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Abstract:
Studies involving two-phase flow are extremely important for the petrochemical industry because the way in which
the phases are distributed dictates the behavior of the gradient of pressure and quantities such as the heat transfer
coefficients of the mixture, in addition to being relevant in flow assurance problems. Therefore, this work studies the fluid-
structure coupling in two-phase flows in horizontal pipes through the analysis of pressure and acceleration signatures.
The results indicate a region of fluid-structure coupling from 2400 Hz to 3400 Hz, called coincidence frequency. Where
the circumferential mode frequency of pipe is very close the resonance frequency of the bubble, in the liquid piston for
intermittent patterns.
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INTRODUCTION

The intermittent flow pattern is problematic for practical operations due to changes of moment and pressure fluctua-
tions causing the pipe resonant oscillations (Hara, 1977, Miwa, 2015). Then, fluid flow in pipes is a typical Fluid Structure
Interaction (FSI) phenomenon, in which the flow excites the pipe and consequently it is deformed, named one-way cou-
pling. On other hand, the two-way coupling consider that excitation of the flow causes deformations in the walls pipe and
it also excites the flow (Mohmmed, 2020). Nevertheless, due to its complexity, few studies have investigated two-way
coupling, so the most assume the one-way coupling to analyze the dynamic response analytically and computationally.
Figure 1 presents the physical model for slug flow. It consists of alternating repetitive arrangements, called unit cells with
length LU along the pipe with a characteristic frequency. These cells are composed of liquid pistons aerated by small
dispersed bubbles of length LS followed by a Taylor bubble of length LF . In addition, there is a turbulence zone behind
the Taylor bubble passage defined as LM .

Figure 1 – Slug flow characteristics (adapted) (Shoham, 2006).
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Dispersed phase bubbles present in the liquid piston in the intermittent pattern are deformable and compressible, in
two-pahse gas-liquid flows. More significantly, the study of this phenomenon involves understanding the processes of
coalescence break up as well as any phase changes occurring. The coalescence process is responsible for the evolution of
fluid bubbles sizes, together with break up and mass transfer due to particle growth. Liao (2009) pointed out a variety of
mechanisms for breaking the bubble that include turbulent fluctuation and collision or turbulent shearing, viscous shear
force, interfacial instability and shearing-off process. Furthermore, an important mean diameter for these bubbles is called
the Hinze diameter is based on the concept of turbulent forces overcoming surface tension forces, dispersing the gas phase
into small bubbles in the continuous phase. According to Zhao (2021), the bubbles larger than Hinze diameter (di > dH ),
called super-Hinze region, tend to follow a −10/3 power scaling with respect to the major length, in addition the surface
tension can hold the bubble shape against the shear forces in a turbulent flow. However, for diameter smaller than the
diameter of Hinze (di < dH ), called Hinze-scale, the surface tension can hold the bubble shape against the shear forces in
a turbulent flow.

Another important point is that the bubbles are deformable and compressible, which allows the movement of contrac-
tion and expansion. When a bubble is placed in an acoustic field with wavelength much larger than the bubble diameter
it undergoes radial oscillations. Depending on the intensity of the driving force, the bubble may oscillate linearly around
its equilibrium radius, oscillate nonlinearly or even collapse. For small amplitudes, the bubble oscillates linearly. For
increasing amplitude, the bubble may oscillates nonlinearly and until it collapses. For the linear case, the bubble will
compress while the pressure is positive and expand when it is negative. So, the radial oscillation is inversely proportional
to the pressure of the continuous phase, and this works as a harmonic oscillator. Therefore, there is a periodic variation of
the small amplitude radius with a characteristic frequency during the time the bubble is under the pressure field (Brennen,
2005). Therefore, the Fluid-structure coupling between a structural frequency of the duct and the resonant frequency
of the bubbles is investigated through vibration and pressure signals acquired from a two-phase experimental test in a
horizontal duct.

