameter),
flow-thru junctions, and globe valves. The network is free from local
cross-sectional ovalisation due to the presence of thick curved pipes.
The weight of valves (each weighs 800 kg) are represented as spherical
lumped masses. All support systems are assumed as clamped supports,
which are represented as stiff elastic springs (with longitudinal spring
constant of each support as 1 × 109 N∕m). The choice of 𝑘 is discussed
in Section 4.2.1.

3. Mathematical model

Predicting plane acoustic wave propagation and the associated vi-
bration response in a complex piping network requires multiphysics
modelling approaches. The reduced-order coupled model consists of a
zero-dimensional (0D) pump flow model, one-dimensional (1D) piping
acoustic model, and one-dimensional (1D) piping structural model.

3.1. 0𝐷 Lumped parameter pump model

A reciprocating pump, driven by a common crankshaft, consists
of multiple chambers with pistons (or plungers) and spring-loaded
valves to create a unidirectional flow [39]. Based on the interaction
mechanisms of piston kinematics, chamber fluid dynamics and valve
dynamics, the reciprocating pump generates a wide range of discharge
flow, ranging from smooth to distorted flow patterns [31]. There are
several modelling methods to describe the flow from multi-chamber re-
ciprocating pumps, including lumped parameter zero-dimensional (0D)
model, distributed one-dimensional (1D) models [32] and distributed
three-dimensional (3D) models. Here, we have adopted the lumped
parameter approach to model the discharge flow (also used by [31,39]).

The discharge flow from a single reciprocating pump with multiple
chambers is [31],

𝑄𝑎 =
(

1 −
(

𝛥𝑝𝛽𝑟𝑣 + 𝑆
)

)

(𝐴𝑝𝑙𝑝𝑓𝑝𝑁𝑐 )𝜋
1
𝑁𝑐

𝑁𝑐
∑

𝑛=1
sin

(

2𝜋𝑓𝑝𝑡 +
2𝜋
𝑁𝑐

(𝑛 − 1)
)

⋅ 𝐹𝑛(𝑡) ⋅ 𝐺𝑛(𝑡), (1)
3

u

where 𝑄𝑎 is the actual effective flow, 𝑁𝑐 the number of chambers,
𝐴𝑝 the cross-sectional area of a chamber, 𝑙𝑝 the stroke length, 𝑓𝑝 the
pump driving frequency, 𝛥𝑝(= 𝑝𝑑 − 𝑝𝑠) the differential pressure across
discharge and suction valves, 𝛽(= 1∕𝐾) the liquid’s compressibility
actor (where 𝐾 is the bulk modulus), 𝑟𝑣(= 𝑉𝑐𝑑∕𝑉𝑝) the volume ratio,
𝑆 the pump valve slip (or valve loss), 𝐹 (𝑡) the phase cut, and 𝐺(𝑡) the
ffect of volumetric efficiency [31].

.2. 1𝐷 Piping acoustic model

A one-dimensional (1D) model based on the relationship between
olume flux (𝑄) and pressure (𝑝) is used to analyse the flow of a slightly
ompressible (elastic) piping network. Since we are dealing with a
iquid system, the change in fluid density is small, and we can appeal
o a constant density acoustic model [31]. The 1D incompressible
nsteady-state pipe flow equations (continuity and momentum) can be
xpressed as,

𝜕𝑝
𝜕𝑡

+
𝜌0𝑎20
𝐴

𝜕𝑄
𝜕𝑠

= 0,

𝜕𝑄
𝜕𝑡

+ 𝐴
𝜌0

𝜕𝑝
𝜕𝑠

+ 1
2
𝜆∗

𝐷
|𝑄0|𝑄
𝐴

= 0,
(2)

where 𝜌0 is the density of fluid at reference condition, 𝑠 the distance
along the centreline of a piping network, 𝐷 =

√

4𝐴∕𝜋 the pipe inner
iameter, 𝐴 the pipe cross-sectional area, and 𝑄0 = 𝑄𝑚,𝑟. The acoustic
aves propagate along thick and stiff liquid-filled pipe with a constant
ave speed 𝑎0 = 1480 m∕s [31].

