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Abstract: - The flow-induced vibration is a critical problem in the Oil & Gas industries. It has been
observed that vibration generated in the pipework may lead to cyclic stresses, which can result in
incidents of leakage. Factors that affect flow-induced vibration are many. Properties and characteristics of
the pipe material as well as the fluid carried in the pipelines, physical connection and setup of pipelines,
dynamics of the flowing fluid, are just some of the many variables that can affect the vibration, which
need to be considered when modeling flow-induced vibration in pipes. This work aims to investigate the
validity of a mathematical model to predict flow-induced vibration in piping systems. The results can be
utilized to forecast the failure of the piping system as a result of flow-induced vibration. The real-time
vibration data were investigated in a real oil industry station. In this work, flow-induced vibration
measurements were carried out, and the frequency and acceleration of vibration were analyzed. Carbon
steel and GRE pipes were tested at different sizes, flow rates, and boundary conditions. The frequency
and acceleration of vibration were recorded using a 3-axis vibration sensor. A mathematical model is
presented to estimate flow-induced vibrations in pipes. Moreover, comparisons of the experimental
results with the theoretical model were presented to validate the accuracy of the model in predicting the
flow-induced vibrations in the pipes.

Keywords: - Condition monitoring, oil Pipelines, preventive maintenance, Carbon steel pipes, GRE pipes,

and Natural frequency

1. INTRODUCTION

Excessive vibration leads to increased wear and
tear of the parts and inaccurate readings from the
sensors. It is also one of the main causes of leakages
in pipelines and explosions in refineries and
petrochemical plants. The vibrations are measured
by determining the amplitude of the vibration. The
higher the amplitude, the greater the vibration. The
vibrations of maximum amplitude are encountered at
a special condition called resonance, which occurs
when the natural frequency of the object under
vibration is very close to or the same as the exciting
frequency. The vibrations at resonance lead to
catastrophic failure of the equipment. Thus, the

vibration analysis of the piping system is required to
be done to avoid leakages in the pipe and to help
engineers choose the correct clamping system in the
right locations in order to reduce the vibration-
induced failures in the pipeline

Flow induced Vibration is a serious problem in
Oil & Gas industries, and repeatedly occurring
vibration in the pipeline will lead to leakages, which
would eventually cause danger to the lives of the
workers in the Oil field. The economic impact of
piping vibration analysis is to provide a long-life
period for the pipe and help to reduce the cost of
maintenance. Also, leakage of oil leads to the
pollution of soil and the atmosphere. Moreover,
vibration in the piping system may cause leakages
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leading to fire accidents, which may result in the
loss of human life. In the oil industry, the piping
system provides transport for a wide range of
substances such as petrochemicals and water. The
flow through the pipeline must be non-stop, twenty-
four hours a day, throughout the year. This non-stop
flow leads to repeated stress due to vibration. If the
maximum stress that a pipe’s metallic material can
withstand for an infinitely large number of
sinusoidal reversed cycles of loading is reached,
failure due to fatigue will occur [1]. Fatigue is one
of the major causes of leaks and failures of
pipelines. [1]. Finite element software through
modal analysis was applied to monitor conditions of
piping vibration under operation [2]. The concept of
modal testing has been adapted for hydraulic
pipeline systems and demonstrated for a straight
pipeline [3]. Finite element analysis was applied to
determine the critical velocity in the pipeline, which
can be implemented using a distributed vibration
sensing system for the Oil and Gas industry [4].