Fluid-structure coupling

An important behavior is observed when an acoustic frequency is equal or close to the structural mode, called co-
incidence phenomenon. It is related by an increase in the vibrational response in the this frequency. This phenomenon
is usually observed at frequencies close to the cut-off frequencies of the cylindrical shells due to the circumferentially
combined character of the structural and acoustic waves of the wavenumber. According to Fahy e Gardonio (2015), this
phenomenon is important to determine the coupling between this two domains. But there are few literature studies on
single-phase and two-phase internal flow applications.

The vibroacoustic behavior of pipe conveying two-phase flow has not been extensively addressed, although the sound
field also excites the structure generating vibrations. Fuller and Fahy (1982) investigated the dynamic behavior of thin-
walled cylindrical elastic shells filled with fluid, where reported that energy in specific modes can be transferred between
the fluid and the structure depending on the excitation frequency and the modal characteristics of the coupled system.
Norton e Bull (1984) investigated the phenomenon of acoustic radiation in turbulent internal flow, where identified the
coupling of structural and acoustic modes close to the cut-off frequency.

The problem involves the coupling of structural and fluid, so the main difficulties include the coupling of the wave
propagation equation to the pipe wall and fluid. Kirby (2019) observed the phenomenon of energy transfer between
the fluid and the structure using a semi-analytic method to couple the elastodynamic wave equation for the pipe wall
to convected wave equation for sound propagation in a uniform fluid flow. Figure 2 presents is possible to observe
the fundamental fluid type mode comes close to a structural type mode, but avoids crossing and, therefore, energy is
transferred from the fluid to the structure. In addition, the author concluded that the mean flow significantly changes the
radiation characteristics of acoustic pipes, with a directly proportional relation.

Resonant frequency of the bubbles

As previously discussed, a bubble in a liquid can be considered an oscillator due to the elastic behavior of the non-
condensable gas that the bubble contains and the inertia of the liquid. Therefore, a natural frequency is associated with
bubble oscillatory dynamics in a liquid that can be derived from the Rayleigh-Plesset equation in the absence of ther-
mal effects and liquid compressibility effects. Thus, the natural frequency of oscillation of the bubbles fr, also named
Rayleigh-Plesset frequency, is represented by,

fr =
1

2π

√
1

ρLR2
0

(
3K(p∞ − pV )+2(3K −1)

σ

R0

)
, (1)

where p∞ is mean pressure value, R0 is the radius of the bubble, K is the polytropic coefficient, pv the vapor pressure
which depends only upon the temperature, and ρL is the density of liquid and σ s the surface tension.

The bubble diameter considered is the Hinze diameter witch is is based on the concept of turbulent forces overcoming
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Figure 2 – Coupling between the fluid and the structure obtained by Kirby (2019) (adapted). Full black lines are
coupled fluid type modes, dashed black lines are uncoupled structure modes and full gray lines are coupled

higher order compressional modes.

surface tension forces, dispersing the gas phase into small bubbles in the continuous phase (Hinze, 1955), (Barnea, 1985)
and (Calderbank, 1958). Thus, the expression for Hinze diameter is,

dH = (0.75+4.15
√

α)

(
σ

ρL

)0.6(2 fMvM

d

)−0.4

, (2)

where fM is the mixture friction factor, vM is the velocity of mixture, α is the void fraction and d is the diameter of pipe.

Cylindrical shells

The cylindrical shell is a structure limited by two curved surfaces, in which the distance between these surfaces is
small in relation to the other dimensions, radius and length. The circumferential modes are related to the mechanical
waves present in the structure and are different from the vibration modes associated to the natural frequencies of a finite
length structure. The axial modes are flexural deformations along the axial direction (Fahy, 2015).