The plane acoustic wave is attenuated as it propagates along a pipe
etwork [18]. There are a wide range of parameters that influence the
coustic wave attenuation in liquid-filled piping networks: (a) nature of
achine operations (steady-state [40,41], or transient-state), (b) nature

f inflow conditions (steady, oscillatory [40] or pulsatile [41]), (c)
ature of flow regimes (laminar [42], transitional or turbulent [43,44]),
d) nature of pipe wall conditions (smooth [43] or rough [44]), (e)
ature of pipe elements (straight or pipe fittings [45]), and (f) nature
f wall stiffness (compliant or rigid). The wall shear stress can be used
o characterise the attenuation of plane acoustic waves in a piping
etwork [42–44,46–49]. The instantaneous pipe wall shear stress (𝜏)
or pulsatile turbulent pipe flows can be written as the combination
f quasi-steady component (𝜏𝑠) and unsteady component (frequency-
ependent wall shear stress) (𝜏𝑢) [50]. The mechanisms by which the
nergy is dissipated in pulsatile pipe flows are quite different from
teady pipe flows. Based on the velocity profiles developed in pipes,
ne can ascertain the difference between 𝜏𝑠 and 𝜏𝑢 [51]. The two widely

sed 1D formulations [50,52] to model the unsteady component of wall
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Fig. 3. Reduced-order multiphysics modelling of a three-dimensional liquid-filled complex piping network driven by three high-pressure reciprocating pumps. (a) FloMaster
(MentorGraphics) piping plane acoustic wave propagation model. The piping acoustic network is modelled as 1D hydraulic pipe elements (cylindrical elastic pipes), the pipe fittings
as discrete loss elements, the pumps as flow sources, and the reservoir as constant-head reservoir. (b) ANSYS Mechanical piping structural vibration model. The piping structural
network is modelled as 1D line elements (PIPE289 and ELBOW290), the elastic clamped supports as spring elements (COMBIN14), the valves as lumped mass elements (MASS21)
and pump-piping interface as rigidly-fixed constraints.
shear stress in pipelines are the weighting function-based (WFB) ana-

lytical models [42–44,46–49] and the instantaneous acceleration-based

(IAB) empirical models [50,53].
4

Here, we have adopted the The IAB empirical shear stress model,

which is more suitable than WAB for practical large-scale complex

piping network [50]. Based on the Vitkovsky formulation [53] of
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Brunone instanteneous acceleration-based (IAB) model, the empirical
instantaneous friction factor (𝜆∗) can be written as the combination of
uasi-steady and unsteady components as,

∗ = 𝜆 + 𝐴𝑘𝐷
|𝑄0|𝑄

(

𝜕𝑄
𝜕𝑡

+ 𝑎0sgn(𝑄)
|

|

|

|

𝜕𝑄
𝜕𝑠

|

|

|

|

)

, (3)

where sgn is the signum function, 𝜆 the steady-state Darcy friction
factor and 𝑘 the unsteady-state friction coefficient.

3.2.1. Boundary conditions
The liquid-filled pipe network is a collection of nodes and pipe

elements (see Fig. 3a), where 𝑝 is continuous at nodes and the sum
of the flux (𝑄) leading the node is equal to the flux arriving. The initial
condition is that when the flow is quiescent and the outlet pressure
is set and fixed. At pipe inlets (three pump locations), a time-varying
Dirichlet (or essential) boundary condition is imposed as,

𝑄(0, 𝑡) = 𝑄0(𝑡) and
d𝑝(0, 𝑡)

d𝑡
= 0, for 𝑡 > 0, (4)

and at pipe outlet (constant head reservoir in Fig. 3a), the Neumann
(or natural) boundary condition is 𝑝 = 𝑝res.

