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ABSTRACT 

 

TWO-PHASE FLOW INDUCED VIBRATION IN COMPLEX GEOMETRIES 

 

Olufemi Eyitope Bamidele      Advisors: 

University of Guelph, 2019      Dr. Wael H. Ahmed 

         Dr. Marwan Hassan 

 

Two-phase flow-induced vibration (FIV) has been a major concern in many industrial systems 

including tube bundles in steam generators, chemical mixers, and oil and gas pipelines. In these 

systems, when two-phase flows through complex geometries, such as elbows, tees, orifices and 

valves, it creates an undesirable level of vibrations in the piping structure. In many cases, the 

vibration can be large enough to cause piping failures. In this thesis, two-phase flow-induced 

vibration in piping structures with a U-bend and a flow restricting orifice were investigated. 

Experiments were carried out with air and water for wide range of operating conditions to 

investigate the effect of various flow patterns including bubbly, intermittent and separated flow 

on the vibration response of the structures. Also, the effects of void fraction, mass quality and 

geometry were investigated. The results provide a better understanding of the effect of void 

fraction and flow pattern change on the vibration response in complex geometries. The thesis 

introduced synchronized flow visualization along with the local void fraction and vibration 

signals, acquired through the use of state-of-the-art equipment to understand piping structure 

response. A mathematical model of the two-phase flow induced forces in a piping elbow was 

proposed and validated. Flow pattern maps were drawn as a part of this work to ensure better 

design and safe operation of systems suffering from two-phase flow-induced vibrations. 
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CHAPTER 1 

1.0 INTRODUCTION 

 

1.1 Research Motivation 

 Flow-induced Vibrations (FIV) is a degradation mechanism caused by single phase and 

two-phase flow. Two-phase flow applications are found in various industries such as power 

generation, food, chemical, and water treatment. For example, in the petroleum industry, 

secondary recovery of crude oil from oil wells is done by injecting water, natural gas, air, carbon 

dioxide or other gases into the bottom of active wells.  

 Several degradation mechanisms including flow accelerated corrosion, liquid impact 

erosion, cavitation and two-phase flow-induced vibrations can occur under two-phase flow 

conditions. This type of flow is therefore a potential risk to component integrity. Although, the 

single phase flow also causes degradations in engineering systems, the two-phase flow is 
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complex due to the distribution and discontinuities of phases that are characterized by an 

unsteady nature. The interaction between the phases and the unsteadiness in the flow is also a 

major cause of the complexity. Various flow patterns exist in two-phase flow and each flow 

pattern is unique. Ranging from bubbly flow to annular flow, the level of degradation and its 

mechanisms are different.  

 The presence of piping components, flow controlling and measuring devices, such as 

orifices, control valves, elbows and tees in two-phase systems, increases the complexity of two-

phase flow. The gas phase tends to redistribute in the liquid phase downstream of such devices, 

thereby creating different flow patterns compared to the upstream portion. If heat or mass 

transfer exists, the two phases tend to interact, which adds to the flow complexity. This makes a 

prediction of the degradation in systems very challenging.  

 When two-phase flows through piping components, the flow is redistributed, and the 

momentum change downstream of the components causes pressure fluctuations around the walls 

of the piping. This leads to fluctuating stresses, which in some cases may be sufficiently large to 

cause failure. In general, two-phase flow-induced vibrations in mechanical systems may result 

in:  

(i) Wear due to the periodic relative motion of piping components in multiphase 

systems  

(ii) Fatigue failure of components due to induced stress and strains in the piping 

structure 

 Recently, pipeline failures due to fatigue cracks were reported [1]. Such failures need to 

be mitigated as the consequences can be very costly in critical industrial applications, such as 

nuclear power plants. Therefore, this thesis investigates the important two-phase flow parameters 
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that control flow-induced vibrations in piping systems. The findings of this work contribute to 

the body of knowledge of the two-phase flow-induced vibration phenomenon and its effect on 

piping system degradation. The thesis will help reduce the knowledge gap between the two-

phase flow and vibration fields, and increase the available data for safer, more efficient, and 

reliable designs of multiphase flow piping systems. 

1.2 Research Objectives 

 The main objective of this PhD thesis is to investigate the dynamic response of piping 

components in horizontal piping structures to two-phase flow. The scope of the proposed work 

includes: 

i. To experimentally investigate the dynamic response of piping structures with a flow 

restricting orifice to different two-phase flow parameters such as void fraction, mass 

quality, slip ratio, and superficial velocities. 

ii. To experimentally investigate the dynamic response of horizontal piping structures 

with a U-bend to two-phase flow parameters such as void fraction, mass quality, slip 

ratio, phase superficial velocities, and flow pattern change.  

iii. To investigate the effect of geometric parameters such as piping inclination on the 

dynamic response of such structures. 

iv. To evaluate the relationship between time varying two-phase flow properties, such as 

void fraction and the flow pattern in piping components, with the dynamic response 

of the structure. 

v. To develop an approach for the mathematical modelling of the dynamic response of 

piping components under two-phase flow conditions. 
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1.3 Thesis Organization 

 This thesis contains eight chapters including the current chapter. A critical review of two-

phase flow-induced vibration, including void fraction, flow pattern changes, vibration amplitude, 

damping, forces induced by two-phase flow in piping components, and their relation to 

characterizing two-phase flow-induced vibrations is presented in Chapter 2. In Chapter 3, the 

experimental facilities, methodology and data reduction techniques are presented. Chapter 4 

discusses the results of an experiment on two-phase flow-induced vibrations in a piping structure 

due to a flow restricting orifice. Chapter 5 focuses more on the vibration induced by slug flow 

and separated flow patterns. This chapter also presents the results of the synchronised 

measurements of vibration and the two-phase flow properties. The results of the investigation on 

two-phase flow-induced vibrations in piping structures with a U-bend are presented in Chapter 6. 

Chapter 7 presents the results of the mathematical models. The conclusions and 

recommendations for future work are presented in Chapter 8. 
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CHAPTER 2 

2.0 LITERATURE REVIEW 

  

2.1 Introduction  

 The distribution of liquid and vapour phases is important for the description of two-phase 

flow. The distribution of the phases in the flow channel represents unique flow structures called 

flow patterns. In horizontal pipes flow patterns range from bubbly flow to plug flow, slug flow, 

churn flow, stratified flow, and dispersed annular flow depending the orientation of the flow 

channel, channel size, and local flow conditions such as the superficial velocities of the phases, 

the phase densities (ρk) and the pressure  [2]. 

 In Figure 2.1, the bubbly flow pattern is characterised by small, spherical gas bubbles 

dispersed in the liquid stream. In adiabatic conditions, this occurs at a relatively low superficial 

gas velocity compared to the liquid one. The bubble size breakage and coalescence are affected 

by the gas flow rate, temperature and pressure, surface tension and pipe diameter. An increase in 
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the superficial velocity of the gas phase for a given liquid superficial velocity leads to a change 

in flow patterns.  

 

 

(a) 

 

 
 

(b) 

Figure 2.1: Two-phase flow patterns in (a) a vertical pipe, and (b) a horizontal pipe [3]  
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 These patterns can change from small slugs or large gas bubbles, which are normally 

called intermittent flows. On the other hand, stratified flow is classified by a complete separation 

of the gas and the liquid phases into flow streams, and it occurs at low superficial velocities 

(QK/A) in both phases. Where, QK is the flow rate of the phase and A is the cross sectional area 

of the pipe. When disturbances exist at the interface between the gas and the liquid layers, the 

flow pattern is changed to a stratified-wavy flow. Moreover, the annular flow pattern occurs at a 

relatively high superficial velocity of gas compared to the liquid. In horizontal channels, the 

higher the superficial gas velocity, the thinner the liquid film in the upper part of the channel. At 

higher gas velocities, mist flow pattern occurs (Figure 2.1 a). The liquid film in the annular flow 

is frayed off the wall and dispersed in the moving stream of gas [2, 3].  

 Flow patterns are identified on two-dimensional maps called flow pattern maps.  These 

maps are used for predicting the transition from one flow pattern to another, which is 

correspondingly important in the modelling and prediction of vibration behaviour. It is important 

to have an accurate flow pattern map to identify what flow patterns exist in the local flow 

conditions for the development of local flow pattern based models [4]. 

 

2.2 Two-phase Flow Pattern Maps 

 For several decades, researchers in the field of two-phase flow have used both empirical 

and dimensionless parameters, and flow properties, such as superficial velocities, to represent 

flow structures on flow pattern maps. Several works have been done on flow pattern maps in 

various geometries including circular, square and annulus. Channel orientations, sizes, and tube 

bundles of heat exchangers, especially under adiabatic conditions, have been studied. For 

example, Hewitt and Robert [5] published an empirical flow pattern map for upward two-phase 

flow in vertical pipes. Hewitt and Robert [5] assumed that flow pattern transitions depend on 
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momentum fluxes of the phases; hence, they plotted the superficial momentum fluxes against 

each other. This flow pattern is one of the most commonly used by researchers. Baker [6] also 

proposed empirical flow pattern maps for concurrent two-phase flow in horizontal pipes. The 

map was plotted using the superficial velocities (GG and GL) of the phases and two correlation 

factors (λ and ψ):  
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where σ is the surface tension, , µ is the viscosity and ρ is the density. Subscripts A and W are air 

and water, while G and L are gas and liquid respectively. Further investigations showed that the 

Baker map inadequately predicted the flow patterns for many flow conditions in horizontal pipes 

[7]. 

 Teitel and Dukler  [2] proposed a flow pattern map for two-phase flow in horizontal and 

slightly inclined pipes. The parameters used to plot the map, were derived using semi-empirical 

methods. The parameters X, Fr, T and K, are defined as follow: 
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where d is the pipe diameter,    is the Froude number,  (
  

  
)
 
 and (

  

  
)
 

are the frictional 

pressure gradients, assuming that only liquid or only gas was flowing in the pipes respectively. X 

is the Martinelli parameter. The transition between bubbly flow and intermittent flow was 

described with a plot of parameters T with X and a transition line. 

The transition between intermittent flow, dispersed bubbly, annular dispersed and stratified-wavy 

flows was described with a plot of the Martinelli parameter with Froude number. The transition 

curves A and B between the listed regimes were derived theoretically. For the transition from 

stratified flow to stratified-wavy flow, a theoretical boundary curve (C) with a plot of K and X 

was suggested. 

 Mandhane et al. [8] published a flow pattern map for two-phase flow in horizontal pipes. 

The map improved on the Govier and Aziz [9] map that was plotted using superficial velocities 

of both phases. The Mandhane flow pattern map showed better agreement with existing 

experimental data compared to other maps such as the ones by Baker [6] and Govier and Omer 

[10]. The authors suggested that the use of parameters that show the effect of the physical 

properties of the fluid, such as densities, has no significant improvement on the accuracy of flow 

pattern maps. 
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2.3 Fluctuations in Two-Phase Flow Parameters 

 The unsteady nature of two-phase flow is caused by local pressure, void fraction 

fluctuations, density, velocity, and momentum fluxes. Additional momentum fluctuation is 

experienced in the presence of piping components due to changes in the direction of flow, 

boundary layer separation, and vortex shedding. This is compounded by bubble and wave impact 

on the piping components. These fluctuations generate periodic forces in piping systems which 

vary from one flow pattern to another. It has been proven experimentally and numerically that 

void fraction fluctuation is a major cause of two-phase flow-induced vibrations [11–14]. In 1968, 

Yih and Griffith [15] published a classic work on unsteady momentum forces in two-phase flow 

and the vibration of nuclear reactor components. In their work, they identified three main time 

dependent quantities that are responsible for the unsteadiness in two-phase flow: momentum 

flux, void fraction and pressure drop. The quantities are related and an understanding of one of 

them could lead to a better understanding of the others [15]. Experimentally, pressure drop and 

void fraction are defined over the length and volume respectively, while momentum fluctuation 

is defined over a sectional area. Momentum flux is considered to be a fundamental parameter 

required in order to determine the pressure drop. The momentum flux is also easier to measure 

continuously and accurately when compared to the void fraction, which makes it easier to use 

[15]. Researchers have also made several attempts to model fluctuating forces in two-phase flow 

as a function of change in momentum flux, density, and velocity. 

2.3.1 Density Fluctuations 

 From the two-phase flow patterns discussed in the previous section, it is clear that flow 

patterns, such as bubbly and mist flow, that have one phase dispersed in another will have 

different density distributions. Most likely they will experience fluctuations in the local density 
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due to the relative non-uniformity of the flow patterns [16]. Typically, the difference in the total 

mass flux across any particular section is considered minimum in these cases. For example, in 

the case of an annular flow with a high void fraction, a moderate change in the mass flux across 

any section may be expected. However, for an annular flow pattern with a low void fraction and 

slug flow, the variation in the total mass flux across any section cannot be ignored, and large 

fluctuations in the mass flux may be expected [15]. 

2.3.2 Velocity Fluctuations 

 Velocity fluctuations vary from one flow pattern to another. The slip between the phases 

also varies. In upward flow, the gas bubbles in bubbly flow move faster than in the liquid phase 

due to the buoyancy effect. In mist flow, the velocity of the liquid droplets is much lower than in 

the gas phase. In slug flow, liquid slugs move much slower than the gas bubbles. The liquid at 

the centre of the pipe moves faster than the mean velocity of the two-phase mixture in the pipe. 

The wave at the interface of an annular flow has a mean velocity in the order of ten times less 

than the velocity of the gas phase at its core. The Root Mean Square (RMS) of force fluctuations 

increases with the gas flow rate [13]. The magnitude of velocity fluctuation in two-phase flow 

can be within 10% of the mean velocity, as discussed by Yih and Griffith [15]. 

2.3.3 Fluctuation in Momentum Fluxes 

 Momentum fluctuations also vary from one flow pattern to another. In bubbly and mist 

flow, the total momentum flux is almost constant across any section, even though the velocity 

and the density across the section may be non-uniform. In slug flow and annular flow, the 

momentum fluctuation may be expected to be similar to the density but with a higher magnitude. 

This is because the velocity at the core of the liquid phase, which is the wave speed for annular 

flow and the liquid phase velocity for slug flow, is always larger than the average velocity of the 
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liquid phase [15]. The fluctuation in the momentum fluxes for different flow patterns were 

reported. The average momentum flux was represented by the voltage value detected by the 

probe. Distinct high peaks were observed in the image of the annular flow. In the intermittent 

flow (plug/slug) regime, sudden drop in the momentum flux to zero was observed during the 

passage of large bubbles. In the wispy-annular and churn flow, similar level of fluctuations in the 

momentum was observed. 

2.4 Two-Phase Flow-Induced Vibrations (FIV)   

 Two-phase flow-induced vibrations are a complex class of FIV. This is mainly due to the 

interaction between the hydrodynamic forces of the two-phase mixture and the structure 

dynamics. Fluid forces acting on the walls of structures can create pressure fluctuations and the 

mechanical response of the structure is excitation at the frequency related to the fluid forces. 

Subsequently, the excited structure displaces the fluid, while the displaced fluid impacts the 

structure and the surrounding fluid layers.   

In the classification of FIV by Blevins [17] shown in Figure 2.2 two-phase flow can be 

placed in the unsteady class of flow. A revised classification of two-phase flow-induced 

vibrations based on the existing literature and recent trends can be shown in Figure 2.3 [18, 19] 

as suggested by Siba et al. [20]. The identified governing forces include bubble impact, 

turbulence, vortex shedding, momentum fluctuations and phase change.  

Contemporary reviews of some works in two-phase flow-induced vibrations have been 

published. In 1978, Shin [21] published a review of axial flow through circular rods. In 1987, 

Hara [22] reviewed flow across circular cylinders, and in 1994, Pettigrew and Taylor [19] 

reviewed the key factors governing two-phase flow-induced vibrations. More recently, in 2015, 

Shuichiro et al. [16]  reviewed two-phase flow-induced vibrations in a piping structure with a 
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focus on internal flows and the forces that are responsible for such vibrations. Also, Siba et al. 

[20] reviewed the challenges and solutions to flow-induced vibrations in pipes with a focus on 

flow restricting devices such as orifices.  

  

 

Figure 2.2: Classification of Flow-Induced Vibrations [24] 
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Figure 2.3: Classification of Two-phase Flow-Induced Vibrations  [16] 

The following section reviews two-phase flow-induced vibrations for internal flow, including 

experimental and mathematical models, to give an overview of the work done in the field. Also, 

recent research trends are analyzed in a literature review. This section starts with the governing 

forces in internal two-phase flow-induced vibrations, a summary of key experimental works, 

reported two-phase flow properties and how they affect piping response, and the existing 

mathematical models for predicting two-phase flow-induced vibrations in piping components.  

 

2.4.1 Internal Two-Phase Flow-Induced Vibrations 

Piping components can cause a significant loss of momentum due to sudden changes in the 

direction or cross-sectional area of the flow. This sudden change in pressure and flow velocity 

leads to different degrees of turbulence downstream from the piping components. At higher 

turbulence levels, more severe vibrations may occur near the piping components. Existing works 

in experimental and mathematical modelling tend toward measurements, and studying the 
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dominant fluctuating forces in various flow regimes, their frequencies and the effect of specific 

properties on the fluctuating forces [23, 24].  

The excitation force caused by two-phase flow in piping components is classified into two: 

the narrow band impact force and the periodic force [25]. The dynamic fluctuating two-phase 

forces on piping components increase with a decreasing Weber number (We), A normalized 

Power Spectra Density (PSD) as a function of the forcing frequency shows that the force spectra 

for various elbow geometries and flow velocities at any particular void fraction ranging from 

25% to 95% show little scatter. 

Effects of specific properties are shown in the following section. Although the existing 

literature has reported the effect of average fluid properties, it has not reported the effect of local 

instantaneous properties on internal two-phase flow-induced vibrations [26, 27].  

2.4.1.1 Effect of Flow Pattern on Two-phase Flow induced Vibrations on Internal Flow 

 Flow regime and turbulence have been reported to be very important in characterizing 

two-phase flow-induced vibrations on internal flow. Flow patterns can be identified by the 

average flow rates of both phases. The square of the average flow rate in a channel is 

proportional to the standard deviation of the amplitude of vibration [28]. For the amplitude of 

vibration, only one direction of vibration has been investigated for internal two-phase flow-

induced vibrations, which is an axis perpendicular to the flow direction. Within the separated 

flow regime, annular flow has been reported to exhibit lower amplitude of vibration. Turbulence-

induced vibration is more dominant in the intermittent flow regimes.  Slug flow tends to induce a 

more lateral vibration in piping components than the other flow regimes. This is due to the 

momentum fluctuation from the change in the mixture density as intermittent slugs and liquid 

pass through the components [29].  
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 Large vibration amplitudes are recorded both when liquid slugs collide with the surfaces 

of piping components and when the frequency of the fluctuations in momentum or pressure 

forces correspond with the natural frequency of the structure. Bubbles and liquid slugs induce 

vibration at  low frequencies [25]. In an experiment performed on a 90-degree elbow installed on 

a 52 mm diameter pipe, the excitation of the structure was reported to have a strong dependence 

on the momentum flux of the two-phase flow. The highest force magnitude was recorded in the 

slug flow regime and the highest RMS of force fluctuation was recorded in the annular flow. The 

impact of the slug frequency on the bend played an important role in determining the fluctuation 

of the forces [30]. 