For low frequency, domain below the frequency of the ring is the zone dominated by the stiffness of the structure. In a
”bending mode”, n = 1, the cylindrical shell oscillates around the axial axis while radial displacements remain unchanged,
in other words, the structure behaves like a beam corresponds to a rigid body mode. Therefore, in an empty cylindrical
shell, the frequencies of the other circumferential modes are determined by the non-dimensional frequency parameter,

Ω
2
n =

(
h√
12r

)2

n4
[

1− 1
2

(
1

1−ν

)(
4−ν

n2 − 2+ν

n4

)]
. (3)

where Ω = ω/ω1, ω1 =
√

E/ρr2, E is modulus elasticity, ρ is the mass specific, ν is the coefficient of Poisson, r is the
radius and h is the thickness of pipe. The ring frequency associated to the circumferential order n = 0 exhibits a resonance
frequency higher than that for n = 2 due to the effect of curvature of the ring stiffener,sometimes the ring frequency can
be higher than the n = 3, ...,N frequencies.
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EXPERIMENTAL SETUP

The horizontal line of two-phase liquid-gas flow was developed, consisting of a 15 meter section of NBR 5580 carbon
steel pipe with 2” internal diameter and 4.5 mm of thickness. This pipe has modulus of elasticity, specific mass and Poisson
of coefficient equal to 193.23 GPa, 7434.5 kg/m3 and 0.30, respectively. The oil used in this test is of the Luchetti M600
mineral type with a viscosity of approximately 205 cP, at ambient temperature and an average density of 868 kg/m3. The
water has a viscosity of approximately 1 cP, at at ambient temperature, and an average density of 998 kg/m3. At the end
of the line, the viewing session was installed, where the camera was positioned to record the flow pattern and holdup. The
distribution of sensors on the bench is shown in Figure 3, with four piezoelectric pressure sensors (PZ1,PZ2,PZ3 and PZ4),
two differential pressure sensors, two triaxial accelerometers (AT 1 and AT 2) and four uniaxials accelerometers (Au1, Au2,
Au3 and Au0). The accelerometer Au0 was placed on the pipe support to analyse the boundary condition.

Figure 3 – Experimental setup and sensors configuration.

Figures 4 (a) and (b) presents the flow map for water-gas and oil-gas flow, respectively, using the model proposed by
Barnea et al. (1980). The X-axis is the superficial velocity of gas (JG) and Y-axis is the superficial velocity of Liquid (JW
and JO). It was determined a set of 33 experimental points for water-gas flow and 34 for oil-gas flow. They are presented
overlapping the flow map models, indicating the observed flow pattern by different symbols.

[a] [b]

Figure 4 – Flow pattern map for water-gas (a) and oil-gas (b) flow according to the Barnea1980 model.
Experimental points overlapping the map indicate the observed flow patterns as slug (×), churn (△) and

dispersed-bubble (⃝).

RESULTS

In this work, the natural frequencies ( fm) of the pipe was calculated by a simplified model of a Euler-Bernoulli beam
convey fluid flow assuming simply supported boundaries conditions with torsional springs, which represent the bending
stiffness of the pipe structural elements connected. This model can capture the low frequency behavior, these are related
to local modes of the pipe and are greatly affected by the pipe geometry and boundary conditions, for example, the
flange connections. Thus, the analytical values calculated were fm1 = 12.82 Hz, fm2 = 42.03 Hz, fm3 = 87.92 Hz, fm4
= 150.56 Hz. At higher frequencies, acoustic coincidence effects cause increased excitation of supersonic pipe modes,
which increase wall vibrations and external noise radiation. The cut-off frequencies of the circumferential wave modes or
cylindrical shells frequency ( fn) were calculated by Equation 3, the analytical values calculated were fn2 = 12.82 Hz, fn3
= 42.03 Hz.
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Figure 5 presents the amplitude of the Discrete Fourier Transform (DFT) of the acceleration signal. The moving
average technical with 50 samples was used for smoothing the curve of DFT. The first four natural frequencies fm1,2,3,4 of
the pipe convey the two-phase flow are identified in colored dots. Moreover, the shell frequencies fn2,3 are marked with
pink and gray dots respectively. It is observed that amplitude of the DFT is larger in first mode results, this can be caused
by the presence of two-phase flow phenomena, for example, Taylor bubble with low frequencies affect the first mode peak
frequency response. Furthermore, the frequency fn2 also has a very pronounced amplitude, it is in the zone of the fluid
phenomenon that will be detailed in the next work.