3.2.2. Acoustic-induced shaking force
The plane acoustic wave propagates and is attenuated along with

a piping network due to friction losses, where the change in momen-
tum flux and differential pressure across piping discontinuities leads
to unsteady-state shaking forces. The bend force due to cross-wise
components (secondary flow) is small compared to the contribution
from the streamwise flow components [51]. Therefore, the net bend
force experienced by the pipe bend associated with the streamwise flow
components can be written as,

𝑭 = −(𝑝𝑖 + 𝜌0𝑢
2
𝑖 )𝐴�̂�𝑖 − (𝑝𝑜 + 𝜌0𝑢

2
𝑜)𝐴�̂�𝑜 (5)

where �̂�𝑖
(

= (−1, 0)
)

and �̂�𝑜
(

= (cos𝜙𝑏,− sin𝜙𝑏)
)

are unit vectors normal
to the pipe bend inlet and outlet, and 𝜙𝑏(= 90◦) is the bend angle.
Similarly, the net force experienced by the tees is,

𝐹 = −(𝑝𝑡 + 𝜌0𝑢
2
𝑡 )𝐴 sin𝜙𝑡, (6)

where subscript 𝑡 represents branch connection and 𝜙𝑡(= 90◦) is the
branch angle.

3.3. 1𝐷 Piping structural vibration model

The piping structural vibration is described using a combination
of stubby beam model (𝐿∕𝐷𝑜 ≥ 20) and (𝐷𝑜∕𝑇 ≪ 20) for straight
pipes and thick plate model (𝐷𝑜∕𝑇 ≪ 1) for curved pipes based on
Timoshenko’s analysis (or reduced first-order shear deformation beam
theory) [54] and Reissner–Mindlin’s analysis (or reduced first-order
shear deformation plate theory) [55,56], respectively. Both theories
consider rotatory inertia effect (due to twisting tendency in the 3D
topological network) and transverse shear deformation effect (due to
thick pipes). The flexural displacement field in Timoshenko beam the-
ory and Reissner–Mindlin (toroidal) plate theory [56, Eq. 37] along the
pipe is governed by,

𝜕2

𝜕𝑠2

(

𝐸𝐈(𝑠) 𝜕
2𝐮(𝑠, 𝑡)
𝜕𝑠2

)

+ 𝜌𝑠𝐴(𝑠)
𝜕2𝐮(𝑠, 𝑡)

𝜕𝑡2

−𝜌𝑠
𝜕2

𝜕𝑠2

(

𝑰(𝑠)
(

1 + 𝐸
𝜅𝐺

) 𝜕2𝐮(𝑠, 𝑡)
𝜕𝑡2

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
rotatory inertia effect (torsion related)

+
𝜌2𝑠𝑰(𝑠)
𝜅𝑏𝐺

𝜕4𝐮(𝑠, 𝑡)
𝜕𝑡2

+
𝐸𝐈(𝑠)
𝜅𝑏𝐴𝐺

𝜕2 (𝑠, 𝑡)
𝜕𝑠2

−
𝜌𝑠𝐈(𝑠)
𝜅𝑏𝐴𝐺

 (𝑠, 𝑡)
𝜕𝑡2

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

=  𝑏(𝑠, 𝑡)

(7)
5

shear deformation effect (flexural related)
and
(

𝛁2 −
𝜌𝑠
𝜅2
𝑝𝐺

𝜕2

𝜕𝑡2

)(

𝛁2 −
𝜌𝑠𝑇 3

12
𝜕2

𝜕𝑡2

)

𝒖 + 𝜌𝑠𝑇
𝜕2𝒖
𝜕𝑡2

=

(

1 − 𝛁2

𝜅2
𝑝𝐺𝑇

+
𝜌𝑠𝑇 2

12𝜅2
𝑝𝐺

𝜕2

𝜕𝑡2

)

 𝑝(𝒙, 𝑡), (8)

espectively. Here 𝐸 and 𝐺 are the Young’s and shear modulus, respec-
ively; 𝑰(= 𝐼𝑥𝑥, 𝐼𝑦𝑦, 𝐼𝑧𝑧) the area moment of inertia of pipe cross-section,
𝑠 the pipe material density;  the flexural stiffness; 𝑇 the pipe thick-

ness, 𝜅𝑏 and 𝜅𝑝 the Timoshenko and plate shear correction factor,
respectively; 𝐱(= 𝑥, 𝑦, 𝑧) the spatial coordinates; 𝐮(= 𝑢, 𝑣,𝑤) the dis-
placement field; 𝛁(= 𝜕

𝜕𝑥 ,
𝜕
𝜕𝑦 ,

𝜕
𝜕𝑧 ) the gradient;  𝑏(𝑠, 𝑡) the force per unit

ength on the beam; and  𝑝(𝒙, 𝑡) the moment and force distribution on
he plate.