2.4.1.2 Effect of Geometry on Two-phase Flow-induced Vibrations in Internal Flows 

Square channels experiencing two-phase FIV have been reported to exhibit a lower vibration 

frequency and higher transverse vibration amplitude as compared to round pipes. In annular 

geometries, vibration response has showed no dominant frequency for fluctuating forces. This 

has been attributed to a high pressure drop in such geometries [15].  Devices such as spacers tend 

to reduce turbulence-induced vibrations in an annulus. Piping elbows have been reported to 

cause separation and redistribution of phases downstream. They also change the phase 

distribution in the interfacial area along the radial direction with a minimal effect on the 

frequency of forces responsible for excitation [31]. 

The effect of pipe diameter on fluctuating forces is minimal; however, increases in pipe 

diameter have been reported to lead to some increase in the fluctuation of momentum fluxes. 

More research on the reasons for this is required. It has been suggested that beyond a critical 

diameter value of 40, the surface instability causes large slugs to break up into smaller bubbles, 
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and the mixing of the two phases is improved [32]. It has also been suggested that other flow 

regimes be investigated for pipes with sizes greater than the critical diameter [33]. 

Tzotzi et al. [26] investigated the effects of pipe diameters and fluid properties on the 

patterns of flow in horizontal inclined pipes. It was concluded that very little downward 

inclination was required in horizontal pipes to affect the flow patterns and the flow properties 

that are required to achieve them; hence the dynamic forces are induced by the flow. 

2.4.1.3 Effect of Volumetric Quality on Two-phase Flow-induced Vibrations in Internal 

Flows 

The Power Spectral Density (PSD) results of Yih and Griffith [15] showed dominant points 

at a volumetric quality above 70%, and a distinct critical frequency was observed. Slug flow was 

found to induce large momentum fluctuations due to an intermittent gas-liquid flow. Similarly, 

surface waves in an annular flow induced a large excitation on the structure.  This has been 

corroborated by Riverin and Pettigrew [25]. They investigated the effect of the bend radius to 

diameter ratio on pipe excitation for various void fractions. The investigated ratios ranged from 

0.5 to 7.2 for a pipe with an inner diameter of 20.6 mm. Their PSD results showed higher 

concentrations at a high volumetric quality. In the work of Liu et al. [13], great fluctuations in 

the void fraction were observed within the slug flow regime. It is, however, uncertain whether 

this effect was solely due to the volumetric quality or the flow regime. More research would be 

required for this.  

2.4.1.4 Effect of Flow Velocity on Two-phase Flow-induced Vibrations in the Internal Flow 

 It has been reported that in a U-bend, a proportional relationship exists between the 

average flow velocity and the amplitude of the fluctuating forces (F = Cj
α
) both for vertical and 

horizontal pipe orientations [13, 25].   
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The RMS of fluctuating forces showed distinct peaks for a void fraction range of 45 to 65%, 

which is in the regime of slug flow. The highest fluctuation in momentum fluxes was recorded in 

the slug flow regime. More distinct and prevalent points were, however, shown in the annular 

flow regime  [34].  

2.4.1.5 Effect of Pressure on Two-phase Flow-induced Vibrations in the Internal Flow 

 The amplitude of vibration increases with an increase in the dynamic pressure of the  

flow [35].  Three main factors are responsible for pressure drops in piping components. The first 

factor is the „twin-eddy secondary flow. This phenomenon occurs because of a mix of the 

frictional resistance of the pipe‟s surface and the centrifugal force in the primary flow. The 

second factor is the flow separation of the primary flow, and the growth and expansion of the 

slender stream of the separated flow. The third factor is the surface friction. The first two factors 

are more common in piping elbows and tees, while the third is common to most components in 

the piping system [36].  

 The chances of having flow separation and secondary flow are higher when the elbow 

radius is small. In contrast, if the radius of the bend is large, the secondary flow and the ordinary 

surface friction are dominant. The authors stated that the rise in pressure in the outer wall of the 

elbow region is due to the drop in pressure in the inner wall. Pressure taps were installed along 

the elbow region. This pressure data was then subtracted from the pressure in a straight pipe 

under the same conditions, so that the data could be analysed without accounting for the ordinary 

friction loss in the pipe.  

The stability of momentum fluxes increases with an increase in pressure; hence, at high 

pressures, structural excitation due to momentum fluctuation is expected to reduce owing to the 
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compressibility of the gas phase [15, 37]. More research is, however, required to develop and 

establish relationships between the momentum fluctuation and the gas phase pressure.  

2.4.1.6 Effect of Viscosity, Surface Tension and Gravity on Two-phase Flow-induced 

Vibrations in the Internal Flow 

The effect of the physical properties of the fluids on the dynamic forces of two-phase flow in 

piping components has been investigated by Tay and Thorpe [38]. They reported the effects of 

viscosity and surface tension on dynamic forces. Surface tension was reported to have minimal 

effects on the fluctuating forces in piping components, most especially in the slug flow regime. 

There is, however, insufficient experimental data to extend this conclusion to other flow regimes. 

They also reported that the liquid hold-up is quite independent of the liquid viscosity but that it 

decreases with a reduction in the surface tension [38]. 

2.4.1.7 Effect of Damping on Two-phase Flow-induced Vibrations in the Internal Flow 

Anscutter et al. [39, 40] published experimental data on internal two-phase flow damping has 

been reported in the literature. It was reported that two-phase flow damping is viscous and 

depends on the flow pattern. For bubbly flow, damping appears independent of the force 

magnitude and is fairly proportional to the void fraction [39]. The dissipation of two-phase flow 

damping is also affected by the bubble drag. Beyond bubbly flow, two-phase damping appears to 

decrease with void fraction [39, 40].  

 On the other hand, Liu et al. [13] simulated the excitation forces on a piping elbow. It 

was observed that the integral over the elbow had a damping effect on the force of excitation 

with a damping ratio 𝜼. The damping was reduced to less than 20% when the mixture‟s 

superficial velocity was in the neighbourhood of 1 m/s and the frequency was 10 Hz. The rate of 

reduction in damping was reduced at a higher mixture velocity. 
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2.5 Mathematical Models for Two-Phase Flow-Induced Vibrations in Piping Components  

As mentioned earlier, researchers have made attempts to predict the impact of the steady 

state and the time varying forces on piping components due to two-phase flow. The existing 

literature has focused on modelling within a specific flow regime. Limited considerations have 

been made for flow pattern transitions. Most of the existing models assume a homogenous flow 

with no consideration for the void fraction. These assumptions contribute to the inaccuracies in 

the existing models. Limited modelling has been done for other vibration properties such as 

frequency, amplitude and two-phase damping. There are also insufficient dimensionless numbers 

to relate two-phase flow properties with the aforementioned vibration properties. Table 2.1 

shows a review of some mathematical models for two-phase flow-induced vibration in piping 

components.  
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        Table 2.1: Mathematical Models for Two-phase Flow-induced Vibrations in Piping Structures 

Ref. Geometry Flow 

Direct-

ion 

Flow 

Properties 

Measure-

ments and 

Instrument

ation 

Research 

Highlights and 

Assumptions 

Developed Models and  

Correlations 

Comments 

Tay 

and 

Thorpe  

[38, 41] 

70 mm 

Elbow, 

bend 

radius  

105 mm 

 

 

Hori-

zontal 

flow 

Air-Water, 

35% wt 

glycerine, 

5 wt% IPA 

Jg = 0.38 – 

2.87 m/s  

JL = 0.2 – 

0.7 m/s 

Force: 

Force 

sensor 

(Quartz)  

Pressure: 

pressure 

transducer 

Void 

fraction: 

Conduct-

ance probe 

 

Effect of liquid 

viscosity and 

liquid surface 

tension on the 

force acting on a 

bend. 

Slug flow 

Density of 

mixture equal to  

the density of 

liquid phase 

Liquid hold up 

   
  

 
 

  

 
 

 
 [(  )     (  )   ] 

       [
 

 
 √ (   ) ]  

where h is the height of 

liquid in channel 

Α is the angle made by the 

liquid surface with the 

centre of the pipe 

 

 

 

 

 

Liquid hold up 

reduced with 

liquid surface 

tension 

Liquid hold up 

and forces on 

the elbow were 

not 

significantly 

affected by 

liquid viscosity 
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Ref. Geometry Flow 

Direct-

ion 

Flow 

Properties 

Measure-

ments and 

Instrument

ation 

Research 

Highlights and 

Assumptions 

Developed Models and  

Correlations 

Comments 

Riverin 

et al. 

[34] 

21 mm 

Tee and 

U-bend r/d 

= 0.5  

Vertica

l flow 

with 

gravity 

Air-Water 

Jg = 0.1 – 

10.4 L/s  

JL = 0.17 – 

1.25 L/s 

Force: 

Force 

sensor 

(Piezoelectr

ic) 

Pressure: 

Unclear 

Void 

fraction: 

Optical 

probe 

Magnitude and 

spectra content of 

time dependent 

forces 

It was proven that 

fluctuating forces 

correlate with the 

local void 

fraction using 

momentum 

balance  

 

    ̅̅ ̅̅ ̅̅   
    

    (
   

 *

        

where C is a constant, C = 

10 in the case of slug flow 

 

Correlation 

requires the 

value of 

empirical 

constant for the 

particular 

experimental 

set-up and flow 

regime 

Anscu-

tter et 

al. [39] 

PVC tube 

d =  

21.2 mm 

Vertica

l flow 

Air-

Alcohol, 

α = 0 - 

29% Air-

Water 

α = 0 - 

90% 

LASER 

sensor 

Sampling 

rate 

2048Hz 

High speed 

camera 

 

 

 

Damping Two-phase flow damping in 

bubbly flow before 

transition to slug flow: 

     

      [    
         (

  
 
*

 
 
  

 
 ] 

 

Two-phase 

damping 

depends on  

flow pattern 

and is fairly 

proportional to 

void fraction in 

bubbly flow 

regime  
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Ref. Geometry Flow 

Direct-

ion 

Flow 

Properties 

Measure-

ments and 

Instrument

ation 

Research 

Highlights and 

Assumptions 

Developed Models and  

Correlations 

Comments 

Riverin 

and 

Petti-

grew 

[25] 

21 mm 

U-bend r/d 

= 0.5 - 7.2 

Vertic-

al 

Air-Water 

Jg = 0.1 – 

10.4 L/s  

JL = 0.17 – 

1.25 L/s  

Force: 

Force 

sensor 

(Piezoelectr

ic) 

Pressure:  

Unclear 

Void 

fraction: 

Optical 

probe 

Vibration 

response, 

excitation forces 

and fluctuating 

properties of two-

phase flow 

No slip between 

phases 
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G = Mass flux of mixture, k 

= Stiffness, ζ = Damping 

ratio 

y = Mean square value of 

response, D = Pipe diameter 

 

 

 

 

 

Transducer 

was attached to 

one side only 

during the 

experiment 

Values of   ,  

  ,   ̅ and 

   (  ) are 

determined 

from curve 

fitting. Values 

of damping 

ratio, natural 

frequencies 

and stiffness 

are required. 
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Ref. Geometry Flow 

Direct-

ion 

Flow 

Properties 

Measure-

ments and 

Instrument

ation 

Research 

Highlights and 

Assumptions 

Developed Models and  

Correlations 

Comments 

Belf-

roid et 

al. [42] 

25.4 mm 

 Elbow, 

bend 

radius 

unknown 

Hori-

zontal 

Air-Water 

 

Jg = 0.1 – 

70 m/s  

JL = 0.05 – 

2 m/s 

 

Force: 

Force 

Sensor 

Pressure: 

Dynamic 

pressure 

transducer 

Void 

fraction: 

Optical 

probe 

Forces and 

acceleration 

NA Magnitude of 

forces varied 

over a wide 

range 

depending on 

flow regime 

Absolute 

amplitude 

induced by 

annular flow of 

the same order 

as slug flow. 

Slug flow 

induced four 

times the 

magnitude of 

single phase 

flow forces  
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Ref. Geometry Flow 

Directi

on 

Flow 

Properties 

Measure-

ments and 

Instrument

ation 

Research 

Highlights and 

Assumptions 

Developed Models and  

Correlations 

Comments 

Cargnel

-luti et 

al. [24] 

6 mm 

Elbow,  

bend 

radius  

25 mm,  

16.5 mm 

Hori-

zontal 

Air-Water 

Jg = 0.07 – 

12.1 kg/h  

JL = 3 – 

128 kg/hr 

Force: 

Force 

Sensor  

Pressure: 

Dynamic 

pressure 

transducer 

Void 

fraction: 

Optical 

Sensor 

Pipe diameter  

equal to Taylor 

bubble diameter 

Only momentum 

fluctuation is 

present 

Stratified and Annular flow:  

        
   

Slug flow: 

 

           
   

Local void 

fraction 

measurement 

Small diameter 

pipes (6mm) 

Liu et 

al. [13] 

51 mm 

Elbow, 

bend 

radius  

76.2 mm 

Verti-

cal 

against 

gravity 

Air-Water 

 

Jg = 0.1 – 

18 m/s  

JL = 0.61 – 

2.31 m/s 

Force: 

Transducer 

(Tri-axial)  

Pressure: 

Pressure 

transducer 

Void 

fraction: 

Impedance 

meter 

Negligible effects 

of friction 

 

 ( )         
   (    )  

 
    

 (     )
   

[
        

 
   

      
 

          
 ]

     ( )  

  (    )    
    

   
    (

 

  
) 

Requires 

inputs: Inlet 

and outlet 

boundary 

pressure; time 

signal of void 

fraction 
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Ref. Geometry Flow 

Directi

on 

Flow 

Properties 

Measure-

ments and 

Instrument

ation 

Research 

Highlights and 

Assumptions 

Developed Models and  

Correlations 

Comments 

Girau-

deau et 

al. [43] 

Elbows, 

U-bend 

and Tees.  

6 mm –  

70 mm 

52 mm U-

bend with 

bend 

radius  

r/d = 4 

Analysis 

at 56 D 

down-

stream the 

mixer 

 

 

 

 

 

 

Vertica

l 

against 

gravity 

 

Air-Water 

Jm = 1 – 

30 m/s 

Void 

fraction 

from 3% to 

95% 

Force: 

Force 

transducer 

Pressure: 

Two 

pressure 

sensors (at 

inlet and 

outlet of 

tube)   

Optical 

probe: Void 

fraction 

 

Dimensionless 

model for RMS 

of forces and 

force spectra for 

correlation of 

forces with 

momentum 

fluctuation 

 

  
        

        
   

       

 

        
 √   

 
 

 

    ̅̅ ̅̅ ̅̅ ̅   
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Ref. Geometry Flow 

Directi

on 

Flow 

Properties 

Measure-

ments and 

Instrument

ation 

Research 

Highlights and 

Assumptions 

Developed Models and  

Correlations 

Comments 

Miwa 

et al. 

[14, 44]  

51 mm 

Elbow, 

bend 

radius  

76.2 mm 

Vertica

l 

against 

gravity 

Verti-

cal 

with 

gravity 

Air-Water 

Jg = 0.1 – 

18 m/s  

JL = 0.61 – 

2.31 m/s 

Force: 

Force 

transducer 

(Tri-axial)  

Pressure: 

Pressure 

transducer 

Void 

fraction: 

Impedance 

meter 

 

 

 

 

 

 

 

 

Isothermal 

mixture 

Homogeneous 

slug 

         
  

√ 
        

√
   

 (   )  
√
   
   

 
  

  
 

 

Application for 

vertical elbow 

against gravity 

and horizontal  

downward 

elbow 

Requires 

inputs: Inlet 

and outlet 

boundary 

pressure; time 

signal of void 

fraction 

 

 

 

 

 

 



28 
 

Ref. Geometry Flow 

Directi

on 

Flow 

Properties 

Measure-

ments and 

Instrument

ation 

Research 

Highlights and 

Assumptions 

Developed Models and  

Correlations 

Comments 

Charret

on et al. 

[40]   

Square 

Aluminiu

m tube  

Dh =  

76.2 mm, 

Length = 

1 m 

Vertica

l flow 

Air-Water 

JL = 0.4,0.6 

and 0.7 

m/s 

α = 0 - 

90% 

Natural 

Freq. = 

6.45 Hz, 

Excitation 

force 23 – 

69 N 

Displace-

ment sensor 

Sampling 

rate 2048 

Hz 

High speed 

camera 

Two-phase flow 

damping in pipes 

Drag force based on bubble 

relative velocity:  

  ⃗⃗ ⃗⃗  
 

 
           

⃗⃗ ⃗⃗   

Added mass force: 

  ⃗⃗⃗⃗  ⃗   
 

 
        

  
⃗⃗ ⃗⃗  

  
 

Inertia force due to pressure 

gradient caused by  

accelerating tube on liquid: 

  ⃗⃗⃗⃗  
 

 
       ⃗⃗  ̈⃗ 

 

Two-phase 

damping 

depends on 

flow pattern 

and is fairly 

proportional to 

void fraction in 

bubbly flow 

regime; bubble 

drag forces 

play significant 

role  

in two-phase 

damping; 

damping 

reached 3% in 

the study 
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Ref. Geometry Flow 

Directi

on 

Flow 

Properties 

Measure-

ments and 

Instrument

ation 

Research 

Highlights and 

Assumptions 

Developed Models and  

Correlations 

Comments 

Miwa 

et al. 

[45] 

 

52 mm  

90 degree 

bend 

radius  

76.2 mm   

made of 

stainless 

steel 

Horiz-

ontal 

flow 

Air-Water 

Jg = 12.2 

m/s  

JL = 0.548 

– 1.8 m/s 

Ambient 

temperatur

e and 

pressure 

 

Force: Tri-

axial 

dynamic 

force 

transducers  

range  

Response: 

Accelerome

ter 

Pressure: 

Differential 

pressure 

transducers 

Void 

fraction: 

Impedance 

probe  

Developed,  

stratified-wavy 

flow, fluctuating 

force, prediction 

of peak force 

fluctuating 

frequency and 

amplitude 

    

            

[
 
 
 
 

(
 (      )

 

(
 
  

 
   
  

*

 (      )  ,

 
 

 (
  

 

  
  

   
)
 
 
 

     

]
 
 
 
 

(
   

 
(      )) 

WCF – Wall Collision 

Force 

 

 

 

 

Two-fluid 

model, 

acoustic 

theory, 1-D 

wave,  

decoupling of 

natural 

frequency from 

two-phase flow 

frequency 
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2.6 One-Dimensional Mathematical Modelling of Two-Phase Flow 

 For several decades, the fundamental equation for modelling two-phase flow was the 

two-fluid model. This model involves applying the conservation equations while assuming a 

stratified flow, as shown in Figure 2.4. Simplifications of the equations have been done by 

researchers by averaging time and/or space. It has, however, been observed that useful 

information about the flow is lost by such simplifications.  

 

Figure 2.4: Idealised model for multiphase flow in an inclined channel 

The following section describes a one-dimensional mathematical model for a two-phase 

flow. Details regarding derivations of the governing equations for three-dimensional, unsteady, 

two-phase flow can be found in Collier and Thome [46], and Boure [47].  
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2.6.1 Conservation of Mass 

In order to obtain the mass balance of each phase, the following equation is used: 

 

  
(     )   

 

  
(       )       

(2.7) 

Where 
 

  
  and 

 

  
  are the partial derivative with time and space respectively.    is the time 

average void fraction for phase „k‟,    is the density of phase „k‟,    is the velocity of phase „k‟, 

and    is the mass transfer per unit length of phase „k‟ 

2.6.2 Conservation of Momentum 

The rate of inflow of the momentum and the rate at which phase k creates momentum are 

equal to the momentum generated due to the mass transfer and the sum of forces acting on the 

phase. This is represented mathematically as: 
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(2.8) 

where     represents the perimeter of contact between the wall and phase k, and      

represents the wall shear stress between phase „k‟ and the channel wall. The fourth term on the 

right of the equality represents the sum of the interfacial shear stresses (          ), where     

represents the perimeter of contact between phase k and phase n.      is the z component of the 

interfacial stress between phase k and n. The fifth term on the right of the equality (    ) 

represents the rate at which phase k generates momentum due to mass transfer, assuming that the 

mass transferred across the interface is accelerated to the mean velocity of the receiving phase. 
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The momentum equation relates to the total pressure gradient including the static, acceleration 

and friction head.  