Another advantage of modeling the pipelines
using software and a mathematical approach is the
ability to investigate different types of supports
through setting appropriate boundary conditions [5].
A model based on vibration measurement was
created to detect the leakages and to indicate the
areas where there is a maximum possibility of
leakage [6]. A combination of computational fluid
dynamics and finite-element modeling was also
developed for assessing and diagnosing multiphase-
flow-induced vibration problems in hydrocarbon-
production piping systems [7]. In-line and cross-
flow coupling vibration response characteristics of a
marine viscoelastic riser subjected to two-phase
internal flow were also studied using extended
Hamilton’s principle, and the model was validated
through comparisons with the published experiment
and numerical simulation results [8]. It has been
reported that according to the standard of the gas
industry, when the vibration speed reaches 18 mm/s
referred to as an emergency vibration level.
Similarly, when the vibration speed exceeds
41 mm/s, it is referred to as the alarm
vibration level. Also, for pipeline sections more than
0.5m, the vibration displacement span is restricted to
0.5 mm [9].

Flow induced vibration model has been
developed for the case of clamped ends of a free
pipe section, and mathematical expressions were
developed for natural frequency, pipe deflection,
critical velocity, and maximum stress due to
vibration [10]. In this work, experimental results
were obtained and compared with the flow-induced
vibration model developed by [10], which was found
to be in good agreement. This work, including

experimental measurement of different sizes and
materials of pipeline vibration, was carried out at
Mina' Al Fahal Oil refinery located in Oman. The
station consists of a network of various pipelines
with different materials such as Carbon steel and
GRE.

2. MATHEMATICAL MODEL FOR
FLOW-INDUCED VIBRATION IN A PIPE

Flow-induced vibration of pipe sections due to
internal fluid flow has been a common phenomenon
in industrial plants and pipelines. In the case of
natural vibrations, the stress across the cross-section
of pipelines can be determined using the following
equation [7]:

Ely”
o =Yg D (D
where: y is the displacement amplitude, ¢ is a
permissible stress in the pipe metal, FEI is the
bending rigidity of the pipe, Yo is the allowable
amplitude of vibration, and W (Z)is a moment of
resistance in the pipeline along the flow axis(Z).

The natural frequency of the beam is given
below, where the mass of the beam is replaced by
the mass of the pipe, and the pipe is assumed to be
simply supported [9]:

wnzﬂz\/% ()

The standard values for B2 are as follows: for
clamp support 4.73, for simply supported 3.142, for
clamp and simply support 3.927, and for clamp with
fixed support 1.875.

-
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Figure 1. Schematic diagram of vibrating pipe section [§]

The governing equation for the flow-induced
vibration will be presented for a clamped support
pipe as shown in Figure 1, where analysis can be
simplified with the following assumptions while
deriving the governing equation [8]:

e The whole pipe section has a homogeneous
cross-section, and fluid is flowing through at
an average velocity.

e Supports are rigid clamps.
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e Vibration amplitude is much less than the
free length of the pipe.
e Vibrating section is strong enough to resist
transitioning into the second mode
where,
Fjex — Flexural reaction
Fens — Centripetal force

m— Mass of flowing fluid
2
% — Fluid flow acceleration
We know that from mechanics,
. daz (1
Friex = EI E(E) (3)
and
Fcent me (R) (4)

where R is the radius of curvature, and from

calculus, we can write the radius of curvature as,
dzy
1 iz
G®)=—" ®
dy\“1?
[1+( ) ]

Substitute these values in the governing equation,
and from the assumption of small deflection in a
structurally strong pipe section, the equation
simplifies to [8]:

dZ
dxz — mf VZ dx? —7
[ dx ] [1+ dx. ]
Mot ——2 dtz 7 =0 (6)
Subject to boundary conditions (BCs)
y(0,t) =0
y(L,t) =0
dy(0,t)
dx =0
dy(Lt) _
dx

and the initial condition
y(x,0)=0
Assuming a solution of the form:
y(x,t) = Y(x)sinwt
with Y(x) assumed to be an exponential function:
Y(x) = Ce™
The solution in the form of a Polynomial by
series expansion can be written as below [8],

y(x) = B; + Byx + B3x? + Bux3 + Bsx*  (7)
Applying the boundary conditions

Bl = BZ = 0
By = Bgl?
B, = —2B:L

The solution is now [8],
y(x,t) = Bs(x%L? — 2x3L + x*) x sin (wt) (8)

where Bs and w are yet to be found

Later, the average values of centripetal force and
the average value of deflection would be used to
eliminate x.