.3.1. Support conditions
The piping network is physically supported and this is important

or vibration study. The piping network is held at various points along
he network using clamped supports, as shown in Fig. 3(b). It is usual
ractice to treat clamped pipes and their foundations as relatively stiff
lements with a prescribed level of stiffness constant (𝑘). The piping
etwork is initially at rest, so we set initial condition (𝑡 = 0) in terms
f both displacement and slope as constant,

(𝑠, 0) = 0,
𝜕𝒖(𝑠, 0)

𝜕𝑠
= 0. (9)

The pump sources and constant head reservoir are rigidly fixed (fully-
constraint) (see Fig. 3b), so we set Dirichlet (or essential) boundary
condition (𝑡 > 0) as,

(𝑠𝑓 , 𝑡) = 0,
𝜕𝒖(𝑠𝑓 , 𝑡)

𝜕𝑠
= 0, (10)

where 𝑠𝑓
(

= (𝑠𝑏1 = 0), (𝑠𝑏2 = 0), (𝑠𝑏3 = 0), and (𝑠𝑚 = 58.6 m)
)

are the
fully-constraint locations in a piping network (see Fig. 3b).

3.3.2. Coupling between acoustic and mechanical model
In a long complex piping network, the acoustic waves propagate as

plane fronts, leading to vibrations and cavitations when coupled with
the structural modes. There has been much work conducted on the
fluid–structure interaction (FSI) in a fluid-filled piping network [17,57–
62]. For a liquid-filled piping network, FSI is typically classified into
two types: (a) distributed FSI (Poisson and friction couplings), where
the interaction acts along a pipe span in the form of wall motion, and
(b) local FSI (junction and Bourdon couplings), where the interaction
acts at specific locations, e.g., piping discontinuities (bends, tees, and
valves) [59,63]. The Poisson coupling is a two-way-interaction process
that leads to breathing or hoop mode of piping response (which is
dominant in transient wave problems in reservoir–pipe–valve (RPV)
systems [17]). In contrast, friction coupling due to the viscous effect
at the pipe wall is a one-way-interaction process with the weakest
contribution. The junction coupling [64] has the dominant contribution
under the resonant condition at the point of discontinuity, which can
result in unbalanced forces (shaking forces) in a network. The Bourdon
coupling exerts its dominance when cross-sectional ovalisation occurs
in thin pipes. The excitation mechanisms in local FSI is significantly
larger than distributed FSI [63]. Since the piping network in this study
is the collection of stubby pipe elements (𝐿∕𝐷𝑜 ≪ 1 and 𝐷𝑜∕𝑇 ≪ 1)
with a large number of stiff clamped supports, the junction coupling is
the dominant driving mechanism, where the change in the flow direc-
tion around pipe discontinuities generates pulsation-induced shaking
forces in the network.
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Fig. 4. (a) Discharge pulsatile flows from a single five-chamber reciprocating pump with volumetric efficiency 𝜂𝑣 = 1 (top panel) and 𝜂𝑣 = 0.95 (bottom panel) under one crank
rotation. (b,c) Frequency-interference diagrams showing the interaction of pump speed (𝑓𝑝,𝑟), pulsatile flow harmonics (𝑓𝑚𝑝

), and acoustic eigenfrequencies (𝑓𝑚𝑎
). (𝑑, 𝑒, 𝑓 ) Parametric

variation of piping structural eigenfrequencies (𝑓𝑚𝑠
) at various longitudinal stiffness (𝑘) of elastic clamped supports (see Fig. 3b) – (𝑑) 𝑘 = 0 N∕m, (𝑒) 𝑘 = 109 N∕m, and (𝑓 )