2.6.3 Conservation of Energy 

 The energy balance is given as the summation of the rate of increase in the energy of 

phase „k‟ within the control element.  This is shown mathematically as: 
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(2.9) 

The term to the left of the equality sign is the summation of the rate of increase in total energy 

(internal and kinetic energy) and the rate at which energy enters into the control element 

assuming no mass transfer from/to the walls of the channel. The first term on the right of the 

equality sign is the rate at which heat enters phase „k‟ within the control volume. This includes: 

the internal energy generation for phase „k‟ within the control element, the heat flow through the 

various interfaces with the other „n‟ phases, and the heat flow through the walls over the 

perimeter    .  

2.6.4 Methods of Two-phase Flow Analysis 

The three common methods for analysing two-phase flow are: (i) the homogeneous flow model, 

(ii) the separated flow model, and (iii) the flow pattern model. 
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2.6.4.1 Homogeneous Flow Model 

 This model was built with the assumption that both phases flow together as a single phase 

with the average properties of the two phases. It has been observed that at a Reynolds number 

below 2 x 10
5
, inconsistencies exist between single-phase and two-phase friction factors [46]. 

Based on the assumptions on which the homogeneous model was built, it is apparent that the 

effect of the density and momentum fluctuations mentioned earlier will be underestimated by the 

model. Also, the effect of bubble impact on the structure is not be properly represented by the 

model. However, this effect is important to any two-phase flow-induced vibrations analysis. The 

homogeneous model would be more accurate for wispy-annular and bubbly flow patterns; 

however, researchers in the field of flow-induced vibrations have been applying it to other flow 

patterns as well, assuming average fluid properties are used (         ̅), the velocities of 

vapour and liquid are equal (         ̅), the slip ratio is S = 1, the appropriately defined 

single-phase friction factor for two-phase flow is (   ), and the thermodynamic equilibrium 

between the phases (       and       ). These assumptions lead to significant over 

estimation of the time average void fraction and the vibration parameters modelled. 

2.6.4.2 Separated Flow Model 

 This model assumes that both phases are separated into two streams of flowing fluid, 

each phase with its own superficial velocity. When the superficial velocities are equal, this model 

becomes equivalent to the homogeneous flow model. Based on these assumptions, it appears that 

this model is more suitable for annular flow patterns. However, it accounts for some density and 

momentum fluctuations across sections of a flow channel. The model has experienced 

continuous development since Lockhart and Martinelli‟s publication of two-phase gas and liquid 

flow in 1949 [46]. This model assumes a constant velocity for both the liquid and the gas phase, 
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and a thermodynamic equilibrium between the phases. By applying a correlation for the 

relationship between the void fraction and the two-phase friction multiplier, the pressure gradient 

can be expressed as: 
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(2.10) 

Expressing the two-phase frictional pressure gradient in terms of the total flow and considered as 

a single-phase with a two-phase friction multiplier and assuming incompressible flow, the total 

pressure gradient in the separated fluid model is given as: 
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(2.11) 

 

2.7 Summary  

As explained earlier, previous studies have shown the effects of two-phase flow 

properties such as momentum and pressure fluctuations on the mechanical response of piping 

structures. However, the effect of local void fraction, flow regime and flow pattern transition on 

the vibration in complex geometries has not been considered especially in the region of the 



35 
 

developing flow. This is a difficult region of the two-phase flow to characterize due to the flow 

redistribution.  

Insufficient data currently exists for two-phase flow-induced vibrations in tee`s, valves, 

U-bend and flow restricting devices for situations resulting in sudden expansions and 

contractions, like orifices and nozzles. There is a lack of research considering the asymmetric 

behaviour of two-phase flow in relation to the vibration amplitude in more than one lateral 

direction. The effects of flow pattern change on two-phase flow-induced vibrations have not yet 

been studied and limited research is available on two-phase flow damping for internal two-phase 

flow vibrations. Vibration data has not been correlated for unsteady local two-phase flow 

properties such as the void fraction. As well, the effects of slip ratio on internal two-phase flow-

induced vibrations have not been reported.  
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CHAPTER 3 

3.0 RESEARCH METHODOLOGY 

  

 The research methodology of this thesis involved the study of the dynamic response of 

small diameter horizontal piping structures with single piping components under two-phase 

conditions. The methodology was classified into two parts: (i) experiments (ii) mathematical 

modelling. The dynamic responses of two piping components were studied: (a) a flow restricting 

orifice, and (b) a U-bend.  
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3.1 Experiments 

 A test rig was built to evaluate the hydrodynamic behaviour of two-phase flow through 

piping components at different mass qualities, void fractions and flow patterns (Figure 3.1). The 

rig, which was a closed air-water loop, was built to accommodate various test sections for 

studying two-phase flow-induced vibrations in piping components. Deionized water at room 

temperature conditions in a 310 Litre stainless steel tank was pumped by a centrifugal pump 

(Cole Palmer, Model #: ACDU120/530T3C) to a two-phase mixer (Component 7, Figure 3.1b). 

Air from a compressed air line was injected into the mixer after which the two-phase flow 

mixture proceeded into the test section for investigation. The speed of the pump was regulated 

using a Variable Frequency Drive (VFD) by Hammond Manufacturing. The water flow rate was 

measured by an OMEGA turbine flow meter (FTB793) with a repeatability of ±5% (Component 

4, Figure 3.1b). Air flow was regulated by a control valve and measured with an OMEGA Air 

Rotameter (PMM4-010284) with an accuracy of ±2% (Component 5, Figure 3.1b). 
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                                                                       (a) 

 

 

                                                                         (b) 

Figure 3.1: (a) Picture of test rig (b) Schematic of experimental set-up 
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3.1.1 Test Section for Two-phase Flow Through Orifices 

 For the experimental investigation of the dynamic response of small diameter piping 

structures with orifices under two-phase flow conditions, a test section was designed with a 25.4 

mm diameter pipe and ½-inch (12.7 mm) orifice making an area ratio of 0.25. Two test sections 

were built for this purpose. The test section was made of acrylic pipe or clear Polyvinyl chloride 

(PVC) pipe, 3.58 m long (Figure 3.2). The first test section was made of acrylic pipe with a 25.4 

mm internal diameter and a 0.25-inch (6.4 mm) pipe wall thickness. This section was employed 

to study the dynamic response to two-phase flow of piping structures with a flow restricting 

orifice. The second test section was made of PVC pipe with a 25.4 mm internal diameter and a 

0.15-inch (3.8 mm) pipe wall thickness. This section was employed to study slug flow-induced 

vibrations in piping structures with a flow restricting orifice. The same structural support system 

was used for both pipes as shown in Figure 3.2 

 In the test section for the orifice, a concentric orifice that was ½-inch in diameter was 

installed 2.4 m downstream from the two-phase mixer, giving an area ratio of 0.25 at that 

location. The distance of the test section from the mixer ensured a fully developed two-phase 

flow in the test section. This was verified using void fraction measurements. Several locations 

for void fraction measurements were tested along the pipe (50–100 diameters downstream from 

the two-phase flow mixer), and the fully developed flow location was determined by the 

minimum variation in void fraction values. These void fraction measurements were performed 

using a capacitance sensor, and the pipe cross-sectional average values were recorded. The 

selected location that identified the void fraction upstream of the orifice was located in this fully 

developed region. The present study used a standard ANSI orifice with an orifice-pipe diameter 

ratio of 0.25, as shown in Figure 3.3. This orifice design is commonly found in many nuclear 
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power generation stations and in the oil and the gas industries, as explained by Ahmed et al. [48]. 

Fifty-five test cases were studied for the ½-inch orifice. The test cases ranged from a single-

phase water flow to an annular dispersed two-phase flow pattern. The liquid and air flow rates 

ranged between JG = 0.0069 m/s, and JL = 0.46 m/s at 100 kPa to JG = 1.7 m/s and JL = 1.3 m/s at 

200 kPa absolute pressure.  

 For each constant superficial velocity of water, eleven cases of air superficial velocity 

were studied. Additionally, a parametric study of the effect of orifice size on the dynamic 

response of the structure was carried out. A single superficial velocity of water of J L = 0.46 m/s 

at various air superficial velocities was also studied for an orifice with an area ratio of 0.0625 as 

well as for a straight horizontal pipe without an orifice. 

 

 

Figure 3.2: Location of tube supports and measuring sensors on the test section 
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Figure 3.3: Details of the ANSI orifice 

 

3.1.2 Test Section for Flow Through a U-Bend 

 In order to experimentally investigate the dynamic response of small diameter piping 

structures with elbows under two-phase flow conditions, a test section was designed with a 25.4 

mm diameter pipe and multiple elbows, which formed a U-bend. The test section was made of 

PVC pipe, with a 25.4 mm internal diameter and a 33 mm external diameter. A U-bend was 

located 2.4 m downstream of the two-phase mixer. The 90-degree U-bend was formed from two  

clear PVC elbows at 90
o
. The length of the U-bend was 1.24 m and the height was 0.3 m. The 

vertical U-bend was connected to the straight horizontal pipe by two clear PVC elbows. The test 

section was fixed at both extreme ends and pinned to an aluminum frame at the locations shown 

in Figure 3.4.  
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The void fraction data was collected upstream of the elbow at a location 1.5 m after the two-

phase mixer. Vibration amplitudes in three orthogonal directions were collected from the third 

elbow in the U-bend. This was to ensure the investigation of the vibration characteristics of the 

structure due to the flow inside the U-bend. Additional time varying void fraction data were 

collected at the inlet of the U-bend and at the vibration data collection point. These were carried 

out simultaneously with the collection of the vibration data in the U-bend. 

Fifty-five test cases were studied for the U-bend in the vertical position. The test cases 

ranged from a single-phase water flow to an annular dispersed two-phase flow pattern. The 

liquid and air flow rates ranged between JG = 0.0069 m/s and JL = 0.46 m/s at 100 kPa, to JG = 

1.7 m/s and  JL = 1.3 m/s at 200 kPa absolute pressure.  

For each of the five superficial velocities of water (JL), eleven cases of superficial velocities 

of air (JG) were studied. Additionally, a parametric study of the effect of the inclination of the U-

bend on the dynamic response of the structure was carried out. A single superficial velocity of 

water at a JL of 0.46 m/s was studied with various air velocities. The response of the U-bend was 

studied for a liquid superficial velocity of 1.3 m/s and various superficial velocities of the gas in 

three geometric positions including: (i) the vertical position, (ii) the horizontal position, and (iii) 

at a 45
o
 angle of inclination.  
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Figure 3.4: Test section for a study of the dynamic response of piping components with an 

orifice under two-phase flow conditions 

3.1.3 Instrumentation and Calibration 

Instrumentation for flow structures and vibrations were synchronized in order to better 

understand the effects of two-phase flow characteristics on vibration in the system. Data for the 

flow structure was collected using Particle Image Velocimetry (PIV) [49]. Vibration data was 

collected using laser proximity sensors and void fraction data was collected using plate type 

capacitance sensors. Uncertainty analysis was done for all the collected data. 

3.1.3.1 Flow Structure 

The Particle Image Velocimetry (PIV) technique (Figure 3.5 and Figure 3.6) was employed 

for the analysis of the flow structure. The water in the tank was seeded with fluorescent particles 

before being pumped into the two-phase mixer. At the test section, a laser sheet was passed 
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through the center of the orifice to create a plane of illumination for the particles, which were 

tracked by a high speed camera (Phantom M320) mounted perpendicularly to the plane of the 

laser sheet. The orifice test section was designed and machined to minimize the laser reflection 

and errors due to laser light scattering. The high speed camera was used to track the particle 

displacements and to capture 2D images of the air-water mixture as it passed through the laser 

sheet downstream from the orifice at a distance of 2.54 m from the mixer. A 550 nm filter was 

used on the camera to remove signals created by the gas bubbles downstream from the orifice. In 

so doing, the camera tracked the fluorescent particles, which emit a 532 nm wavelength, rather 

than tracking the bubbles. A similar data processing algorithm was used for phase discrimination, 

as explained in detail by Zhang et al. [31] and Ning et al. [49]. In order to validate the operation 

of the experimental set-up, an initial analysis was carried out for a single-phase water flow both 

in a straight pipe and through an orifice. The flow measurements of time average velocities, 

streamline, and vortex fields were also captured for various two-phase flow patterns using an 

interrogation window of 32 ×32 pixels. DANTEC Studio© data processing algorithms for phase 

discrimination were employed for image processing. Flow measurements of time average 

velocities, streamline, and vortex fields were captured for various two-phase flow patterns using 

suitable interrogation windows. Figure 3.6 shows the flow chart of the PIV process used in this 

research. In addition to the PIV analysis, flow visualization was done from the top and side 

views to analyze the flow redistribution and evaluate the non-symmetrical effect of flow 

redistribution on the vibration of the piping structure in the vertical (Y) and horizontal (X) 

directions. 
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Figure 3.5: Particle Image Velocimetry (PIV) set-up including synchronised high speed imaging 

with the Data Acquisition System (DAQ)  
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                                     Figure 3.6: Flow diagram for the PIV analysis process 

 

The captured images were visually analyzed for flow pattern identification. The images were 

taken from both top and side views to evaluate the results and identify the effect of flow 

redistribution on the dynamic response of the piping structure.  
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3.1.3.2 Vibration and Void Fraction 

 Vibration amplitudes were collected using laser proximity sensors (Figure 3.7). In the 

orifice study, two laser displacement sensors were employed to capture the vibrations in the 

vertical and horizontal directions. The laser sensors were place 0.24 m downstream of the orifice. 

In the U-bend study, three proximity laser sensors were also mounted in three orthogonal 

positions [vertical (Y), horizontal (X) and axial (Z) directions]. The sensors were placed at the 

top right corner of the U-bend (Figure 3.4). This was to ensure the investigation of the vibration 

characteristics of the structure due to the flow inside the U-bend. Vibration data was collected for 

different flow patterns ranging from bubbly flow, to intermittent flow, to separated flow patterns. 

The data collected was processed using MATLAB. The Fast Fourier Transform (FFT) and time 

signals of the piping displacement were plotted for analysis.  

 In addition to this, the concave-type capacitance sensors developed by Ahmed [53] were 

used to measure the time-averaged two-phase void fraction (Figure 3.8). The concave-type 

capacitance sensor consisted of two pairs of active electrodes made of 25 mm brass strips 

wrapped around the pipe and separated by 5 mm. Two separate half-hollow cylinders made of 

acrylic were also used to mount the capacitance sensor, and the whole unit was shielded using a 

0.5 mm thick brass wrap. The capacitance sensor was connected to a Boonton 72-B capacitance 

meter using BNC cables. The capacitance meter was operated at a high excitation frequency of 1 

MHz with an accuracy of ±4% in the 10 pF range, and a meter resolution of at least 0.001 of the 

full-scale range. For the vibration analysis, two non-contact laser vibration sensors were mounted 

in the orthogonal positions described above. In the study of the orifice, the sensors were placed at 

a distance of 24 cm downstream from the orifice (Figure 3.2). In the study of the U-bend, the 

displacement sensors were placed at the upper right corner of the U-bend. These sensors 
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measured the displacement directly. The accuracy of the sensor is 1 μm. The vibration sensors 

were mounted on a separate frame to prevent vibration transmission to the base of the sensor. 

Vibration data was collected for different flow patterns and processed using a MATLAB code. 

The frequency response (FFT) of the measured displacement signals was also evaluated and 

plotted for vibration analysis.  

 In the study of the orifice, the capacitance sensors were employed to measure the fully 

developed void fraction (Location 1), the void fraction at the inlet of the U-bend (Location 2) 

and the void fraction at the location of the collection of vibration data (Location 3) as shown in 

Figure 3.2. In the study of the U-bend, the capacitance sensors were employed to measure the 

fully developed void fraction (Location 1), the void fraction at the inlet of the U-bend (Location 

2) and the void fraction at the location of the vibration data collection (Location 3) as shown in 

Figure 3.4. Finally, the void fraction sensors were synchronized with the vibration sensor and the 

video camera to collect time varying data to relate the three signals. 

The calibration of the void fraction sensor was carried out by measuring its sensitivity. 

After this, the capacitance of the single-phase was measured when completely filled with air and 

when completely filled with water. Values of 0 pF and 6 pF were obtained for static air and water 

respectively. Equation 3.1 was employed to estimate the sensitivity and the void fraction value. 

The sensitivity of the capacitance employed for this work was 6 pF: 

                    q               

      r       ( )   
       q      T    h   

           
 

        (3.1) 

where C is the capacitance value in pF. 

The calibrated sensor was then employed for void fraction measurements for the bubbly, slug 

and stratified flow patterns.  
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Figure 3.7: Laser proximity sensors for piping displacement measurements 

 

 

Figure 3.8: Concave type capacitance sensor for void fraction measurements [53] 
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 In order to validate the PIV experimental set-up, the flow rate from the velocity profile in 

a straight pipe was compared to the flow rate measured by the turbine flow meter.  The flow rate 

obtained from both devices showed a good agreement (Figure 3.9). Furthermore, the velocity 

profile of the single-phase water flow through the orifice was obtained using PIV and compared 

with the experiments of Eimsa-ard et al. [54] and the CFD simulation of Araoye et al. [55]. The 

centerline velocities along the tube axis were found to be in good agreement (average root mean 

square error of ±6%) as shown in Figure 3.10. The mixture velocity was also plotted against the 

slug velocity from the PIV analysis after which it was validated by the existing literature (Figure 

3.11). The trend showed a good agreement with the Collins mathematical model [56] and the 

experiment by Belfroid et al. [24, 42]. 

In order to characterize the slug flow, all the studied cases were plotted on the flow pattern 

map by Teitel and Duckler [2] . The map showed that all cases fell within the intermittent flow 

regime (Figure 3.12).  
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Figure 3.9: Flow rate in a straight pipe 

 

Figure 3.10: Comparison between the present experiment and selected literature 
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Figure 3.11: Centreline velocity profile for flow through an orifice 

 

Figure 3.12: The studied slug flow cases plotted on a Teitel and Duckler flow pattern map [2] 
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Repeatability test was conducted for the measured parameter including the void fraction and 

vibration amplitudes. The results (Figure 3.13 – 3.15) show that the data presented in this work is 

repeatable with ±1% Mean Standard Deviation. It should be noted that the data is not periodic 

and as such the acquisition time was selected to be sufficiently large that the results were 

independent of the time recorded. This means that the statistical parameters, such as the 

RMS/mean by which the vibrations and the void fraction are characterized, do not change 

significantly when analyzed over a given period of time. The recording time was different for 

each case treated and was determined by successive online parameter estimations.  