Then, the Governing equation is simplified to
calculate w and peak amplitude [8].

d2
2 %(zx) - mtotWZY(x) =0 (9
The peak value of deflection Y(x), which occurs
in the middle, is therefore,

y@)=yG)=f5 (10)

The points at which direction changes have zero
centripetal force and average inverse of curvature
peaks in the different zones, we can calculate
constant Bs, and this value is an estimate local to the
regions [8]

EI(24Bs) + m;V

4.6024
B = 250 an

The equation can be written to calculate w[8],
EI(24Bs) + msV*(—0.037123m;BsL?) —
B
nqmwz(;G)—-O (12)

then flow natural frequency can be expressed as [8],

_ |16(24E1-0.037123mV212)
h MeocL*

13)
where,
e F is the Modulus of elasticity for the pipe
material, in MPa
e [ is the Moment of Inertia for a Circular
section in m*
e my is the Mass of flowing fluid inside the
pipe, in kg/m
e L is the Length of the pipe for the measured
location, in m
V' is the flow velocity of the fluid, in m/s
M, is the Total mass i.e., the Sum of the
mass of the flowing fluid and pipe, in kg/m
Equation (13) will be primarily used to estimate
the natural frequency of pipes under experimental
investigation.

Figure 2. Sensor locations on a 6” pipeline
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3. EXPERIMENTAL SETUP

Experimental setup and measurement were
carried out at Mina' Al Fahal Oil refinery located in
Oman. The station consists of a network of various
pipelines with different materials, such as Carbon
steel and GRE, that carry oil, oil mixture, and water.
The pipelines’ vibration was investigated, and the
frequency and acceleration of vibration were
analyzed. The frequency and acceleration of
vibration were recorded using a 3-axis wireless
accelerometer, which was placed on the surface
pipes (with different materials and different sizes) to
record vibration data of the pipe under study. Figure
2 shows points at which measurements were taken
from the 6>’ GRE pipe, where the red dots indicate
the locations of placing the sensor. A 20 cm space
was taken between two successive points. The
Coriolis flow meter shown in Figure 3 was used to
measure the flow rate of a fluid flowing through the
pipe. This measurement will later be compared with
the theoretical frequencies calculated from equation
(13). The same measurements for vibration were
repeated for the carbon steel pipe. The number of
readings was taken along the 6 " Carbon steel (CS),
3" CS, in the same way it was carried out for the 6"
GRE pipe.

Figure 3. Sensor locations on a 6” pipeline

4. RESULTS AND DISCUSSION

This  section presents the experimental
measurement of flow-induced vibration at different
locations on a number of pipes within the refinery
station. Measurements were carried out at Mina' Al
Fahal Oil refinery located in Oman. Figure 4 shows
a sample of measured vibration for the CS 3" pipe,
where the peak vibration takes place at 45 Hz with a
magnitude of 0.066 m/s.

For example, the frequency of vibration for the
6” pipe GRE is 79.5 Hz at a flow rate of
24.2+ 0.1 m*/hr, while the frequency of vibration for
CS 6" was 48.7 Hz (= 6%) at a flow rate of
25.6 £ 0.4 m*/h.

Theoretical flow-induced vibration values based
on equations (12) were also calculated and compared
with the experimental results. For example, a GRE
pipe at the given flow rate is expected to vibrate at a
frequency of 79.5 Hz for the span length of 2.6 m.
This value is very close to the measured frequency
value (77.9 Hz). Figure 5 present comparison
between measured and calculated vibration
frequencies for 6’” inch GRE, 6”-inch CS, and 3”-
inch CS pipes.