𝑘 = 1012 N∕m. The eigenfrequencies (𝑓𝑚𝑎
: acoustical (𝑏, 𝑐), 𝑓𝑚𝑠

: structural (𝑑, 𝑒, 𝑓 )) of a piping network are plotted against pump frequencies (𝑓𝑚𝑝
). The thick-black lines (isolines)

in (b,c) are the pulsatile flow harmonic order or excitation order (𝑚𝑝) for flow with 𝜂𝑣 = 1 and 0.95, respectively. Only the first-six excitation orders (𝑚𝑝 = 1, 2, 3, 4, 5, 6) are shown
here. A thick-blue line represents the operating frequency (𝑓𝑝,𝑟 = 5.77 Hz) of a single-acting five-chamber pump considered in this study. The horizontal lines (thin-green and
thick-red) in (𝑏 and 𝑐) are the acoustic eigenfrequencies (𝑓𝑚𝑎

, estimated using FloMaster or COMSOL), while the horizontal lines (thin-green lines) in (𝑑, 𝑒, 𝑓 ) are the structural
eigenfrequencies (𝑓𝑚𝑠

, estimated using ANSYS). The thick-red lines in (𝑏, 𝑐) are the fundamental acoustic eigenfrequency (𝑓𝑚𝑎
= 4.3 Hz) in a piping network.
3.4. Numerical implementation

The two widely-used coupled methods to solve the transient one-
dimensional (1D) FSI in a liquid piping network are the frequency-
domain methods (e.g., transfer matrix method (TMM) [65]) and time-
domain methods (e.g., method of characteristics (MOC) [63], finite-
element method (FEM) [66–68], MOC-FEM [69,70], and discrete-time
transfer matrix method (DTTMM) [71]). Here, we have adopted the
MOC-FEM method to solve the multiphysics piping acoustic and struc-
tural models.

The geometry of reduced-order coupled multiphysics interaction
of a three-dimensional (3D) topological liquid-filled complex piping
network (see Fig. 1a) was modelled using FloMaster (MentorGraph-
ics) for plane acoustic wave propagation (see Fig. 3a) and ANSYS
Mechanical for structural vibration (see Fig. 3b). As a first step, the
1D hydraulic flow network in FloMaster was generated by utilising
FloEFD’s CAD2FM functionality, which converts 3D piping CAD geom-
etry into a 1D hydraulic network of straight pipes and discrete fittings.
Furthermore, the 1D structural beam network in ANSYS Mechanical
was developed by converting the CAD geometry into the 1D beam
network of straight and curved pipes using the ANSYS SpaceClaim
beam object functionality. In order to establish the structure of the
piping network, a line-based modelling was used. Pipes were mod-
elled using line elements (PIPE289 and ELBOW290), globe valves with
lumped mass elements (MASS21), and clamped supports with spring
elements (COMBIN14). The curved regions (and straight pipes near
them) are modelled with ELBOW290, which is based on the thick
6

plate theory of Reissner–Mindlin. As for straight pipes far from curved
regions, PIPE289 is used, which is based on the Timoshenko stubby
beam theory.

In the next step, the pipe flow equations (Eq. (2)) for a hydraulic
network (see Fig. 3a) were solved by FloMaster implementing the
method of characteristics (MOC). Since the piping network in this study
is the collection of stiff and stubby pipe elements (𝐿∕𝐷𝑜 ≪ 1 and
𝐷𝑜∕𝑡 ≪ 1), the junction coupling is the dominant driving mechanism,
where the change in the flow direction around pipe discontinuities
generates acoustic-induced (or pulsation-induced) shaking forces in
the network. Next, the acoustic-induced forces were transferred to all
structural pipe fittings using junction FSI coupling mechanism. The
structural response of a piping network (Eqs. (7) and (8)) was then
solved in ANSYS Mechanical using the finite-element method (FEM).