 

 

Figure 3.13: Repeatability test for fully developed void fraction for JL at 0.46 m/s and  

JG at 1.7 m/s 



 

54 
 

 

Figure 3.14: Repeatability test for vibration amplitude in x-coordinate as a percentage of the pipe 

diameter for JL at 0.46 m/s and JG at 1.7 m/s 

 

 

Figure 3.15: Repeatability test for vibration amplitude in y-coordinate as a percentage of the pipe 

diameter for JL at 0.46 m/s and JG at 1.7 m/s 
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 Initial test cases of single-phase induced vibrations for water flow in a straight pipe were 

also conducted. Observations showed that the amplitude of vibration increased with the liquid 

flux. The piping structure with the orifice was then subjected to a single-phase flow at various 

liquid fluxes from 0.46 to 1.29 m/s corresponding to a Reynolds number from 1.3 ×10
4
 to 3.7 

×10
4
. The definition of Reynolds number (Re) in the present study is based on the equivalent 

mass transfer flux as: 

   
  q 

  
 

(3.2) 

  q    *(   )   (
  
  

*
   

+ 
(3.3) 

Where Geq is the equivalent mass flux, G is the total mass flux, x is the mass quality, d is the 

internal diameter of the pipe, ρ is the density, L is liquid and G is gas. 

 The amplitude of vibration increased with the liquid flux. A maximum amplitude RMS 

value of 0.027% of the internal diameter was reached in the horizontal and vertical directions 

(Figure 3.16).  The motion of the tubes was affected by the energy transfer from the two-phase 

flow to the tube and vice versa. This means that as the two-phase flow gained energy, the tube 

motion was damped, and when the two-phase flow lost energy, the tube became more unstable. 

Therefore, the first exercise was to identify the modes of vibration frequency. In order to study 

the effect of the orifice on the tube vibration frequency and its relation to the structure, the 

frequencies of the first two modes in the horizontal and vertical directions were plotted with the 

liquid flux (Figure 3.17). It was observed that the frequency of vibration in both Modes 1 and 2 

did not change significantly with the liquid flux. The highest variances in both directions for the 

first mode were less than 1% and less than 6% for the second mode.   
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Figure 3.16: Amplitude of vibration as a function of reduced velocity for single-phase water flow 

through an orifice with an area ratio of 0.25 

 

Figure 3.17: Frequency at various modes as a function of liquid flux for single-phase water flow 

through an orifice with an area ratio of 0.25 
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Furthermore, since two-phase flow damping can contribute significantly to reducing 

vibrations and play an important role in tube failure due to fatigue and wear, it is desirable to 

evaluate the governing parameters that affect its magnitude. In this research, the damping was 

characterized using the time response method. In this method, the structure was given an initial 

displacement and allowed to vibrate freely. The damping was calculated from the amplitude 

decay. Damping tests were done both on an empty pipe and on a pipe filled with stationary 

water. In the study of the dynamic response of piping structures with an orifice, which restricted 

two-phase flow, the results of the characterization showed a highly damped structure. The 

damping ratios were 2.5% and 3.7% for the empty and the water-filled piping structures 

respectively. The dominant natural frequency in the vertical (Y) direction for the empty structure 

was 7.7 Hz and 6.8 Hz for the water-filled pipe. In the horizontal direction, values of 7.5 Hz and 

6.6 Hz were obtained for the dominant frequency of the empty and the water-filled piping 

structures respectively.  

Furthermore, in the study of slug flow-induced vibrations in piping structures with a flow 

reducing orifice, the results of the characterization also showed a highly damped structure. The 

damping ratios were 7.5% and 8.7% for the empty and water-filled piping structures 

respectively. The dominant natural frequency in the vertical (Y) direction was 6.6 Hz for the 

empty pipe and 6 Hz for the pipe filled with water only. Finally, in the study of two-phase flow-

induced vibrations in piping structures with a U-bend, the damping ratios for the empty and the 

water-filled pipe were found to be 0.06 and 0.11, respectively. The dominant frequencies in the 

x, y and z-directions were 7.7 Hz, 10.9 Hz, and 10.9 Hz respectively for the empty pipe and 5.3 

Hz, 7.9 Hz and 7.8 Hz respectively for the water-filled pipe. Table 3.1 shows the flow rates of air 

and water used for the experiment.  As shown in the table, a wide range of values were selected 
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to cover various flow patterns from bubbly to stratified-wavy and annular dispersed flow as 

determined by the flow pattern maps.  The summary of the methodology for this work is shown 

in Figure 3.18. 

 

Table 3.1: Superficial velocities of air and water used in experiment 

JL (m/s) JG (m/s) 

0.46 0 0.01 0.02 0.05 0.12 0.32 0.42 0.51 0.76 1.1 1.7 

0.63 0 0.01 0.02 0.05 0.12 0.32 0.42 0.51 0.76 1.1 1.7 

0.82 0 0.01 0.02 0.05 0.12 0.32 0.42 0.51 0.76 1.1 1.7 

1.10 0 0.01 0.02 0.05 0.12 0.32 0.42 0.51 0.76 1.1 1.7 

1.30 0 0.01 0.02 0.05 0.12 0.32 0.42 0.51 0.76 1.1 1.7 

 

 

 

Figure 3.18: Summary of experimental methodology 
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3.2 Mathematical Modelling 

The literatures reviewed have emphasized the uniqueness of two-phase flow and the 

importance of considering properties such as void fraction change, slip between phases, and flow 

pattern transition in the piping components. As discussed in Section 2.5 of Chapter 2, most of the 

existing models in literatures are for the prediction of forces in piping components especially in 

elbows. For the components studied in this work, no work exists in the literature about force 

measurements.  Also, due to the large volume of work carried out on two-phase flow 

measurements, the scope of the current experiments does not include measurement of forces. 

Therefore, the mathematical modelling in this thesis was carried on the two-phase flow-induced 

forces in an elbow.  

The proposed approach analyses a control volume using the unsteady two-fluid momentum 

equation. The control volume was analysed to include the effect of the void fraction and the slip 

between the phases. The approach considers the type of two-phase flow pattern to be 

investigated. The following section applies the proposed approach to one of the existing models 

for the impact force due to slug flow in a bend. The selected model called the Piston Flow Model 

(PFM) was considered because it predicts the time varying forces rather that the peak impact 

force only like most existing models.  

3.2.1 Application of Mathematical Modelling Approach to the Piston Flow Model 

The Piston Flow Model (PFM) shown in figure 3.19a was originally proposed by Tay and 

Thorpe [41] in 2014.   The model analyses a control volume using the unsteady momentum 

equation for slug flow. In the work of Tay and Thorpe  [41], a hypothetical slug flow was 

assumed which consisted of pure gas followed by piston-like liquid slugs. A piston-like flow of a 

single-phase liquid or gas in the pipe section was assumed. Both phases flowed at the same 
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velocity of the slug (US). Slug flow properties, such as the slug velocity, liquid length and slug 

frequencies, were measured experimentally and used as inputs into the mode. Details of the PFM 

model can be found in the work of Tay and Thorpe [41].  

One of the disadvantages of the PFM is that it uses the homogeneous model which 

overestimates the peak impact force at the bend. It also requires that the slug properties be 

measured experimentally. In the current work, a more realistic slug case is considered by 

reducing the assumptions regarding the effect of the time average void fraction (α) and the slip 

(S) between the liquid and the gas phase. These considerations have been applied to the 

assumptions of the original model as stated below. For reasons of clarity, the proposed approach 

in the current work to the piston-flow model will be called the Slug Flow Model (SFM). 

The Slug Flow Model contains the following assumptions:  

1. It is an isothermal system at thermal equilibrium 

2. The front of the interface is always vertical and at a right angle to the axis of the 

pipe/bend combination 

3. It has an incompressible flow in the horizontal plane 

4. There is a uniform pressure at all points in the cross section of the control surface 

5. The time average void fraction and the slip between the phases 

6. There is a negligible interfacial stress and negligible surface stress due to the mechanical 

isolation of the bend 

7. There is no mass transfer between the phases 

8. The fluid properties are constant 
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 In the current work, the volume of gas in the flow, the velocity of the phases, and the slug 

frequencies are a function of the void fraction; therefore the time varying impact force on the 

bend is modelled as a function of the void fraction and the slip. 

  ( )   (   ) 

 

         

                                (a)                                    (b) 

Figure 3.19: Pipe bend flow in the horizontal plane with a defined control volume: (a) the 

piston flow model adapted from Tay and Thorpe [41], and  (b) the proposed approach for the 

Slug Flow Model in the current work 

 

The rate of inflow of momentum and the rate at which phase k creates momentum are 

equal to the momentum generation due to the mass transfer and the sum of forces acting 

on the phase. Mathematically: 
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(3.4) 

where   
̇  is the mass flow rate,   is the void fraction and    is the mean velocity of phase k. p is 

the pressure and A is the cross sectional area of the pipe. The terms on the left of the equality 

represent the rate of creation of momentum plus the rate of inflow of momentum within the 

control volume. The first term on the right of the equality represents the pressure forces in the 

control element. The second term on the right of the equality represents the gravitational forces. 

The third term on the right of the equality represents the wall shear force (   ), where     

represents the perimeter of contact between the wall and phase k, and     represents the wall 

shear stress between phase k and the channel wall. The fourth term on the right of the equality 

represents the sum of the interfacial shear stresses (          ), where     represents the 

perimeter of contact between phase k and phase n.      is the z component of the interfacial 

stress between phase k and n. The fifth term on the right of the equality (    ) represents the 

rate at which phase k generates momentum due to mass transfer, assuming that the mass 

transferred across the interface is accelerated to the mean velocity of the receiving phase. 

Rearranging equation (3.4): 
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        (3.5) 

Applying the assumptions 1-4 and 6-8, the momentum equation for each phase reduces to: 
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The force on the surface of the control volume (        ) is comprised of: 

(i) The force due to the pressure acting on the control volume (   ) 

(ii) The force due to stress acting on the surface of the control volume (       ), i.e. the 

force acting on the cross-sectional surface of the pipe where it cuts the control volume. 

This is negligible due to the mechanical isolation of the bend by the flexible billows 

installed before and after the bend. 

(iii) The force imposed by the support on the bend (if there is a support) 

Therefore, the time dependent forces on the bend become: 
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Integrating Equations 6 and 7 it can be written: 
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   q    (   ) *(∫      ∫    
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(3.12) 

In the bend (     ),             ,         where       (   ).  

Now considering Fluid A entering the section of the control volume that is full of Fluid B, where 

either Fluid A or B could be a mixture or a pure liquid. Applying the above equations for each 

phase to the control volume, the x and y-components of the force it can be written as: 

         (           )                (3.13) 

         (           )                (3.14) 

          
  ,  

           
  (   )     

  

         (3.15) 

If the liquid front enters into the control volume (i.e. the liquid is Fluid A):  

        ,         

If the mixture front enters into the control volume (i.e. the mixture is fluid A): 

       ,         

            

         

 

         (3.16) 

where Momx and Momy are the rate of change of momentum in the  x and y-coordinates 

respectively, as given in Table 3.2. See figure 3.15 for fluid front section on bend 
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Table 3.2: Rate of change of momentum as the fluid front moves through the control volume 

Fluid front 

moves 

through 

section 

Fluid 

entering 

control 

volume 

Rate of change of momentum term 

x-direction (Momx) y-direction (Momy) 

      Liquid is 

Fluid A 

 (     
  [      (   )

 ( 

  )     (   )]) 
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Mixture 

is Fluid A 
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Fluid front 

moves 

through 

section 

Fluid 

entering 

control 

volume 

Rate of change of momentum term 

x-direction (Momx) y-direction (Momy) 

      Liquid is 

Fluid A 

0      
  [      (   )

 (   )     (   )] 

Mixture 

is Fluid A 

0       
   (   )    

 

       (   )  

 

3.2.1 Slug Velocity, Slug Length, Liquid Velocity and Liquid Length 

In the current work, these flow properties were estimated from the void fraction. The 

fully developed void fraction, slug length and slug frequency were calculated using correlations 

developed from experiments. The equations employed are stated below: 
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where       is the slug length,       is the slug frequency,    is the slug velocity, Q is the 

flow rate,   is the volumetric quality,   is the time average void fraction, subscript f is liquid 

and g is gas 

3.2.2 Inlet and Outlet Pressure 

 The pressure at the bend was predicted using the frictional pressure drop and the loss 

coefficient due to the change in the flow direction. The mixture properties were used to 

estimate the pressure drop. The derivations in this section and details of the pressure model 

can be found in Tay and Thorpe [41].  

 If it is assumed that the pressure in a bend is the sum of the pressure loss due to friction in 

a straight pipe of the same length and the pressure resulting from losses due to a change in 

direction: 
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)     in degrees (3.23) 

where u is the mean velocity of flow, 𝛟 is the angle of the bend, and k is the loss coefficient, 

which is a function of R/D and 𝛟.  

  In order to validate the pressure drop model used in the Slug Flow Model, the 

Piston Flow Model was reproduced and the results showed a good agreement with the 

experiments if Tay and Thorpe [41].  
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Figure 3.20: Impact force on a bend from the Piston Flow Model [41] 
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CHAPTER 4 

4.0 TWO-PHASE FLOW-INDUCED 

VIBRATIONS IN PIPING STRUCTURES 

WITH A FLOW RESTRICTING ORIFICE 

 

         This chapter discusses the first part of the results of the investigation of the dynamic 

response of piping structures with a flow restricting orifice under two-phase flow published in 

the International Journal of Multiphase Flow, Volume 113, 2019. The two-phase flow 

measurements and vibration signals were analysed to understand the effect of the two-phase flow 

behaviour on the governing factors responsible for the flow-induced vibrations in the horizontal 

piping structure with a flow restricting orifice. The effects of flow patterns, void fraction, mass 

quality and orifice area ratio on vibration response are evaluated in detail. Flow pattern maps 

were created for both horizontal and vertical dynamic responses. These maps can be used in 
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evaluating the dynamic response of piping structures to flow restrictions. This type of situation is 

common in the power generation industry.  

4.1 General Flow Structure  

 Two-phase flow visualization was carried out in this study in order to understand this 

physical behaviour in different patterns of two-phase flow passing through the orifice. Moreover, 

due to the asymmetrical redistribution of two-phase flow in the horizontal piping arrangement, 

the visualization images were obtained from both the side and the top views. Sample images for 

bubbly, intermittent and stratified-wavy flow patterns upstream are presented in Figure 4.1. For 

clarity, single bubble and single slug cases were tracked over time from upstream to downstream 

from the orifice. The examined sequence of flow visualization images showed a asymmetric 

transition in the side view and a more symmetric one in the top view (Figure 4.2).  

 Multiple stage flow pattern transition was also observed. In bubbly flow it was observed 

that as a bubble approached the orifice, the bubble was slowly deformed (Figures 4.1a and 4.2 a). 

The flow pattern changed from long, discrete sized bubbles to dispersed bubbly flow 

downstream from the orifice. This is due to the large difference between the liquid momentum 

and the gas, as well as the large circulations created in the downstream face of the orifice. In this 

case, the piping structure did not experience significant vibrations for this flow pattern. In 

comparison, for a larger bubble or a slug flow, the head of the slug was initially squeezed at the 

orifice to form a dispersed bubbly flow downstream. As the rest of the slug body travelled 

through the orifice, a stratified layer was observed. This layer quickly transformed into rotating 

back-flow leading to rapid recirculation of the dispersed air-water mixture (Figures 4.1b and 

4.2b). With an increase in the air superficial velocity from 0.3 to 0.5 m/s, an increase in the slug 

frequency hitting the orifice plate was observed. As the water flux increased, a more 
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homogenous bubble distribution downstream from the orifice was observed. These effects 

became more dominant with an increase in the liquid superficial velocity from 0.46 to 1.29 m/s.  

 Figures 4.1c and 4.2c show the case with stratified-wavy air-water flow. As the flow 

approached the orifice, a wave was generated upstream, and it splashed and pushed a large 

volume of water against the orifice plate. This created a liquid build-up upstream in the 

neighbourhood of the orifice, forcing an air bubble through the orifice in the form of a slug. 

 

 

Figure 4.1: Side view of flow visualization for (a) bubbly, (b) intermittent, and (c) stratified-

wavy air-water flow showing the flow pattern change across an orifice with an area ratio of 0.25 

in the horizontal pipe 
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Figure 4.2: Top view of flow visualization for (a) bubbly, (b) intermittent, and (c) stratified-wavy 

air-water flow showing the flow pattern change across an orifice with an area ratio of 0.25 in a 

horizontal pipe 

 The sudden pressure drop downstream from the orifice caused a backflow of water, 

which excited the piping structure. This was followed by a discrete water jet through the orifice, 

which was created by the frequent wave generation upstream from the orifice. Similar backflow 

and water jets were observed in the case of slug flow. The piping structure was also subjected to 

50 additional test cases of two-phase flow. These tests were done for five cases of liquid flux and 

various cases of gas flux. Sample PIV analysis results for void fractions of 20% are presented in 

Figure 4.3. The liquid superficial velocity was 0.46 m/s and the air superficial velocity was 0.02 

m/s. The raw image (Figure 4.3a), shows broken air bubbles of different sizes, dispersed with 

water. As shown in the streamline plots (Figure 4.3c), both phases accelerate through the orifice, 
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and the presence of buoyancy keeps the dispersed air bubbles at the upper part of the pipe where 

more backflow occurs; hence, a higher shear is experienced at the lower corner of the pipe and 

stronger vortices occur at this point (Figure 4.3d). If the fluid flow had some solid particles 

suspended in it, the region with the highest vortices would undergo a greater amount of erosion. 

In this case, the magnitude of the vortices at the bottom of the pipe was lower than that of a 

single-phase water flow but was spread over a longer length making the reattachment point 

further away. The mixing effect was minimal because both phases were continuously transported 

away from the orifice with a negligible backflow. A maximum velocity of 1.7 m/s was 

experienced at the venia contracta (Figure 4.3b). At higher superficial air velocities (0.12 m/s–

1.7 m/s), the increased effect of buoyancy with void fraction resulted in a higher restriction in the 

flow as both phases accelerated through the orifice. These disturbances created a low pressure 

region downstream from the orifice. Further downstream, the pressure recovery caused flow 

recirculation with stronger whirling on the upper part of the pipe as compared to the bottom of 

the pipe. This behaviour was observed for plug, slug, and stratified-wavy flow patterns. The 

magnitude of the vortex at the upper corner of the orifice increased with the void fraction while 

the lower half decreased (Figure 4.3). The phenomenon was accompanied by an increase in the 

vibration response specifically for the plug and slug flow patterns. An increase in the pipe 

response in the horizontal direction was also observed within the dispersed annular flow regime. 

The location of the highest swirling for the single-phase case corresponded to a distance of 0.7 D 

downstream from the orifice. This distance increased as the void fraction increased.  
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 (a) 

 

 

(b) 

 

 

 

(c) 

 

 

 

(d) 

Figure 4.3: Air-Water flow downstream of an orifice in a horizontal pipe for JL = 0.46 m/s, α = 

0.2: (a) raw image, (b) vector, (c)  streamline, and (d) vorticity fields  

4.2 General Vibration Characteristics  

Table 4.1 presents a summary of the dimensionless properties of the system. The highest 

Strouhal number (St) observed was in the neighbourhood of 1. While the trend of the Strouhal 



 

75 
 

number is not very clear when there is an increase in the gas flux, there is a definite increase with 

an increase in the liquid flux. As the liquid flux increased from 0.63 m/s to 1.3 m/s, the changes 

in the value of the Strouhal number were due to the change in the dominant frequency. The 

Froude rate (Ft) increased with the gas superficial velocity, which shows that at lower gas flux, 

the kinetic energy of the liquid phase dominated that of the gas phase. As can be observed in 

Table 4.1, this trend changed in the separated flow regime at a gas superficial velocity of 1.1 m/s.  