30 35 40 45 50 55 60 65

frequency (Hz)

Figure 4. Measured vibration for CS 3" pipe

Table 1. Data related to the 6°> GRE Pipe

Density of GRE/CS Pipe, kg/m? 1550

Density of crude oil, kg/m? 800
Length of pipe at measuring Location, m 2

Natural Freq. pipe with Clamped

Supports, Hz 77.892
Peak Displacement (m) 0.00004
Maximum Acceleration, m/s> 9.611

Table 2. Data related to the 6°° CS Pipe

Density of CS Pipe, kg/m? 7860
Density of crude oil, kg/m? 800
Length of pipe at measuring Location, m 1.2

Natural Freq. pipe with Clamped

Supports, Hz 43.954
Peak Displacement (m) 0.00012
Maximum Acceleration, m/s> 9.724

Table 3. Data related to the 3°> GRE Pipe

Density of CS Pipe, kg/m? 7860
Density of crude oil, kg/m? 800
Length of pipe at measuring Location, m 0.6

Natural Freq. pipe with Clamped

Supports, Hz 47.314
Peak Displacement (m) 0.0001
Maximum Acceleration, m/s? 9.611
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The parameters used in the -calculation of
vibration frequency and acceleration of different
pipes are presented in the Tables. 1, 2, and 3.

The frequency of vibration along with the flow
rate, for CS 6", CS 3", and GRE 6" pipes is
presented in Table 4.

Table 4. Acceleration and frequency value of 6" CS
(Carbon steel), 3" CS, and 6" GRE pipes

Distan Fr 1 Flow
Reading Pipe (s m)ce e(cgllz) Y Rate
¢ (m’/hr)

R1 CS 6" 20 50 24.1

R2 CS 6" 40 50 24.2

R3 CS 6" 60 49.5 24.2

R4 CS 6" 80 46 24.2

RS CS 6" 100 48 24.3

R6 CS 3" 120 45 24.3

R7 GRE 6" 140 79.5 24.4

R8 GRE 6" 160 79.5 24.5

R9 GRE 6" 180 79.5 24.5

R10 GRE 6" 200 79.5 24.6

R11 GRE 6" 220 79.5 24.7

R12 GRE 6" 240 79.5 24.7

R13 GRE 6" 260 79.5 24.8

R14 GRE 6" 280 79.5 24.9

R15 GRE 6" 300 79.5 25.1

R16 GRE 6" 320 79.5 25.0
90
80

70 The measured value of Freq.

N e M Calculated value of Freq.

& s0
E-‘ 40
E 30

: I I I I
10
0

6" GRE 2.6m 6" GRE 2m 6" CS 3"CS

Pipe Sizes
Figure 5. Comparison between measured and calculated
vibration frequencies

Figure 5 present comparison between measured
and calculated vibration frequencies for 6’ inch
GRE, 6”-inch CS, and 3”-inch CS pipes.

Theoretical induced vibration was also compared
with the measured values for the case of carbon steel
pipes (6” and 37).

5. CONCLUSIONS

The flow-induced vibration is a critical problem
in the Oil & Gas industries since it introduces
fatigue damage, which eventually leads to leakages
in the pipe. Therefore, flow-induced vibration of the
piping system is to be estimated based on operation

conditions (e.g. flowrate of fluid), type of pipe
materials, and characteristics of the flowing fluid.

In this work, a model to predict the amplitude
and frequency of flow-induced vibration in oil
pipelines was presented and verified experimentally.
At a given flow rate of 24.1 to 25.1 m’/hr, the
amplitude and frequency of vibration were measured
and compared with the theoretical values for 6” CS,
3”7 CS, and 6” GRE pipes. Results from the
mathematical model were compared with the
measured results and show high agreement with a
maximum error of 4%. There are certain parameters
to identify the severity of vibrations, but the most
critical parameter is the critical velocity. The model
can then be extended to predict the frequency and
amplitude of flow-induced vibration of pipes. The
result can also be applied to control the flow
characteristics and pipes’ materials to avoid fatigue
failure and dangerous resonance frequency of pipes.
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