4. Piping dynamical response

A pump-piping system is susceptible to vibration-induced fatigue
due to the interaction of pulsatile flow harmonics with acoustic eigen-
modes and structural eigenmodes [31]. The type of pump loading
can also affect the nature of acoustic–structural coupling in a piping
network. The focus of this section is on the influence of pump dynamic
effects (i.e., startup and shutdown) on acoustic wave propagation and
structural vibration in a complex piping network.

4.1. Pulsatile flow harmonics

Fig. 4(a) shows the typical discharge volume flux (𝑄𝑎) generated

from a single five-chamber reciprocating pump when the volumetric
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fficiency is 𝜂𝑣 = 1 (top panel) and 0.95 (bottom panel). The shock-free
low at 𝜂𝑣 = 1 is a theoretical (or ideal or geometric) pulsatile flow,
hen the occurrence of leakage while displacing fluid at low differ-
ntial pressure 𝛥𝑝 across pump is neglected [31,38]. Due to elevated
ifferential pressure 𝛥𝑝(= 𝑝𝑑 − 𝑝𝑠) = 77.6 MPa across the pump, liquid

compressibility, and leakage (or slip) in the system, valve timing is
delayed, thus reducing the volumetric efficiency of the system [31].
With 𝜂𝑣 = 0.95, the pump generates a large flux of flow with a jump-
discontinuity in its profile, resulting in a shock-jump pulsatile flow [31,
38]. In shock-free and shock-jump flows, the loading resulting from
pulsatile flows occurs over a wide range of discrete forcing frequencies,
known as pulsatile flow harmonics (𝑓𝑚𝑝

) that are multiples of pump
frequency (𝑓𝑝) (see Fig. 4b,c, respectively). Accordingly, the pulsatile
flow harmonics of pumps with 𝜂𝑣 = 1 and 0.95 can be calculated using
𝑚𝑝

= 2 × 𝑚𝑝𝑁𝑐𝑓𝑝 and 𝑓𝑚𝑝
= 1 × 𝑚𝑝𝑁𝑐𝑓𝑝, respectively [31].

.2. Eigenmodes

An essential first step in the study of the acoustic–structural cou-
ling in a piping system is to conduct network eigenmode analysis,
ither through the use of FloMaster or COMSOL (for acoustic propa-
ation) and ANSYS (for structural vibration), in the absence of pump
xcitations. The acoustic impedance mismatch at the pipe outlet (open
coustic boundary condition) leads to plane wave reflection and hence
he complex standing wave formation in a network. It is found that
7

he acoustic eigenmodes is independent of the three-dimensional (3D)
opology [31], while the structural eigenmodes are influenced by the
D topology through stiffness distributions of clamped supports (see
ection 4.2.1 and Fig. 4d,e,f ).

.2.1. Influence of support systems
The structural response of a piping beam network subjected to

coustic-induced shaking forces is highly influenced by the type and
umber of support systems. Using a parametric analysis by uniformly
hanging a longitudinal spring constant (𝑘), we investigated the in-
luence of varying the stiffness of the clamped supports (COMBIN14
lastic springs) on the structural eigenfrequencies (see Fig. 4d,e,f ).
he structural eigenfrequencies are relatively closely-spaced and well-
eparated when the piping network is supported with 𝑘 < 106 N∕m
see Fig. 4d) and 𝑘 ≫ 106 N∕m (see Fig. 4e,f ), respectively. During
coustic-structure coupling at resonance condition, the piping network
ith 𝑘 < 106 N∕m is more prone to energy exchange between two
djacent eigenmodes than 𝑘 ≫ 106 N∕m, which can cause severe
roblems, such as the beating phenomenon. To avoid the coincidence
f first pulsatile flow harmonics with one of the structural closely-
paced eigenfrequencies in the 20% resonance bandwidth in flexible
iping networks (𝑘 < 106 N∕m), we have chosen the support system
ith 𝑘 = 109 N∕m in our study. The eigenmodes separation becomes
uasi-similar when 𝑘 = 109, 1012, and 1015 N∕m.
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Fig. 6. Time-history diagrams showing the global distribution of (𝑎, 𝑐) vibration-induced velocity |𝒖| and (𝑏, 𝑑) stress |𝝈| in a piping network (see Fig. 3b). The contour plots are
shown separately for (𝑎, 𝑏) mainline and (𝑐, 𝑑) branch networks.
4.3. Pressure pulsation