 Table 4.1: Dimensionless parameters at various velocities of air-water flow 
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0.46 0.01 13151 0.36 0.42 6.0x10
-5

 

0.46 0.02 13161 0.37 0.41 2.4x10
-4

 

0.46 0.05 13197 0.38 0.42 1.3x10
-3

 

0.46 0.12 13271 0.40 0.62 4.6x10
-3

 

0.46 0.31 13477 0.40 0.44 1.9x10
-2

 

0.46 0.42 13591 0.38 0.44 3.0x10
-2

 

0.46 0.51 13690 0.40 0.46 4.0x10
-2

 

0.46 0.76 14000 0.43 0.46 7.7x10
-2

 

0.46 1.10 14390 0.34 0.42 0.13 

0.46 1.70 15159 0.43 0.32 0.27 

0.63 0.01 17964 0.27 0.30 2.2x10
-5

 

0.63 0.02 17975 0.27 0.30 1.1x10
-4
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0.63 0.05 18011 0.28 0.30 6.4x10
-4

 

0.63 0.12 18086 0.30 0.30 2.5x10
-3

 

0.63 0.31 18297 0.31 0.31 1.1x10
-2

 

0.63 0.42 18411 0.29 0.32 1.7x10
-2

 

0.63 0.51 18513 0.29 0.32 2.3x10
-2

 

0.63 0.76 18834 0.30 0.31 5.4x10
-2

 

0.63 1.10 19221 0.30 0.29 0.10 

0.63 1.70 20009 0.31 0.27 0.22 

0.82 0.01 23480 0.20 0.24 2.9x10
-5

 

0.82 0.02 23492 0.20 0.24 1.2x10
-4

 

0.82 0.05 23529 0.23 0.23 6.8x10
-4

 

0.82 0.12 23606 0.21 0.23 2.5x10
-3

 

0.82 0.31 23822 0.21 0.24 1.1x10
-2

 

0.82 0.42 23941 0.23 0.23 1.8x10
-2

 

0.82 0.51 24044 0.22 0.24 2.4x10
-2

 

0.82 0.76 24373 0.21 0.24 5.3x10
-3

 

0.82 1.10 24773 0.22 0.26 9.7x10
-2

 

0.82 1.70 25586 0.22 0.25 0.22 
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1.05 0.01 30010 0.16 0.18 3.3x10
-5 

1.05 0.02 30022 0.15 0.18 1.3x10
-4

 

1.05 0.05 30060 0.15 0.18 7.1x10
-4

 

1.05 0.12 30140 0.16 0.23 2.7x10
-3

 

1.05 0.31 30363 0.17 0.18 1.2x10
-2

 

1.05 0.42 30487 0.18 0.18 1.9x10
-2

 

1.05 0.51 30593 0.17 0.19 2.6x10
-2 

1.05 0.76 30941 0.17 0.19 5.4x10
-2

 

1.05 1.10 31356 0.18 0.17 9.7x10
-2

 

1.05 1.70 32207 0.17 0.17 0.21 

1.30 0.01 36709 0.12 0.14 3.8x10
-5

 

1.30 0.02 36721 0.13 0.15 1.5x10
-4

 

1.30 0.05 36761 0.13 0.15 8.1x10
-4

 

1.30 0.12 36844 0.14 0.14 3.x10
-3

 

1.30 0.31 37076 0.13 0.14 1.3x10
-2

 

1.30 0.42 37204 0.14 0.15 2x10
-2

 

1.30 0.51 37315 0.15 0.15 2.8x10
-2

 

1.30 0.76 37673 0.13 0.16 5.8x10
-2
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1.30 1.10 38116 0.14 0.15 0.10 

1.30 1.70 38997 0.14 0.13 0.22 

 

 The effect was reduced with an increase in the liquid flux from 0.46 m/s to 1.3 m/s. The 

Froude rate increased with a reduction in the reduced flow velocity. The amplitude of vibration 

increased with an increase in the gas and the liquid flux (Figures 4.4 and 4.5). This increase 

continued within the intermittent flow patterns. A detailed explanation of the excitation in the 

horizontal direction can be obtained by evaluating the reduced flow velocity, which will be 

discussed in a later section. The dominant frequency remained in the neighbourhood of the 

natural frequency in this case. At higher liquid fluxes (0.82–1.29 m/s), the length of the 

reattachment of the two-phase mixture above the orifice increased with an increase in the void 

fraction. The forcing frequency spectrum for two-phase flow-induced vibrations was broadband 

and random. The vibration response spectra of the structure exhibited peaks at the resonance 

frequencies for lateral vibrations.  
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                        (a) 

 

                         (b) 

 

                         (c) 

      Figure 4.4: Plot of pipe displacements in the x and y-coordinates with frequency and 

trajectory of pipe motion for  JG =  0.51 m/s, and : (a) JL = 0.46 m/s (α = 0.5), (b) JL = 0.82 m/s (α 

= 0.4),  and (c) JL = 1.3 m/s (α = 0.27) 

 

 



 

80 
 

   

   

 

                        (a) 

 

                        (b) 

 

                         (c) 

Figure 4.5: Plot of pipe displacements in the x and y-coordinates with frequency and trajectory of 

pipe motion for JL = 1.3m/s: (a) bubbly flow (JG  = 0.017m/s, α = 0.10), (b) slug flow (JG = 

0.3m/s, α = 0.23), and (c) dispersed annular flow  (JG = 1.7m/s, α = 0.45)  

 The frequency of vibration in both directions (f x and f y) remained in the neighbourhood 

of the natural frequencies of the first (7 Hz) and second (15 Hz) modes in the two studied 

directions (Figures 4.4 and 4.5). At void fractions below 15%, variations in the frequency of the 

first mode with an increase in the liquid superficial velocity ware less than 2% in both directions. 

It was observed that at lower void fractions (bubbly and plug flow), the frequency of vibration 
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was less dependent on the liquid flux. The frequency band became broader at a higher void 

fraction. Fluctuations also existed in the RMS of displacements in both the horizontal (x) and 

vertical (y) directions (Figure 4.4). They are, however, more pronounced in the vertical direction 

but with clearer trends in the horizontal direction. This behaviour can be attributed to the 

asymmetrical flow downstream from the orifice in the vertical direction and to a more 

symmetrical flow in the horizontal direction. At a higher liquid superficial velocity (Figure 4.5), 

the frequency response in the second mode was more distinct while the reverse flow downstream 

became dominant. In a single-phase and bubbly flow regime, the pipe did not show any 

significant vibrations. This trend began to change in the plug flow regime as higher amplitudes 

were recorded in the vertical direction. A similar trend was observed at a higher liquid superficial 

velocity. For a better illustration of the experimental results, two-phase flow properties were 

plotted against the vibration response in the vertical and horizontal directions. The results are 

presented in the following section. Eleven cases were run for a liquid superficial velocity ranging 

from 0.46 m/s to 1.29 m/s and a gas superficial velocity ranging from 0 to 1.67 m/s. Only the 

first mode in both directions was analysed.  

4.3. Effect of Flow Pattern on the Horizontal Vibration  

 Vibrations in the horizontal direction increased in amplitude with a reduced flow velocity 

(Jg/fd) for bubbly, plug and slug flows (Figure 4.6). For a bubbly flow, excitation forces were 

dominated by bubble impacts on the orifice and the vorticity generated downstream. As the 

liquid superficial velocity was increased, a significant degree of randomness was observed in this 

region due to the vorticity at the upper and lower corners of the orifice. These two streams of 

vortices were separated by a jet of water emanating from the orifice; hence no coalescence of the 

vortices was observed. An increase in the air superficial velocity led to a reduction in the 
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vorticity at the upper corner of the pipe downstream from the orifice. Within the plug flow 

pattern, a back flow in the air-water mixture was observed downstream from the orifice. 

Vorticity excitation appeared to be overwhelmed by turbulence emanating from the swirling 

backflow in the neighbourhood of the orifice. This swirling strength increased with an increase 

in the gas superficial velocity while the frequency of the backflow decreased. Within the slug 

flow regime, alternating slug impact on the orifice and turbulence due to swirling backflow 

dominated the excitation forces. This effect increased for liquid superficial velocity above 0.82 

m/s. At liquid superficial velocity below 0.63 m/s, the amplitude of vibration in the horizontal 

direction became less dependent on the two forces because of a reduction in the momentum of 

the liquid phase.  

 For liquid superficial velocity below 0.46 m/s the excitation was less dependent on gas 

superficial velocity; vorticity forces prevailed. Some randomness was observed in this range. 

Beyond the slug flow, the flow pattern transition determined the nature of excitation (Figures 4.6 

– 4.8).  Also, it was observed that small dispersed bubbles distributed around the plug/slug flow 

exhibited some damping effect on vorticity and swirling backflow. For liquid superficial velocity 

below 0.63 m/s, a transition from slug to stratified-wavy flow was observed. Excitation forces 

were dominated by waves due to surface tension at the liquid/gas interface. Swirling due to 

backflow also increased in strength as the liquid superficial velocity increased. However, it was 

overwhelmed by wave forces because of insufficient momentum. Excitation within these flow 

rates for any particular liquid flux was reduced with an increase in the gas superficial velocity. 

This was due to the expected transition to a fully stratified flow.  
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Figure 4.6: Percentage of vibration amplitude with a reduced velocity (   (   ) for horizontal 

coordinates 

 

Figure 4.7: Percentage of vibration amplitude in horizontal coordinates with mass quality 
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At liquid superficial velocity above 0.83 m/s, a transition from slug to dispersed annular 

flow was observed (Figure 4.6). This annular dispersed flow changed to a stratified-wavy flow 

downstream from the orifice. The stratified-wavy flow eventually changed to a fully stratified 

flow with an increase in the gas superficial velocity. Within each liquid superficial velocity, the 

excitation was therefore reduced and then increased as the air superficial velocity increased. The 

highest percentage of RMS recorded for the first mode when compared to the pipe diameter was 

less than 0.23% and it occurred within the dispersed annular flow regime.  

 The sensitivity of the structural response in the horizontal direction to mass quality 

increased as the flow pattern changed from bubbly to slug flow (Figure 4.7). The highest 

sensitivity was recorded in the slug flow pattern at liquid fluxes greater than 0.82 m/s; a small 

increase in the mass quality led to a much higher amplitude of vibration. The dynamic response 

also correlated with the volumetric quality. In this case, shown in Figure 4.8, the highest 

structural response was found to be in the intermittent flow region (plug and slug flow, 0.18 < α 

< 0.5). The response also increased as the liquid superficial velocity increased. It was observed 

that the dynamic response was less dependent on the volumetric quality for bubbly and stratified 

wavy flows. A similar behaviour was observed at higher ratios of superficial velocities, and a 

higher sensitivity was specifically observed for both a slug (0.25 < Jg/JL < 1.7) and an annular 

dispersed flow (0.6 < Jg/JL < 2). A deviation in the average RMS horizontal amplitude of 

vibration as a percentage of the piping diameter was found to increase as the slip ratio (Jg/JL) 

between the phases increased, as shown in Figure 4.9. The scatter in the data increased as the slip 

increased and the deviation was found to be within ±55%.  
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Figure 4.8: Percentage of vibration amplitude in the horizontal coordinates with volumetric 

quality 

 

Figure 4.9: Percentage of vibration amplitude in the horizontal coordinates with slip ratio 
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4.4 Effect of Flow Pattern on the Vertical Vibration  

 Lateral excitation in the vertical direction showed two discrete trends based on the flow 

pattern upstream from the orifices. The first trend, which was found in the intermittent flow 

regime (bubbly, plug and slug flows) was that the amplitude of vibration increased as the air 

superficial velocity increased, as shown in Figure 4.10. A maximum peak in the excitation 

amplitude was observed in the case of a slug flow at liquid superficial velocity above 1.05 m/s. 

This was due to the momentum changes exerted as the slug tail passed through the orifice at high 

liquid superficial velocity. This effect was then reduced as the air superficial velocity increased, 

as shown in Figure 4.10. These explanations were derived by examining the images through top 

view visualization. This behaviour may also be attributed to the transition from a slug to a churn 

flow pattern where more mixing between phases occurs. A different trend was observed in the 

vibration response in the vertical direction for both stratified-wavy and dispersed annular flow 

patterns. This trend showed a flip in the effect of the liquid superficial velocity on the vibration 

amplitude. In all cases, the response of the structure was reduced as the liquid superficial 

velocity decreased. This can be explained as the structure seemed to have increased stiffness in 

the vertical direction as the liquid superficial velocity increased. In these cases, a flow pattern 

transition was also observed downstream from the orifice.  
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Figure 4.10: Percentage of vibration amplitude with reduced velocity (   (   ) for vertical 

coordinates 

 

Figure 4.11: Percentage of vibration amplitude in the vertical coordinates with mass quality 



 

88 
 

When the annular dispersed flow changed to a stratified flow downstream from the 

orifice, the stratified-wavy flow changed to a slug flow, and hence induced more vibrations. 

Similarly, the dynamics response data are correlated to both mass quality and volumetric 

superficial velocity, as shown in Figures 4.11 and 4.12. For liquid superficial velocity below 0.63 

m/s, the structural response increased with an increase in the gas superficial velocity, and for 

liquid superficial velocity above 0.82 m/s, the response was similar to the behaviour in the 

horizontal direction. The highest percentage of RMS recorded for the first mode when compared 

to the pipe diameter was about ±70%. This is because of the asymmetrical flow distribution in 

the vertical direction compared to the horizontal direction.  

 

Figure 4.12: Percentage of vibration amplitude in the vertical coordinates with volumetric quality 



 

89 
 

 

Figure 4.13: Percentage of vibration amplitude in the vertical coordinates with slip ratio 

The sensitivity of the structural response in the vertical direction when compared to the 

mass quality showed a similar trend to that of the horizontal response. This is because the flow 

redistribution in the intermittent flow pattern is responsible for a higher excitation (Figure 4.11) 

with a higher sensitivity recorded for a slug flow pattern. The response of the structure was 

reduced at liquid superficial velocity above 1.05 m/s for mass superficial velocity values between 

0.024% and 0.047%.  

 In the case of separated flow patterns, such as stratified-wavy and dispersed annular 

flows, the dynamics response increased as the mass quality increased. Liquid superficial velocity 

below 0.82 m/s showed a continuous increase in response to volumetric quality increases, as 

shown in Figure 4.12. At higher liquid superficial velocity, the sensitivity of the structural 

response to the volumetric quality became dominant for intermittent flow patterns. Beyond a 

volumetric quality of 0.5, the dynamic response was less dependent on the liquid superficial 

velocity. The data was correlated with the slip ratio, and the maximum amplitude of the dynamic 
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response of the piping was found to be within ±70% of the tube diameter, as shown in Figure 

4.13. A large variation in the response occurred when intermittent flow patterns were observed 

upstream from the orifice. As the volumetric quality approached 1, the amount of variation 

decreased and the response became less dependent on the liquid superficial velocity. The flow 

pattern in these cases was a dispersed annular flow for a low liquid loading or a stratified flow 

for a higher liquid loading. 

4.5 The Effect of the Orifice Area Ratio  

 The orifice to the pipe area ratio strongly affected the flow redistribution both upstream 

and downstream from the orifice plate. This flow redistribution was found to correlate very well 

with the dynamic response for the same liquid superficial velocity. Moreover, as the gas 

superficial velocity increased, and consequently the slip between the phases increased, higher 

pressure fluctuations were observed. This was due to the change in the two-phase flow 

momentum and the ability of the gas and liquid to separate downstream from the orifice before 

becoming fully developed again. This dynamic response was found to increase as the area ratio 

decreased, as shown in Figure 4.14. The response in both the horizontal and vertical directions 

was recorded for the same liquid superficial velocity, as shown in Figures 4.14 and 4.15. The 

maximum vibration amplitude for piping with an orifice was compared to the response of a 

straight pipe without an orifice. For an orifice with an area ratio of 0.25, the increase in the 

dynamic response was found to be 113% and 150% in the horizontal and vertical directions 

respectively.  
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Figure 4.14: Effect of area ratio on pipe response in the horizontal direction for JL = 0.46m/s and 

various air superficial velocities from 0 to1.67 m/s 

 

Figure 4.15: Effect of area ratio on pipe response in the vertical direction for JL = 0.46m/s and 

various air superficial velocities from 0 to1.67 m/s 
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For piping with an orifice area ratio of 0.0625, the increase in the dynamic response was found to 

be 180% and 170% in the horizontal and vertical directions respectively. This indicated that two-

phase flow redistribution has a significant effect on the vibration response of piping with flow 

restriction orifices. 

4.7 Summary  

 In the current chapter, measurements of void fraction, flow field and vibration signals 

were analysed in order to evaluate the effect of two-phase flow behaviour on the vibration 

response of the structure. The low pressure region downstream from the orifice was found to 

contribute to the asymmetric two-phase flow distribution downstream from the orifice and 

consequently, to the vibration response in the vertical direction. The maximum response was 

found in the region where a transition to slug flow occurred. The RMS amplitude of vibration 

also increased with an increase in gas superficial velocity for both stratified and annular flows. 

Flow pattern maps were therefore created for different ranges of RMS amplitudes, and for both 

horizontal and vertical responses. The maximum vibration amplitude was found to increase by 

113–180% for piping with an orifice when compared to the response of straight pipes, and the 

amplitude was dependent on the orifice to the pipe area ratio. This indicated that two-phase flow 

redistribution has a significant effect on the vibration response of piping with flow restriction 

orifices. The data was correlated in the form of maps that identify the trend of the dynamic 

response with the observed flow pattern. These maps can be used in evaluating the dynamic 

response of piping structures with restrictions in order to design safer operating multiphase 

systems, which are commonly found in the power generation industry. 
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CHAPTER 5 

5.0 FLOW-INDUCED VIBRATION IN 

ORIFICES DUE TO SLUG FLOW AND 

SEPARATED TWO-PHASE FLOW: 

SYNCHRONIZED DATA COLLECTION   

 

         This chapter discusses the second part of the results of the investigation of the flow-

induced vibrations in piping structures with a flow restricting orifice. Part of this chapter is 

published in the International Conference for Fluid Flow Heat and Mass transfer (FFHMT‟19). 

The focus of the current chapter is slug flow and separated two-phase flow, including stratified-

wavy flow and annular flow. The two-phase flow measurements and vibration signals were 
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synchronized and analysed simultaneously to understand the effect of the two-phase flow 

behaviour on the governing factors responsible for the flow-induced vibrations. The effects of 

flow pattern changes, void fraction at various locations, mass quality and slug properties on 

vibration response were evaluated in detail. The excitation at various response frequencies were 

analysed and correlated. Flow pattern maps and charts were created for the vertical dynamic 

responses. The charts can be used to identify critical flow conditions in two-phase flow in power, 

oil and gas, and chemical industries.  

5.2 Slug Flow-Induced Vibrations in a Piping Structure with a Flow Restricting 

Orifice  

     Vibrations due to slug flow are a challenge because of the large fluctuations in the local 

mass superficial velocity [15]. Slugging may occur even when systems are designed to operate in 

other two-phase flow patterns. This is because these flow patterns may transform to slug flow in 

piping components or during start up and shut down due to low loading conditions or 

temperature changes in the systems [57]. The following sections discuss the results of the 

research on flow-induced vibrations due to slug flow in piping structures with a flow restricting 

orifice. 

5.1.1 General Flow Structure 

Flow visualization of the two-phase flow was carried out before vibration data was collected. 