[a] [b]

Figure 5 – The raw (gray line) and smoothed (black line) DFT of the acceleration signals for the 2” pipe for (a)
water-gas and (b) oil-gas flow.

Figure 6, on the left, presents the time signal of pressure (Pz1) and acceleration signal envelope (AT 1) measured at the
same position of pipe for intermittent pattern. A band-pass filter from 2400 Hz to 3400 Hz was applied in the acceleration
signal, in the cylindrical shell frequency region ( fn2) and the envelope was obtained by applying the Hilbert transform.
A low-pass filter with a cut-off frequency of 30 Hz was applied in the pressure signal, as discussed in Section ?? is the
region where the main phenomena related to flow occur. On the right presents the DFT of the original acceleration signal
(gray line) and a smoothing curve (black line), obtained using the moving average technique with 50 samples. The red
dot indicates the cylindrical shell frequency and the blue line indicates the resonant frequency of the bubbles, calculated
with the Hinze diameters. The superficial velocities of the phases (Jsg and Jsl) and the translational velocity (VT B), slug
frequency ( fs), resonance frequency ( fr) and flow pattern are also indicated. Thus, it is possible to observe that when fr
is close to f n2, i.e., the blue line is near the red dot, the pressure and acceleration signals have an orderly behavior. The
maximum amplitude of the pressure signal and the acceleration envelope signal are coincident, as shown in Figure 6 (c).
According Carvalho (2020) the increase in the amplitude of the acceleration signal corresponds the transition region of
piston liquid and Taylor bubble. Consequently, the maximum amplitude peaks of both signals indicate the passage of the
Taylor bubble.

Figure 7 presents the pressure signal and acceleration envelope measured at the same point in the pipe, for oil-gas flow.
As in the previous case, the acceleration signal was filtered in the cylindrical shell frequency region fn2 (2400 Hz-3400
Hz) and the pressure signal was filtered at 30 Hz. By doing so, it is possible to observe that the maximum amplitude
of the pressure signal and the acceleration envelope signal are coincident for the cases (b) and (c). This behavior is also
associated with increases the number of bubbles dispersed in the flow caused by the increase in the superficial velocity of
the gas (Shoham, 2006).

In all cases, the Hinze diameter (dH ) was calculated by Equation 2 and the resonance frequency ( fr) was calculated
using the Hinze diameter from Equation 1. These results indicate that a source of excitation for phenomenon of fluid-
structure coupling, from 2400 Hz to 3400 Hz. Furthermore, in the following work, the flow parameters measured with the
filtered signals in this region will be shown, as Taylor bubble velocity and slug frequency.

CONCLUSION

The results of the analysis of the structural vibration and pressure signals indicate an region of fluid-structure coupling
from 2400 Hz to 3400 Hz, called coincidence frequency. Where the circumferential mode frequency of pipe is very close
of resonance frequency of the bubble, in the liquid piston for intermittent patterns. As a consequence, it was possible to
identify the Taylor bubble passage, to estimate the translational velocity and slug frequency in the coincidence frequency.
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Figure 6 – Time series of pressure (red line) and acceleration signal envelope (black line) filtered, on the left.
Acceleration signal DFT, cylindrical shell frequency f n2 (red dot) and resonance frequency fr are indicated (blue

line), on the right, for water-gas flow.

Petroleum (LabPetro) ’Kelsen Valente Serra’, at the Center for Petroleum Studies (CEPETRO), University of Campinas
for the experimental facilities.
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