In a piping system connected with pumps having 𝑓𝑝𝑟 = 5.77 Hz and
𝜂𝑣 = 0.95, acoustic wave responses are captured at the points of junction
coupling. Only the responses at 𝑠𝑚 = 26.3 m (see Fig. 3) are shown here.
Fig. 5 shows the steady-state, transient-state, and combined steady-
transient-state characteristics of plane acoustic wave propagation in a
liquid-filled piping network (see Figs. 1 and 3a) due to pulsatile flow-
acoustic interaction mechanisms associated with various pump loading
operations (see Fig. 2).

4.3.1. Steady-state response
The pulsatile flow-acoustic interaction due to steady pump loading

with pulsatile flows (see Fig. 2a) generates steady-state characteris-
tics of plane acoustic waves with constant amplitude (see Fig. 5 and
snapshot 𝐂). The pulsatile-flow-induced acoustic response with largest
amplitude at first (𝑚𝑝 = 1) pulsatile flow harmonics 𝑓𝑚𝑝

= 1×5×5.77 =
26 Hz is consistent with Fig. 4c.
8

4.3.2. Transient-state response
As a result of dynamic pump loading (rapid startup and shut-

down) with mean flow, the piping network generates plane acoustic
waves in the form of an oscillating pressure transient (see Fig. 5 and
snapshot 𝐀). This pressure transient has similar characteristics to that
of plane acoustic wave propagation in the presence of a centrifugal
pump [3–5,72,73]. Flow transient predominately excites the funda-
mental acoustic eigenmode of a piping network [74] due to rapid
accelerating and decelerating events, e.g., rapid opening and closure
of discharge valve [74, Fig. 2a]. Similarly, the fundamental acoustic
eigenmode at 𝑓 = 4.3 Hz (see Fig. 4c) is significantly excited during
the startup–shutdown events of dynamic pump loading. These startup
and shutdown-induced transient pressure waves propagate along the
network, initiating propagation from pipe inlets and then reflecting
back at pipe outlets, causing standing waves to form.

The attenuation of transient-induced plane acoustic waves at startup
and shutdown (see Fig. 5 and snapshot 𝐀) can be anticipated from the
friction losses through various piping components (straight and fitting
pipes) [31]. It is also worth noting that the transient-induced plane



International Journal of Mechanical Sciences 227 (2022) 107357F. Ahmed et al.
Fig. 7. Structural response in a piping network driven by dynamic pump loading with pulsatile flows. (a,b) Contour distribution of vibration-induced velocity and stress in a piping
network, respectively. The enlarged contour plots on the right highlight the maximum velocity and Von-mises stress. The line plot in the inset of 𝑏 shows the stress history at the
fatigue sensitive critical location (red-star marker).
acoustic wave during startup attenuates faster than shut-down. The
attenuation characteristics of transients associated with rapid pump
startup and shutdown are similar to the transients due to rapid valve
opening and closure [18] in reservoir–pipe–valve (RPV) system, respec-
tively) [3–5].

4.3.3. Combined steady-transient-state response
The pump–acoustic interaction associated with steady pump loading

with pulsatile flows and dynamic pump loading with the mean flow is
stationary (same frequency component throughout time). On the other
hand, the pump–acoustic interaction due to dynamic pump loading
(startup–shutdown) with pulsatile flows (see Fig. 2) generates non-
stationary plane acoustic waves (see Fig. 5; highlighted by snapshots 𝐀
and 𝐁). The pump-flow-induced acoustic response is the superposition
of high-amplitude low-frequency (based on fundamental acoustic eigen-
mode) transient characteristics of plane acoustic waves (snapshot 𝐀)
and low-amplitude high-frequency (based on pump harmonics) steady
characteristics of plane acoustic waves (snapshot 𝐂).