High speed images of the top view and side view of the slug flow were collected and examined. 

The side view images showed an asymmetrical flow in the pipe section.  As the gas slug passed 

through the orifice, the head and a redistribution of the two-phase flow was observed 

downstream from the orifice (Figures 5.1 and 5.2). As the slug passed through the orifice, the 

slug was subjected to a high level of defragmentation.  
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                (a)                                              (b)                                (c) 

Figure 5.1: Side view images of slug flow through an orifice at a JL of 0.46 m/s and various 

JG of (a) 0.31 m/s, (b) 0.42 m/s, and (c) 0.51 m/s 

 

 

                         (a)                                              (b)                        (c) 

Figure 5.2: Top view images of slug flow through an orifice at a JL of 0.46 m/s and various 

JG of (a) 0.31 m/s, (b) 0.42 m/s, and (c) 0.51 m/s 
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These air bubbles formed a pattern like wakes in the liquid phase downstream of the orifice. 

The wakes increased with an increase in the superficial velocity of the liquid phase. When the 

superficial velocity of the liquid was held constant at a higher superficial velocity of air, this 

injection of air created a stratified air-water layer downstream from the orifice (Figures 5.1b and 

5.1c). This stratified air-water layer downstream experienced some turbulence when the tail of 

the slug passed through the orifice (Figure 5.2). After the gas slug, the liquid phase passed 

through the orifice as a jet of water during which the backflow of the mixture was observed 

downstream. The frequency of the backflow increased with an increase in the superficial velocity 

of the liquid phase. This backflow continued until the end of the liquid jet.  

The slug length increased with an increase in the superficial velocity of the gas phase. 

Furthermore, the frequency of the backflow was reduced due to the increase in the slug length. 

The slug flow was observed to be more symmetrical in the top view image (Figure 5.2) than the 

side view image (Figure 5.1). 

In addition to the image visualization in the orifice, it is important to understand the 

condition of the slug as it approached the orifice. Therefore, a study was carried out on the 

development of the slug flow upstream from the orifice to understand the inlet conditions of the 

slug before it entered into the orifice. PIV analysis was carried out on slug flow cases in a 

straight pipe 25 D upstream of the orifice. A single slug was studied at a JL of 0.63 m/s and a JG 

of 0.51 m/s (Figure 5.3), and another at JL of 1.1 m/s and  JG of 0.51 m/s (Figure 5.4). The figures 

include the scaled raw image, the vectors, vorticity and velocity profiles drawn at three locations 

in the Region of Interest including: 6mm, 31mm and 62mm. 

The vector plots (Figures 5.3b and 5.4b) show an increase in the velocity of the liquid around 

the slug with an increase in the superficial velocity of the liquid phase.  The time-stamped raw 
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images (Figures 5.3a and 5.4a) show that the length of the slug reduced with an increase in the 

superficial velocity of the liquid phase. The head of the slug approached with some vortices in 

the liquid phase in the front.  

 

 

      (a)                              (b)                       (c)                                 (d) 

Figure 5.3: Side view of time stamped (a) raw image, (b) vectors, (c) vorticity, and (d) 

velocity profile plots from the PIV analysis of a single slug case upstream for a JL at 0.63 m/s 

and a JG at 0.51 m/s. 
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          (a)                                 (b)                (c)                                (d) 

Figure 5.4: Side view of time stamped (a) raw image, (b) vectors, (c) vorticity, and (d) 

velocity profile plots from the PIV analysis of a single slug case upstream for a JL at 1.1 m/s and 

a JG at 0.51 m/s. 

These vortices suggested that the gas phase was driving the liquid phase in this region. As the 

slug advanced, some vortices were also observed at the interface between the gas phase and the 

liquid phase around the slug. The strength of the vortices increased with an increase in the 

superficial velocity of the liquid phase by a magnitude of 3.5. The vector plots (Figures 5.3b and 

5.4b) show a low flow velocity at this interface. The velocity increased at the tail of the slug as 
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shown by the magnitude of the vectors in the vector plots (Figures 5.3b and 5.4b).  At a time of 

198 ms to 212 ms in Figure 5.3a, and a time of 144 ms to 154 ms in Figure 5.4a, it was observed 

that the disturbance at the tail of the slug increased with an increase in the superficial velocity of 

the liquid phase.  

5.1.2 General Vibration Characteristics and Time Varying Signals 

As mentioned earlier, the existing literature suggests that slug flow-induced excitation in 

piping components without an orifice will occur at the slug frequencies [16]. Therefore, it was 

assumed that within the slug flow regime, a pipe structure with an orifice will vibrate at the slug 

frequency. To confirm this, an arbitrary slug flow case was investigated at a JL of 1.1 m/s and a 

JG of 0.51 m/s. The void fraction sensor upstream (Location 2) at the entrance of the orifice was 

synchronised with the proximity laser sensor installed 8 D downstream from the orifice and the 

time signal for the three sensors were plotted on the same scale. The results showed that the 

vibration of the structure was random. At a JL of 1.1 m/s and a JG of 0.51 m/s (Figure 5.5), there 

was no clear correlation between the slug flow, the void fraction both upstream and downstream, 

and the vibrations of the pipes.  

The FFT of the structure did not show clear peaks around the slug frequency; therefore, a 

further investigation into the slug flow case was carried out. In this case, the superficial velocity 

of the liquid was reduced to 0.46 m/s in order to increase the size of the slug. The superficial 

velocity of the gas was kept constant at 0.51 m/s. An interesting trend was observed in the 

frequency response plots (FFT) of the structure and the FFT of the void fraction upstream 

(Figure 5.6). Examining the response spectrum in Figure 5.6b, two peaks can be observed. A 

dominant peak is found in the neighbourhood of the natural frequency of the structure and 
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another at frequencies corresponding to the slug frequencies. Clearly, the slug-related excitation 

upstream from the orifice was responsible for the latter peak in the response spectra of the pipe. 

 

 

Figure 5.5: (a) Time signal of piping response, and  (b) FFT of (i) upstream void fraction, (ii) 

downstream void fraction, and (iii) pipe displacement for a slug flow at JL = 1.1 m/s and JG = 

0.51 m/s 

The turbulence downstream from the orifice due to the mixing backflow of the two-phase 

mixture downstream provides a broadband excitation. This excitation is responsible for the 

narrow band response around the natural frequency of the pipe. Some other peaks were also 
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observed at lower frequencies in the neighbourhood of 1 Hz; however, these frequencies were 

not observed in the frequency response (FFT) of the void fraction upstream.  

Figure 5.5 shows the PDF of the void fraction. Two peaks were observed, which suggests 

that large slugs and small bubbles were flowing through the orifice. This is actually expected in a 

slug flow pattern. The probability of having smaller bubbles is higher because they occur more 

frequently than the slugs; however, the slugs induce higher vibration amplitude, as shown in the 

frequency response plot (FFT) of the structure (Figure 5.6).  

   

 

(i) 

       
 

 

(ii) 

  
 

 

(iii) 

 

                        (a)                        (b)                     (c)  

Figure 5.6: Time signal (i), FFT (ii) and PDF (iii) of (a) piping displacement, (b) void 

fraction upstream, and (c) void fraction downstream for a slug flow at JL = 0.46 m/s and JG = 

0.51 m/s         
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  For a better characterization of the studied cases, the high speed video camera was 

synchronised with the proximity laser sensor and the void fraction sensor upstream from the 

orifice. Two cases are presented here, one at a superficial velocity of JL = 0.82 m/s, and the other 

at a superficial velocity of JL = 0.46 m/s. In both cases, the superficial velocity of the gas was 

kept constant at 0.51 m/s. The signals presented here are for a short time due to the high trigger 

rate necessary for this kind of flow. The results shown in Figure 5.7 demonstrate a similar trend 

to those discussed in the previous section. At a higher superficial velocity of the liquid (JL = 0.82 

m/s), no clear correlations were observed between the time stamped images, the void fraction 

signal, and the piping displacement signal.  

 

 

 

 

 

Figure 5.7: Time varying signals of the piping displacement, and the time stamped images for 

a slug flow at JL = 0.82 m/s and JG = 0.51 m/s 
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At about 0.48 s, when the head of a slug entered into the orifice, a peak was observed in the 

void fraction signal; however, no peak was observed in the piping displacement-time signal. The 

same result was observed for consecutive slugs. The trend became clearer at a lower liquid 

superficial velocity as shown in Figure 5.8. 

 

 

                                                         

                                                                 (a) 
 

 

 

 

                                                          

                                                                (b) 

 

 

 

                                                        

                                                                (c) 
 

                     

Figure 5.8: Frequency response plot (FFT) and flow images showing slug lengths for slug 

flow at JG = 0.51 m/s and a JL of (a) 0.46 m/s, (b) 0.82 m/s, and (c) 1.3 m/s  
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A sample of the test cases used to determine the general vibration characteristics is presented 

in Figure 5.8. The figure shows various slug sizes and the frequency response of the pipes for 

each size. From the figure, it can be observed that not all slugs excited the structure at the slug 

frequency. For the cases of a JL of 0.82 and 1.3 m/s at a JG of 0.51 m/s, no distinct peaks were 

observed in the neighbourhood of the slug frequencies.  

5.1.3 Effect of Liquid and Gas Superficial Velocities on the General Vibration Characteristics 

Twenty cases of slug flow were investigated to study the effect of the velocities on pipe 

excitation at the slug frequency. The FFT of the synchronised signals for vibration and void 

fraction upstream, along with the PDF of the void fraction, were examined to investigate the 

effect of liquid and gas superficial velocities on the vibration of the piping structures. 

Furthermore, the flow structure downstream of the orifice, in the neighbourhood of the collection 

of the vibration data, was analysed using PIV to investigate the effect of the local flow properties 

on the vibration. Sample results are presented in Figures 5.9 to 5.12.   

 Figure 5.9 (a-d) shows the effect of the liquid superficial velocity on the excitation of a 

piping structure with an orifice for a JG at 0.51 m/s and JL from 0.46 m/s to 1.1 m/s. From the 

FFT of the void fraction signal (Figure 5.9 (i)), it was observed that, as the liquid superficial 

velocity increased, the flow transitioned from a regular period flow to a random flow. This was 

further explained in the PDF of the void fraction upstream. The PDF (Figure 5.9 (ii)) showed two 

peaks at a lower liquid superficial velocity, which indicates the existence of the slug and the 

intermittent bubbles. It was observed that the second peak gradually faded out as the liquid 

superficial velocity increased, which suggests a transition to a plug-like flow. Further 

observations of the video images showed that as the liquid superficial velocity increased, discrete 

bubbles were observed around the slugs.  
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(i) 

          

 
 

(ii) 

 

                    (a) 

 

                   (b) 

 

                     (c) 

 

                     (d) 

 

(iii) 

Figure 5.9: (i) void fraction FFT, (ii) of a upstream void fraction upstream PDF (αu), (iii) 

vibration FFT for a JG at 0.51 m/s and a JL at (a) 0.46 m/s, (b) 0.63 m/s, (c) 0.82 m/s, and (d) 1.1 

m/s.  

This effect was also observed in the FFT of the piping vibration. On the FFT of the 

structure, peaks were observed in the neighbourhood of the natural frequency and the slug 

frequencies. This suggests the presence of slug related excitation and turbulence related 

excitation. The dominant response peak increased with an increase in the superficial velocity of 

the liquid phase. At a JL of 0.46 m/s, one of the response peaks was observed in the 

neighbourhood of the slug frequencies (Figure 5.9a). However, as the superficial velocity of the 

liquid increased, the heights of these peaks were reduced.    
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 At higher liquid superficial velocities, the peaks around the natural frequency became 

more discrete. This is further explained in the results from the PIV analysis (Figure 5.10). The 

results of the PIV analysis of the side view showes the raw image, vectors, vorticity and 

turbulence intensity plots downstream of the orifice for the same cases as the vibration results in 

Figure 5.9. The vorticity here describes the rotation around an axis perpendicular to the axial and 

the radial directions (Equation 5.1). The turbulence intensity plot here is the mean of the 

velocity, coloured by the RMS of the velocity in the axial direction (Equation 5.2).  

Vorticity   
  

  
  

  

  
  ………………………………………….. (5.1) 

Turbulence Intensity (URMS)   √
 

 
(  

     
          

 )  ……………………………….. (5.2) 

The raw images show defragmentation of the bubbles downstream from the orifice. As 

the superficial velocity of the liquid increased, the air-water mixture became more homogeneous 

as more mixing occurred downstream from the orifice (Figure 5.10). The vector plots also show 

a similar tend. A transition from separated layers to a homogeneous flow with mixing was 

observed downstream from the orifice. The acceleration of the mixture at the bottom of the pipe 

in the neighbourhood of the orifice increased with an increase in the superficial velocity of the 

liquid phase. Furthermore, the magnitude of the velocity of the liquid phase increased with an 

increase in the superficial liquid velocity, as shown by the vector plots. The magnitude of the 

liquid velocity at a JL of 1.1 m/s was about 33 times the magnitude at a JL of 0.46 m/s. In 

addition to this, as the superficial velocity of the liquid increased, the turbulence in the mixture 

downtream from the orifice increased.   

As shown in the vorticity plots (Figure 5.10), the fluctuations in the core of the vortices 

appeared to increase with an increase in the liquid superficial velocity. From JL of 0.46 m/s to JL 
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of 1.1 m/s, the magnitude of rotation at the core reduced by an order of 7. This explains why the 

amplitude of vibration in the neighbourhood of the natural frequencies in Figures 5.8 and 5.9 

appeared to become more discrete as the superficial velocity of the liquid phase increased. 

 

 

                                (a)                                (b)                             (c)                             (d) 

Figure 5.10: Flow image, vector, vorticity and turbulence intensity for a JG at 0.51 m/s and a JL at 

(a) 0.46 m/s, (b) 0.63 m/s, (c) 0.82 m/s, and (d) 1.1 m/s  

Figure 5.11 (a-d) shows the effect of the gas superficial velocity on the excitation of a piping 

structure with an orifice for a JL at 0.46 m/s and a JG from 0.12 m/s to 0.51 m/s. From the FFT of 

the void fraction signal, it can be observed that as the gas superficial velocity increased, the flow 

transitioned from a random flow to regular periodic flow. This is further explained in the PDF of 
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the void fraction upstream. The two peaks in the PDF became more distinct with an increase in 

the gas superficial velocity.  

 

    

 

(i) 

    

 

(ii) 

      

                 (a) 

     

                 (b) 

    

                (c) 

     

                (d) 

 

(iii) 

Figure 5.11: (i) void fraction FFT, (ii) of a upstream void fraction upstream PDF (αu), (iii) 

vibration FFT for a JL at 0.46 m/s and a JG at (a) 0.12 m/s, (b) 0.31 m/s, (c) 0.42 m/s, and (d) 0.51 

m/s.  

Furthermore, in the FFT of the vibration response, two peaks were observed at a higher gas 

superficial velocity. The second peak gradually appeared with an increase in the gas superficial 

velocity, which suggests bigger slugs and a more periodic flow (Figure 5.11).  

 Further observations of the video images showed that as the gas superficial velocity 

increased, smaller bubbles detached from the slug as it approached the orifice. At JG = 0.12 m/s, 
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the excitation peaks observed in the neighbourhood of the slug frequencies were discrete, while 

as the superficial velocity of the gas increased, the heights of these peaks increased. With a 

further increase in the gas superficial velocity at velocity of JG = 0.42 m/s, a second peak 

appeared on the PDF, which also appeared on the FFT of the pipe vibrations. This peak increased 

with an increase in the gas superficial velocity. At higher gas superficial velocities, the peaks 

around the natural frequency became less discrete due to reduction in the turbulence in the liquid 

phase. This is explained further in the results from the PIV analysis (Figure 5.12).  

Figure 5.12 shows the raw image, vectors, vorticity and turbulence intensity plots 

downstream of the orifice for the same cases as in Figure 5.11. Again, the turbulence intensity 

plot is the mean of the velocity, and is coloured by the RMS of the axial velocity. As the 

superficial velocity of the gas increased, mixing downstream from the orifice decreased (Figure 

5.12). The streamline plots showed a similar trend. A transition from a homogeneous flow with 

mixing to two separate layers was observed. The acceleration of the mixture at the bottom of the 

pipe downstream from the neighbourhood of the orifice decreased with an increase in the 

superficial velocity of the gas. Furthermore, as the superficial velocity of the liquid increased, the 

turbulence in the mixture donwtream from the orifice decreased.  As shown in the vorticity plots, 

the fluctuations in the core of the vortices appeared to decrease with an increase in the gas 

superficial velocity. The magnitude of rotation at the core increased to about four times its value 

from a JG of 0.12 m/s to a JG of 0.51 m/s. In addition, as the superficial velocity of the gas 

increased, the turbulence in the mixture downtream from the orifice decreased.  A decrease in the 

RMS of the velocity from the order of 7.8 at a JG of 0.12 m/s to 5.8 at a JG of 0.51 m/s was 

observed (Figure 5.12). The following sections discuss the effects of some slug flow properties 

on slug flow-induced vibrations in piping structures with an orifice. 
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                                 (a)                                  (b)                             (c)                             (d) 

Figure 5.12: Flow image, vector, vorticity and turbulence intensity plots for a JL at 0.46 m/s and 

a JG at (a) 0.12 m/s, (b) 0.31 m/s, (c) 0.42 m/s, and (d) 0.51 m/s.  

5.1.4 Effect of Slug Flow Properties on Vibration Amplitude and Frequency 

The effects of specific slug flow properties, such as slug frequency, slug velocity, slug 

length, fully developed void fraction, and local void fraction, on the vibration properties were 

investigated. In addition to this, the relationship between the vibration amplitudes and 

frequencies with the orifice discharge coefficients was investigated. The following sections 

discuss the effects of these properties.  



 

111 
 

Table 5.1 shows the two-phase pressure drop in the orifice for all the studied flow conditions. 

It was observed that the two-phase pressure drop in the orifice increased with the Reynolds 

number as well as with an increase in the superficial velocities of the liquid and the gas phase 

upstream. For each case of an increase in the liquid superficial velocity, the orifice coefficient of 

discharge also increased, and the liquid hold-up upstream reduced with an increase in the 

superficial velocity of the gas phase.  