4.4. Pulsation-induced vibration

The two major consequences of the interaction of dynamic pump
loading (startup–shutdown operation) with the acoustical and struc-
tural eigenmodes are the acoustic-induced shaking forces and vibration-
induced stresses in a piping network. The acoustic–structural inter-
action causes energy exchange between acoustics and structures and
9

hence leads to vibration in a piping network [7,8]. When a piping
network contains multiple changes in the flow direction, it becomes
susceptible to vibration caused by shaking forces that act at pipe
bends and tees due to acoustic–structural coupling. The shaking forces
are generated at pipe fittings due to the combined steady-state and
transient characteristics of pressure pulsation. Various segments in a
three-dimensional piping network are then subjected to a complex
state of combined loading (tension/compression, bending, and torsion)
due to junction coupling at bends and tees in the form of pump–
acoustic–mechanical coupling. This leads to a generation of large piping
vibration-induced velocity and vibration-induced stresses.

We utilise structural vibration analysis results to derive time-span
diagrams that allow us to see structural vibration velocity and stress
against piping longitudinal positions (shown also by [6,75]). Here, the
times are plotted against piping longitudinal position with an overlay
of vibration-induced velocity (𝐮) and stress (𝜎) (see Fig. 6a,c and
b,d, respectively). Using time-span diagram, the location of maximum
velocity (at 𝑠 = 26.3 m) and stress (at 𝑠 = 35 m) can be easily identified
and distinguished. Fig. 7(a,b) shows the global distribution of maximum
vibration velocity and Von-mises stress in a piping network which is
driven by dynamic pump loading with pulsatile flows (see Fig. 2c).

In the present study, we highlight the fundamental mechanisms
underlying the influence of pumps starting and stopping dynamic load-
ing on the coupled acoustic–structural response of a piping network.
In practical systems, the pump operations include multiple startup–
shutdown events during operation. The turbo-machineries can undergo
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startup and shutdown operations under two scenarios: (a) the reg-
ular maintenance required to ensure smooth operation and (b) the
emergency shutdown in case of a failure. Consequently, startup and
shutdown transients are detrimental to machinery because of the in-
termittent operational cycles (startup and shutdown frequency), which
can cause fatigue failure due to the interaction mechanism between
low-cycle fatigue and high-cycle fatigue (LCF–HCF).

5. Summary and conclusion

The study highlights various contributions to the acoustic–structural
coupling mechanisms in a complex piping network due to dynamic
pump loading operations. The piping network is equipped with three
reciprocating pumps, each generating three types of discharge flows,
i.e., steady-state pump loading with pulsatile flows, dynamic pump
loading with mean flows and dynamic pump loading with pulsatile
flows. The MOC-FEM framework is applied to a typical rapid startup–
shutdown operation of pumps generating pulsatile flows, which is not a
feature of most of the piping pulsation–vibration assessment tools. The
following conclusions can be drawn:

1. Transient-state characteristics of plane acoustic wave propa-
gation are independent of pulsatile flow harmonics, whereas
steady-state characteristics are driven by interactions between
pulsatile flow harmonics and acoustic eigenmodes.

2. Transient-state acoustic resonances are observed at the fun-
damental eigenfrequency, which results in an increase in the
pulsatile flow-induced acoustic pressure and acoustic-induced
vibration stresses in piping networks.

3. Pump loading under dynamic conditions with pulsatile flows
generates complex acoustic responses in a piping network, which
produce an extremely different behaviour from that expected for
pump loading under steady-state conditions. During the pump
startup–shutdown event, the acoustic pressure is the superpo-
sition of moderate-to-high-frequency steady-state characteristics
(with low amplitude) and the low-frequency transient character-
istics (with large amplitude).

4. A recent study suggested that the attenuation in transient plane
acoustic waves could be attributed to the pipe friction effect,
which is caused by straight pipes and fittings.

A piping system’s reliability and integrity depend on the systematic
nalysis of its structural responses during many transient cycles. As
art of the future work, we will incorporate (multiple) daily startup–
hutdown cycles and load variations into the fatigue assessment in
rder to quantify vibration-induced fatigue. This assessment will in-
lude a consideration of the interaction between low-cycle fatigue and
igh-cycle fatigue.
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