 

Table 5.1: Flow conditions with a pressure drop in the orifice and the orifice discharge 

coefficient 

 

 

JL 

(m/s) 

 

 

JG 

(m/s) 

 

Liquid 

hold-up 

(
  

 
) 

 

 

     

(kPa) 

 

Mass 

quality 

(x) 

 

 

  

 
    

  
 

 

Orifice 

pressure 

drop 

(ΔP) 

(kPa) 

CD 

 
 

   

 √
    

   (    )

 

0.46 0 1 - 0 13128 2.96 0.73 

0.46 0.12 0.79 113.46 3.57e-4 13271 3.29 0.79 

0.46 0.31 0.60 117.26 9.48e-4 13477 3.83 0.85 

0.46 0.42 0.52 118.71 1.28e-3 13591 4.07 0.87 

0.46 0.51 0.47 120.90 1.57e-3 13690 4.22 0.90 

0.63 0 1 - 0 17980 5.89 0.71 

0.63 0.12 0.84 116.91 2.69e-4 18086 6.37 0.75 

0.63 0.31 0.67 122.00 7.22e-4 18297 7.09 0.80 

0.63 0.42 0.60 122.18 9.64e-4 18411 6.93 0.85 

0.63 0.51 0.55 125.39 1.20e-3 18513 7.43 0.86 

0.81 0 1 - 0 23402 10.00 0.71 
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JL 

(m/s) 

 

 

JG 

(m/s) 

 

Liquid 

hold-up 

(
  

 
) 

 

 

     

(kPa) 

 

Mass 

Quality 

(x) 

 

 

  

 
    

  
 

 

Orifice 

pressure 

drop 

(ΔP) 

(kPa) 

CD 

 
 

   

 √
    

   (    )

 

0.81 0.12 0.87 122.43 2.16e-4 23606 10.80 0.74 

0.81 0.31 0.73 128.29 5.81e-4 23822 11.46 0.79 

0.81 0.42 0.66 129.58 7.82e-4 23941 12.34 0.79 

0.81 0.51 0.62 131.83 9.61e-4 24044 12.24 0.83 

1.1 0 1 - 0 31393 16.13 0.72 

1.1 0.12 0.90 130.91 1.81e-4 30140 17.19 0.72 

1.1 0.31 0.78 137.04 4.85e-4 30363 18.91 0.74 

1.1 0.42 0.72 138.77 6.55e-4 30487 19.13 0.77 

1.1 0.51 0.68 140.97 8.04e-4 30593 19.84 0.78 

1.3 0 1 - 0 37101 24.12 0.72 

1.3 0.12 0.92 140.93 1.59e-4 36844 24.95 0.73 

1.3 0.31 0.81 147.87 4.28e-4 37076 27.34 0.75 

1.3 0.42 0.76 149.63 5.78e-4 37204 28.41 0.76 

1.3 0.51 0.72 152.28 7.10e-4 37315 28.56 0.78 

  

 Figure 5.13 shows the effect of the increase in the superficial velocity of the mixture on 

the slug frequency. It was observed that the slug frequency increased with an increase in the 

superficial velocity of the mixture. As the liquid superficial velocity increased, the slug 

frequency approached the natural frequency of the structure.  
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 The effects of the slug frequency, slug velocity, slug length, slip ratio, the fully developed 

void fraction, and the local void fraction on the vibration amplitude are shown in Figures 5.14 to 

5.19. The results are presented as a percentage of the piping diameter. Figure 5.14 shows the 

effect of the slug frequency on the amplitude of vibration for various superficial velocities of the 

liquid. The amplitude of vibration increases with an increase in the slug frequency; hence, the 

vibration amplitude increased with an increase in the liquid superficial velocity. 

  

 

             Figure 5.13: Slug frequency and mixture superficial velocity for slug flow  

 This may be due to the increase in the rate of change of momentum in the orifice. The 

increase in the slug frequency suggests an increase in the forcing frequency and the RMS of the 

forces at the orifice. Similarly, the increase in the superficial velocity of the liquid phase shows 

that an increase in the momentum superficial velocity of the liquid phase can cause an increase in 

the vibration amplitude.  
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 Figure 5.15 shows the effect of the slug velocity on the vibration amplitude. The 

vibration amplitude was observed to be less sensitive to the slug velocity than the slug frequency 

(Figures 5.15 and 5.16). This may be due to the difference in densities, which suggests that the 

liquid phase contributes more to the increase in the momentum superficial velocity compared to 

the gas phase. 

 

 

                  Figure 5.14: Vibration amplitude and slug frequency for slug flow  
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                      Figure 5.15: Vibration amplitude and slug velocity for slug flow  

 

         Figure 5.16: Normalized vibration frequency and slug velocity for slug flow  

The vibration amplitude increased with an increase in the slug velocity. At a lower slug 

velocity (below 1.5 m/s), the vibration amplitude was less dependent on the increase in the 
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superficial velocity of the liquid.  Figure 5.16 shows the slug frequency normalized by the 

reponse frequency with the highest vibration amplitude. High slug velocities may move the slug 

frequency towards the natural frequency of the structure, at which point an undesireable 

amplitude of vibration may occur (Figure 5.16). 

 The effect of the slip ratio on the vibration amplitude is shown in Figure 5.17. The gas 

superficial velosity was fixed as the liquid superficial velocity increased. The slip ratio was 

observed with an increase in the superficial velocity of the liquid. As shown in Figure 5.17, the 

vibration amplitude increased with an increase in the slip ratio (     ). Where,          and 

k is the phase. The amplitude of vibration had a greater response to the slip ratio at a higher 

liquid superficial velocity (above 0.82 m/s).  

  

 

                        Figure 5.17: Vibration amplitude and slip ratio (     ) for slug flow  

 At lower liquid superficial velocities (0.46 m/s to 0.82 m/s), the amplitude of vibration 

did not increase significantly with an increase in the superficial velocity of the liquid phase. 
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Figure 5.18 shows the relationship between the excitation frequency and the slug frequency as 

the slip ratio increases. Similarly, an increase in the superficial velocity of the liquid led to an 

increase in the excitation frequency (Figure 5.18).  

 Figures 5.19 and 5.20 show the slug length normalized by the internal diameter of the 

pipe. From the flow visualization, it was observed that at a higher superficial velocity of the 

liquid phase, the slugs became significantly shorter and surrounded by dispersed bubbles. In 

comparison,  at lower liquid superficial velocities (below 0.82 m/s), the edges of the slugs were 

without aggregate bubbles.  

 

             Figure 5.18: Normalized vibration frequency and slip ratio (     )  for slug flow  

In general, the amplitude of vibration increased with an increase in the slug length 

(Figure 5.19); however, the rate of increase in the vibration amplitude was closely tied to the 

liquid superficial velocity. At a high superficial velocity in the liquid phase (above 0.63 m/s), the 

slug length was less sensitive to an increase in the gas superficial velocity and more sensitive to 
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an increase in the superficial velocity of the liquid phase. It was observed that when the slug 

length was less than ten times the pipe diameter at higher superficial velocities in the liquid 

phase, the amplitude of vibration increased with a small increase in the slug length (Figure 5.19).  

This increase can be attributed to the higher pressure experienced upstream of the orifice at a 

higher superficial velocity in the liquid phase. At a low superficial velocity in the liquid phase 

(0.46 m/s and 0.63 m/s), it was observed that the slug length was less sensitive to an increase in 

the superficial velocity of the liquid phase. 

 

                      Figure 5.19: Vibration amplitude and slug length for slug flow  

 A similar trend was observed in the frequency of vibration of the piping structure (Figure 

5.20). An increase in the response frequency was observed with an increase in the slug length. At 

a lower superficial velocity for the liquid, the vibration frequency was less sensitive to an 

increase in the slug length. As the superficial velocity of the liquid phase increased, an increase 
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in the order of one in the normalized slug length may move the slug frequency twice as close to 

the natural frequency of the structure.   

 The effect of the fully developed time average void fraction (α) upstream of the orifice on 

the vibration amplitude and frequency of the pipe is shown in Figures 5.21 and 5.22. As 

expected, the fully developed time average void fraction was reduced with an increase in the 

superficial velocity of the liquid phase. 

 

            Figure 5.20: Normalized vibration frequency and slug length for slug flow  

 An increase in the void fraction led to an increase in the vibration amplitude and 

frequency. At a lower superficial velocity of the liquid phase, the amplitude of vibration was less 

sensitive to an increase in the fully developed void fraction. Above a liquid superficial velocity 

of 0.82 m/s, less than a 5% increase in the void fraction led to twice an increase in the vibration 

amplitude. It also moved the response frequency away from the natural frequency of the 

structure (Figures 5.21 and 5.22). 
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Figure 5.21: Vibration amplitude and fully developed void fraction for slug flow  

 

Figure 5.22: Normalized vibration frequency and fully developed void fraction upstream for slug 

flow  
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 The fully developed void fraction was normalised by the time average void fraction at the 

location where the vibration data was collected downstream from the orifice (Figures 5.23 and 

5.24). Two trends were observed when plotting the normalized void fraction (α*) versus the 

vibration amplitude and frequency (Figures 5.23 and 5.24). The first trend was observed at a low 

liquid superficial velocity (below 0.63 m/s). The local time average void fraction was less than 

the fully developed time average void fraction, and the amplitude of vibration decreased with an 

increase in the void ratio (Figure 5.23). In comparison, at a higher liquid superficial velocity 

(above 0.63 m/s), the local time average void fraction was greater than the time average fully 

developed void fraction. The amplitude of vibration increased with an increase in the void ratio 

(Figure 5.23). In general, the amplitude of vibration was highest when the value of the local void 

fraction approached the value of the fully developed void fraction upstream.  

 

Figure 5.23: Vibration amplitude and ratio of fully developed and local void fractions for slug 

flow  
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 When plotting the frequency against the normalized time average void fraction (Figure 

5.24), it was observed that the frequency of vibration of the structure was less dependent on the 

superficial velocity of the liquid phase when the normalised void fraction was greater than one. 

In this region, the frequency of vibration depended more on the superficial velocity of the gas 

phase. It decreased with a decrease in the time average local void fraction. In the second region, 

which is at a higher superficial velocity of the liquid phase, some fluctuations were observed. 

The slug frequencies were in the neighbourhood of the natural frequency of the structure. The 

frequency of vibration appeared to increase with an increase in the superficial velocity of the 

liquid phase. The frequency of vibration in both regions increased as the ratio of the void fraction 

approached a value of one (Figure 5.24).  

 

Figure 5.24: Normalized vibration frequency and ratio of fully developed and local void fractions 

for slug flow  
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5.1.5 Summary 

 Slug flow-induced vibrations in piping structures with a flow restricting orifice are a 

complex phenomenon. The results showed that the frequency response (FFT) of the void fraction 

alone may not be enough to explain the response frequencies in this type of vibration. The effect 

of two-phase flow properties, such as slip ratio, slug length and the ratio of the fully developed 

void fraction to the local void fraction on the amplitude and frequency of vibration could vary 

depending on the superficial velocity of the liquid phase (JL). Two excitation frequencies 

appeared on the FFT of the structure. One of the frequencies was in the neighbourhood of the 

slug frequency, and the second one was in the neighbourhood of the natural frequency of the 

structure. At higher superficial velocities of the liquid phase and a high gas superficial velocity, 

the slug frequency approached the natural frequency of the structure, the spectrum of the time 

average void fraction upstream from the inlet of the orifice became broad band, and the 

excitation was more random. The amplitude of excitation around the slug frequency was not 

always the dominant amplitude. The amplitude of vibration in the neighbourhood of the slug 

frequency increased with an increase in the superficial velocity of the gas phase (JG), as shown in 

Figure 5.25. After a certain JG, this amplitude of vibration could grow bigger than the amplitude 

of vibration in the neighbourhood of the natural frequency of the structure. This was when the 

piping structure would visibly vibrate around the slug frequency. Below this amplitude, a video 

image synchronised with the vibration sensor might not show a clear relationship between the 

slug flow and the vibrations. It was observed that the growth of this amplitude could depend on 

the time average void fraction upstream of the orifice and the densities of the phases. Since the 

current study has only been conducted on an orifice, the described phenomenon may also depend 

on the type of piping component being studied.  
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Figure 5.25: Frequency response of a piping structure with a flow restricting orifice to a slug 

flow at a JL of 0.46m/s 

  

5.2 Flow-Induced Vibrations of Separated Two-Phase Flow Due to a 

Restricting Orifice 

        This section discusses the results of the flow-induced vibrations of piping structures 

with flow restricting orifices due to separated two-phase flow.  Stratified-wavy and dispersed 

annular flow patterns were investigated and the time signals of piping displacement and void 

fraction were related to the flow structure. 

5.2.1 General Flow Structure 

Flow visualization was carried out for flow pattern identification and flow structure 

analysis. The stratified-wavy and annular dispersed flow patterns were analysed. Representative 

images for the side and the top view are shown in Figures 5.26 a and b. It is important to note 

that the images of the top and side views were taken at different instances of time due to 
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limitation in the PIV equipment limitation; the PIV set-up allowed for the use of only one camera 

at a time. In the stratified-wavy flow, as the wave approached the orifice it was observed that the 

liquid hold-up upstream of the orifice increased, and the pipe was excited at the impact of the 

wave (Figure 5.26). The force of the wave pushed the liquid jet through the orifice, and some 

backflow was observed because of the lower pressure in the neighbourhood of the orifice 

downstream.  

                         

                               (a) Side View                                                    (b) Top View 

 Figure 5.26: Images of stratified-wavy flow through an orifice at a JL of 0.46 m/s and a JG of 

0.76 m/s  

 

 

 



 

126 
 

 

The two-phase mixture rolled backwards towards the orifice (Figure 5.26a). Subsequently, 

the gas phase passed through and a stratified-wavy flow was observed downstream from the 

orifice (Figures 5.26a and b). The top view images (Figure 5.26b) show a more symmetric flow 

compared to the side views in Figure 5.29a. In the case of the annular dispersed flow, a similar 

liquid hold-up and backflow was observed. 

The initial flow visualization, consisting of a PIV analysis, was carried out to determine the 

flow field. Various superficial velocities for liquid and gas were investigated. Sample results are 

shown in Figure 5.27. The cases presented in Figure 5.27 show the raw image (marked) of the 

two-phase mixture upstream, the streamline, vectors and vorticity plots. The turbulence intensity 

plots (marked) show the RMS of the velocity coloured by the mean velocity in the direction of 

flow. The raw image shows broken bubbles downstream from the orifice. The two-phase mixture 

appeared to be homogeneous. The streamline plots show an axial motion with some backflow at 

the lower corner of the orifice downstream. This backflow was reduced with an increase in the 

gas superficial velocity from 0.76 m/s to 1.7 m/s. Moreover, the magnitude of the velocity 

increased with an increase in the superficial velocity of the gas phase as shown in the vector 

plots. The turbulence intensity downstream from the orifice increased with an increase in the 

superficial velocity of the gas. This was expected because the void fraction downstream from the 

orifice was reduced with an increase in the gas superficial velocity (Figure 5.27(iii)). As the gas 

superficial velocity increased, the magnitude of the vorticity around the orifice downstream 

reduced at the bottom of the pipe compared to the magnitude of the vorticity at the top of the 

pipe.  
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(i)      (ii)                    (iii) 

Figure 5.27: Side view of time average (a) raw image, (b) streamlines, (c) vectors, (d) 

vorticity, and (e) turbulence intensity plots from the PIV analysis of a stratified-wavy flow 

downstream from the orifice for a JL at 0.46 m/s and a JG at (i) 0.76 m/s, (ii) 1.1 m/s, and (iii) 1.7 

m/s 
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5.2.2 General Vibration 

After the analysis of the flow structure, 15 cases of separated flow were investigated for 

the effect of the void fraction and superficial velocities on the dynamic response of the structure. 

Five liquid superficial velocities were investigated between 0.46m/s and 1.3 m/s. For every 

superficial velocity of the liquid, three superficial velocities of the gas phase were investigated, 

including a JG at 0.76 m/s, 1.1 m/s, and 1.7 m/s. All the cases studied were in the stratified-wavy 

and the dispersed annular flow patterns. Representative results are shown in Figures 5.28 and 

5.29. These figures show the FFT and the PDF of the void fraction upstream (Figure 5.28 i and 

ii) and the local void fraction at the location of vibration measurement (Figure 5.28 (iii) to (iv)); 

the FFT of the piping is also shown (Figure 5.28 (v)). In all the cases, the observed void fraction 

frequency was low. Excitation frequencies were also observed in the neighbourhood of the void 

fraction frequency and the natural frequency of the piping. For the stratified-wavy flow, an 

excitation frequency was observed in the neighbourhood of the void fraction frequencies both 

upstream and at the collection location for the vibration data (Figure 5.28). The amplitude of 

vibration of the structure at this frequency was dominant compared to the amplitude of excitation 

in the neighbourhood of the natural frequency (Figure 5.28 (v)). In the neighbourhood of the 

natural frequency, the amplitude of excitation increased with an increase in the superficial 

velocity of the gas phase. In comparison, in the neighbourhood of the void fraction frequency, 

the amplitude of excitation decreased with an increase in the superficial velocity of the gas 

phase. This may have resulted because as more gas was injected into the flow, the flow became 

smooth stratified. Also, the excitation in the neighbourhood of this wave was also reduced, as 

shown in Figure 5.28. In contrast with the dispersed annular flow, the excitation in the 

neighbourhood of the void frequency and the natural frequency appeared to increase with an 

increase in the gas flow rate.  
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Furthermore, the vibration amplitude increased with an increase in the superficial 

velocity of the gas phase (Figure 5.29). The frequency spectrum of the void fraction increased 

with an increase in the superficial velocity of the liquid phase. Within the dispersed annular flow 

pattern, multiple peaks were observed at various frequencies in the FFT of the void fraction. This 

was mainly due to the unsteadiness in the dispersed annular flow pattern. 

5.2.3 Time Varying Signals 

The time signals for stratified-wavy flow and dispersed annular flow are shown in Figures 

5.30 and 5.31. The results showed that both the time response of the void fraction upstream and 

the shape of the sinusoidal wave in the piping response could be used to predict the two-phase 

flow pattern that was causing the excitation (Figure 5.30 a and b). In the stratified-wavy flow, the 

time-amplitude signals showed that the excitation frequency of the piping structure was around 

the wave frequency. Furthermore, a lag was observed in the piping response when compared to 

the void fraction. This suggests that higher amplitudes of excitation may be expected towards the 

end of the wave than the beginning (Figure 5.30a).  Multiple vibration frequencies were observed 

in the dispersed annular flow as shown by the responses in Figure 5.30b.  
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(i) 

             

 

(ii) 

            

 

(iii) 

          

 

(iv) 

 

                        (a) 

 

                        (b) 

          

                        (c) 

 

(v) 

Figure 5.28: Frequency response plots for vibration amplitude and void fraction. The PDF of the 

void fraction is shown for a JL at 0.46 m/s and a JG at (a) 0.76 m/s, (b) 1.1 m/s, and (c) 1.7 m/s.  

In (i) and (ii), the FFT and PDF of the void fraction upstream is shown; (iii) and (iv) show the 

FFT and PDF of the void fraction downstream; and (v) shows the FFT of the vibration response  
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(i) 

   

 

(ii) 

            

 

(iii) 

            

 

(iv) 

 

                      (a) 

 

               (b) 

                                                               

                    (c) 

 

(v) 

Figure 5.29: Frequency response plots for vibration amplitude and void fraction. The PDF of the 

void fraction for a JG at 1.7 m/s and a JL at (a) 0.46 m/s, (b) 0.82 m/s, and (c) 1.3 m/s. In (i) and 

(ii), the  FFT and PDF of the void fraction upstream is shown; (iii) and (iv) show the FFT and 

PDF of the void fraction downstream; and (v) shows the FFT of the vibrations response 
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Furthermore, the high speed camera was synchronized with the vibration sensor and the void 

fraction sensor to relate the flow structure response with the time signals of the flow 

characteristics. Sample results for the separated flow are shown in Figure 5.31. For clarity, the 

figures at the top are enlarged versions of the ones below. It was observed that the excitation of 

the piping occurred when the gas phase approached the orifice (time 0.14 s to 0.18 s). An 

increase in the excitation amplitude was also found to occur at the end of the wave (0.26 s). 

 

 

 

 

                                                (a) 

 

 

 

                                                (b) 

Figure 5.30: Time signal for piping displacement and void fraction for (a) a stratified-wavy 

flow at a JL of 0.46 m/s and a JG of 1.7 m/s, and (b) a dispersed annular flow at a JL of 1.3 m/s 

and a JG of 1.7 m/s 
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Figure 5.31: Time varying signals of the amplitude of the piping displacement and time 

stamped images for a separated flow at JL = 1.1 m/s and JG = 1.7 m/s 

 

5.2.4 Summary 

 Flow-induced vibrations of separated two-phase flow due to a flow restricting orifice is 

dependent on the upstream void fraction. Two main frequencies of excitation were observed in 

the stratified-wavy flow. The first was in the neighbourhood of the void fraction frequency, and 

the other in the neighbourhood of the natural frequency of the structure.  In the dispersed annular 

flow, multiple excitation frequencies were observed in the neighbourhood of the void fraction 

frequency. The vibration signal was found to depend on the flow pattern changes and the 

instantaneous void fraction. In the stratified-wavy flow pattern, the vibration amplitude around 

the void fraction frequency was reduced with an increase in the superficial velocity of the gas. 
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CHAPTER 6 

6.0 TWO-PHASE FLOW-INDUCED 

VIBRATIONS IN PIPING STRUCTURES 

WITH A U-BEND  

 

 This chapter discusses the results of the research on the dynamic response of piping 

structures with a U-bend under two-phase flow. Part of this work is published in the ASME 

Pressure Vessels and Piping Conference (ASMEPVP‟19). A 90° U-bend was employed for this 

research. The results in this chapter are in two parts: the first part discusses the general vibration 

across the various flow patterns, including bubbly flow, intermittent flow, stratified-wavy and 

dispersed annular flow. The second part is focused on slug flow-induced vibrations in the U-

bend. It presents the results of the synchronized instrumentation.  
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 Two-phase flow measurements and vibration signals were analysed to understand the 

effect of two-phase flow behaviour on the factors responsible for flow-induced vibrations in a 

horizontal piping structure with a U-bend. The excitation at various response frequencies was 

analysed. The effect of inclination on the U-bend was also studied. Furthermore, the effect of 

flow patterns, void fraction, mass quality and orifice area ratio on vibration response was 

evaluated in detail. The results showed that a small inclination in the piping components may 

affect the amplitude of vibration and the U-bend. It was also noted that the response of the piping 

components to a slug flow might not always occur at the slug frequencies. It depended on factors 

such as the type of piping component, the superficial velocities, and the density of the phases. 

Flow pattern maps were created for the horizontal, vertical, and axial dynamic responses.  

6.1 General Flow Structure 

After the initial validation cases, two-phase flow visualization was carried out for different 

flow patterns ranging from bubbly flow to dispersed annular flow. This was necessary to 

understand the physics of the flow and the flow pattern transition in the U-bend. Representative 

images from the flow visualization are shown in Figure 6.1. The images show bubbly flow, slug 

flow and stratified-wavy flow through a U-bend. The examined sequence of flow visulization 

images showed an asymmetric flow pattern transition in the side view. A multiple-stage flow 

pattern transition was also observed.  

In a bubbly flow (Figure 6.1a), bubble coalescence was observed as the bubble approached 

the U-bend. At the inlet of the U-bend, the elongated bubbles broke up into smaller bubbles and 

continued to the top of the U-bend. Flow separation was observed at the top right corner of the 

U-bend as the bubble moved downward into the third arm of the U-bend. A layer of gas was 

observed between the top and the bottom of the U-bend. This is due to the effect of gravity on 
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the two-phase flow. The liquid phase poured down the third arm of the U-bend into the gas layer 

to form a gas-liquid mixture at the bottom of the arm. The distance between the layer of gas and 

the gas-liquid mixture at the bottom of the U-bend was reduced with an increase in the 

superficial velocity of the liquid phase (Figure 6.1a). 

In a slug flow, the head of the slug deformed at the inlet of the U-bend (Figure 6.1b) to form 

a churn flow in the first arm of the U-bend. As the churn flow approached the top of the U-bend, 

the flow transitioned into a piston-like flow with small bubbles around the piston. In the upper 

arm of the U-bend, the flow appeared as a churn flow with some bubbles. As the flow progressed 

into the third arm of the U-bend, flow separation was observed. In this region, an annular flow 

pattern was observed. The annular flow transitioned into a dispersed bubbly flow further 

downstream from the third arm in the neighbourhood of the U-bend (Figure 6.1b).  

The separated flow patterns were more chaotic in the U-bend. Mixing of the two-phase flow 

was observed in the U-bend. The stratified-wavy flow upstream of the U-bend transitioned into a 

churn flow in the first arm of the U-bend. At the top of the U-bend, the flow pattern transitioned 

from a churn into an annular flow. In the third arm of the U-bend, the flow transitioned into an 

annular flow. A similar flow pattern transition was observed in the case of the dispersed annular 

flow pattern upstream.  
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0ms 

 
230ms 

 
500ms 

                 (a) 

  
0ms 

 
105ms 360ms 

                  (b) 

 
0ms 

 
  290ms 

 
            390ms 

                   (c) 

Figure 6.1: Flow visualization for (a) bubbly, (b) slug, and (c) stratified-wavy air-water flow 

showing the flow pattern transition in the U-bend for JL = 0.46 m/s, and a JG of (a) 0.02 m/s, (b) 

0.51 m/s, and (c) 1.7 m/s 
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6.2 General Vibration Characteristics 

The U-bend was subjected to two-phase flow at a Reynolds number from 13 151 to 38 997 

and Froude rate from 6.0x10
-5

 to 0.22. The vibration observed in the structure was random 

(Table 6.1 and Figure 6.2d). The response frequencies varied within the limits of the void 

fraction frequencies and the natural frequencies of the piping. The Strouhal numbers calculated 

from the frequencies showed variations within each flow pattern from a bubbly flow to a 

separated flow pattern (Table 6.1). The observed Strouhal number increased as the flow changed 

from bubbly flow, to intermittent flow, and finally to a separated flow pattern. At a higher 

superficial velocity of the liquid above 0.63 m/s, a high Strouhal number was observed in the 

slug flow pattern.  

The amplitudes of vibration increased with an increase in the void fraction. The vibrations 

increased from single phase to bubbly, intermittent (plug and slug), and separated flow patterns 

(Figure 6.2). In single-phase flow, the highest vibration amplitudes were observed in the x and z-

coordinates. In the case of two-phase flow, vibration amplitudes in the x and y-coordinates 

became more dominant.  

Generally, the vibration amplitudes increased with an increase in the superficial velocity of 

the gas. The rate of flow pattern transition in the U-bend also increased with an increase in the 

gas superficial velocity. This increase in the amplitude of vibration suggests that the flow pattern 

transition in the U-bend is related to the vibration amplitudes of the U-bend. Bubbly flow 

induced the lowest amplitudes of vibration. Within the bubbly flow pattern, the magnitude of the 

vibration amplitudes in the x and y-coordinates was similar (Figure 6.2). 
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Table 6.1: Flow conditions and dimensionless numbers for two-phase flow in a U-bend 
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    (   )
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 (   )
 

       

   

 (   )
 

       

 
   

 (   )
 

0.46 0.01 13151 0.21 0.40 0.40 6.0x10
-5

 

0.46 0.02 13161 0.20 0.40 0.16 2.4x10
-4

 

0.46 0.05 13197 0.24 0.36 0.33 1.3x10
-3

 

0.46 0.12 13271 0.23 0.33 0.34 4.6x10
-3

 

0.46 0.31 13477 0.25 0.07 0.05 1.9x10
-2

 

0.46 0.42 13591 0.24 0.09 0.04 3.0x10
-2

 

0.46 0.51 13690 0.25 0.09 0.09 4.0x10
-2

 

0.46 0.76 14000 0.26 0.11 0.07 7.7x10
-2

 

0.46 1.10 14390 0.25 0.18 0.05 0.13 

0.46 1.70 15159 0.25 0.19 0.13 0.27 

0.63 0.01 17964 0.12 0.12 0.21 2.2x10
-5

 

0.63 0.02 17975 0.12 0.07 0.12 1.1x10
-4

 

0.63 0.05 18011 0.15 0.02 0.03 6.4x10
-4

 

0.63 0.12 18086 0.14 0.02 0.03 2.5x10
-3

 

0.63 0.31 18297 0.13 0.13 0.20 1.1x10
-2

 

0.63 0.42 18411 0.15 0.11 0.15 1.7x10
-2

 

0.63 0.51 18513 0.16 0.12 0.17 2.3x10
-2

 

0.63 0.76 18834 0.16 0.06 0.08 5.4x10
-2

 

0.63 1.10 19221 0.15 0.04 0.05 0.10 

0.63 1.70 20009 0.16 0.08 0.10 0.22 

0.82 0.01 23480 0.11 0.11 0.20 2.9x10
-5

 

0.82 0.02 23492 0.12 0.12 0.21 1.2x10
-4

 

0.82 0.05 23529 0.12 0.08 0.13 6.8x10
-4

 

0.82 0.12 23606 0.13 0.09 0.14 2.5x10
-3

 

0.82 0.31 23822 0.14 0.15 0.22 1.1x10
-2

 

0.82 0.42 23941 0.10 0.16 0.23 1.8x10
-2

 

0.82 0.51 24044 0.14 0.15 0.21 2.4x10
-2

 

0.82 0.76 24373 0.14 0.06 0.08 5.3x10
-3

 

0.82 1.10 24773 0.13 0.06 0.08 9.7x10
-2

 

0.82 1.70 25586 0.13 0.19 0.22 0.22 

1.05 0.01 30010 0.12 0.22 0.39 3.3x10
-5 

1.05 0.02 30022 0.12 0.20 0.36 1.3x10
-4

 

1.05 0.05 30060 0.21 0.41 0.70 7.1x10
-4

 

1.05 0.12 30140 0.21 0.13 0.21 2.7x10
-3

 

1.05 0.31 30363 0.18 0.15 0.22 1.2x10
-2

 

1.05 0.42 30487 0.18 0.17 0.24 1.9x10
-2

 

1.05 0.51 30593 0.18 0.20 0.28 2.6x10
-2 
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1.05 0.76 30941 0.12 0.10 0.13 5.4x10
-2

 

1.05 1.10 31356 0.12 0.09 0.11 9.7x10
-2

 

1.05 1.70 32207 0.11 0.06 0.07 0.21 

1.30 0.01 36709 0.12 0.40 0.72 3.8x10
-5

 

1.30 0.02 36721 0.11 0.41 0.72 1.5x10
-4

 

1.30 0.05 36761 0.11 0.41 0.69 8.1x10
-4

 

1.30 0.12 36844 0.11 0.19 0.31 3.x10
-3

 

1.30 0.31 37076 0.12 0.16 0.23 1.3x10
-2

 

1.30 0.42 37204 0.17 0.16 0.23 2x10
-2

 

1.30 0.51 37315 0.10 0.18 0.24 2.8x10
-2

 

1.30 0.76 37673 0.11 0.11 0.14 5.8x10
-2

 

1.30 1.10 38116 0.10 0.08 0.10 0.10 

1.30 1.70 38997 0.10 0.15 0.17 0.22 

 

In the intermittent flow regime, vibration amplitudes in the y-coordinates were higher than 

those at the other coordinates. The amplitudes of vibration in the slug flow pattern increased with 

an increase in the superficial velocity of the gas. When examining the separated flow patterns, 

the vibration amplitudes in the x and y-coordinates were more than in the z-coordinate (Figure 

6.2). The dispersed annular flow induced higher magnitudes of vibration than the stratified-wavy 

flow.  

The amplitude of vibration increased with an increase in the superficial velocity of the liquid 

(Figure 6.3). The frequency spectrum of the structure also narrowed with an increase in the 

superficial velocity of the liquid. Some peaks were observed in the region below the natural 

frequency. This may be attributed to the void frequency, which is below the natural frequency. 

The vibration amplitudes in the neighbourhood of the natural frequencies increased with an 

increase in the superficial velocity of the liquid (Figure 6.3).  
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Figure 6.2: Plot of pipe displacement in the (a) x, (b) y, and (c) z-coordinates with frequency, as 

well as (d) the trajectory of pipe motion for various void fractions at a JL of 0.82 m/s while under 

(i) bubbly flow with a JG = 0.017 m/s and α = 0.10, (ii) slug flow with a JG = 0.3 m/s and α = 

0.23, and  (iii) dispersed annular flow  with a JG = 0.76 m/s and α = 0.45 
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Figure 6.3: Plot of pipe displacement in the (a) x, (b) y, and (c) z-coordinates with frequency, 

as well as (d) the trajectory of pipe motion for various void fractions at a JG of 0.51 m/s, and at 

(i) JL = 0.46 m/s  and α = 0.5, (ii) JL = 0.82 m/s  and α = 0.4, and (iii) JL = 1.3 m/s  and α = 0.27 

 

6.3 Effects of Two-phase Flow Properties on Vibration Amplitudes 

Properties such as the mass quality, fully developed void fraction, reduced velocity and the 

slip ratio were plotted with the vibration amplitudes to investigate the effect of the properties on 

the RMS of the vibration amplitude as a percentage of the internal diameter of the pipe. The 

results are shown in Figures 6.4 and 6.5. The highest amplitude of vibration (6%) was recorded 

in the y-coordinate. The amplitude of vibration in the y-coordinate was about three times the 



 

143 
 

amplitude of vibration in the x-coordinate, which in turn was about double the amplitude in the 

z-coordinate. A 1% amplitude of vibration was recorded in the z-coordinate. In the bubbly flow 

pattern, an increase in the superficial velocity of the liquid did not have a significant effect on the 

vibration amplitude of all three coordinates.  

 

6.3.1 Effect of Fully Developed Void Fraction and Mass Quality on Vibration 

Amplitude 

The results showed that the fully developed void fraction had a significant effect on the 

vibration amplitudes (Figure 6.4a). As the fully developed void fraction increased, the vibration 

amplitude increased. The trend of the increase in the vibration amplitude was similar in the y and 

the z-coordinates. At a void fraction higher than 13%, the response of the U-bend increased 

significantly with an increase in the void fraction. Within the intermittent flow pattern, the 

magnitude of the amplitudes of the vibration in the x and y-coordinates were similar, with the y-

coordinates having slightly higher amplitudes. This suggested that vibrations in other coordinates 

may be equally important to consider in the intermittent flow regime, as opposed to the focus in 

the existing literature on vibrations in the y-coordinates [15–19]. In the separated flow pattern, 

after a JG of 1.1 m/s, the amplitude of vibration in the dispersed annular flow pattern decreased 

with an increase in the superficial velocity of the gas (Figure 6.4a). 

In bubbly and intermittent flow patterns, very little response in the amplitude of vibration 

was observed with an increase in the mass quality (Figure 6.4b). The response of the piping to 

the mass quality increased significantly in the separated flow pattern. In the y and z-coordinates, 

an increase in the amplitude of vibration was recorded with an increase in the superficial velocity 

of the mixture. When considering the x-coordinates during a dispersed annular flow pattern, the 
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amplitude of vibration of the structure showed an insignificant response to an increase in the 

superficial velocity of the gas (Figure 7b).  

 

  

  

  

(a)                                                                                  (b) 

Figure 6.4: Percentage amplitude of vibration in the x, y and z-coordinates with the (a) fully 

developed void fraction, and (b) mass quality 
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6.3.2 Effect of Reduced Velocity and Slip Ratio on Vibration Amplitude 

 The effect of the reduced velocity and the slip ratio are shown in Figure 6.5.  Within the 

bubbly and intermittent flow patterns, the increase in the reduced velocity caused very little 

increase in the vibration amplitude of vibration in the three coordinates. Within the stratified-

wavy flow pattern, the amplitude of vibration increased in the x-coordinate with an increase in 

the reduced velocity. As the flow transitioned to a dispersed annular flow pattern, the increase in 

the reduced velocity had less effect on the amplitude of vibration. The highest vibration 

amplitudes in the y-coordinates were observed at a reduced velocity value of around ten. In the 

z-coordinate, randomness was observed in the vibration of the structure. The data appeared to 

scatter with an increase in the reduced velocity. 

 In the case of slip ratio, the amplitude of vibration in the three coordinates increased with 

an increase in the slip ratio.  Within the dispersed annular flow pattern, an increase in the slip 

ratio had no significant effect on the amplitude of vibration in the x-coordinate. Below a slip 

ratio value of three within the bubbly and intermittent flow patterns, the amplitude of vibration 

was less dependent on the superficial velocity of the liquid.  However, at slip ratio above a value 

of three, a significant response was observed to an increase in the liquid superficial velocity. The 

slip ratio may therefore be a significant paramenter in the separated flow pattern, especially 

when modelling forces in bends (Figure 6.5).  
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(a)                                                                                 (b) 

Figure 6.5: Percentage amplitude of vibration in the x, y and z-coordinates with the (a) reduced 

velocity, and (b) slip ratio 
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6.4 Slug Flow-Induced Vibrations in a U-bend: Synchronized Data Collection 

The following section discusses slug flow-induced vibration in piping structures with a U-

bend. For this study, the instrumentation for the measurement of the amplitude of vibration at the 

top of the U-bend, the void fraction upstream at the inlet of the U-bend, and the void fraction at 

the vibration measurement location were synchronised to relate the three signals. The vibration 

sensor, the void fraction sensor at the inlet of the orifice, and the high speed camera were also 

synchronised to relate the flow structure to the vibration of the piping. A phase discrimination 

software by DANTEC Dynamic Studio© was employed to extract the slug properties, such as 

velocities, frequencies and lengths, from the high speed images and relate them to the vibration 

frequencies and amplitudes. The results are discussed below. 

 

6.4.1 General Vibrations in a U-bend Due to Slug Flow 

The effect of the superficial velocities of the gas and liquid are shown in Figures 6.6 and 6.7. 

The figure shows the FFT of the structural response, the void fraction and the Probability 

Density Function (PDF) of the void fraction at the inlet and the top of the U-bend. In the slug 

flow, it was observed that the amplitude of vibration of the U-bend increased with an increase in 

the superficial velocity of the mixture. A lower increase in the amplitude was observed at a 

higher superficial velocity of the gas (above 0.42 m/s). The frequency spectrum of the void 

fraction at the inlet and the top of the U-bend also became broad as the superficial velocity of the 

liquid phase increased from 0.63 m/s to 1.3 m/s (Figure 6.6, (i) and (iii)). Two dominant peaks 

were observed in the FFT of the structure. The first peak occurred in the neighbourhood of the 

void fraction frequency and the second peak occurred in the neighbourhood of the natural 

frequencies i.e. 7.7 Hz, 10.9 Hz, and 10.9 Hz in the x, y and z-directions respectively (Figures 
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6.6 and 6.7). The amplitude of excitation in the neighbourhood of the void frequency increased 

with an increase in the void fraction. The peak in the neighbourhood of the void fraction 

frequency split into two with an increase in the superficial velocity of the gas (Figure 6.7). This 

suggests that there is an excitation of the U-bend at the slug frequency and at the frequency of 

the surrounding smaller bubbles.  

It was observed that the FFT of the void fraction did not provide enough information about 

the presence of the small bubbles alongside the slugs [Figures 6.6(i) and 6.7(i)]. It showed the 

dominant frequency only. Therefore, to supplement the information from the FFT, a Probability 

Density Function (PDF) analysis of the void fraction was carried out. This PDF showed a second 

peak due to the slug. As seen in Figure 6.6, the second peak on the PDF of the void fraction 

became less prominent with an increase in the superficial velocity of the gas. This may be due to 

a reduction in the number of smaller Taylor bubbles in the slug flow with an increase in the 

liquid superficial velocity. Therefore, it may be important to use a PDF plot with the FFT of the 

void fraction in order to relate the void fraction to the structural excitation.  

The response of the structure at a frequency around the void fraction frequency was more 

prominent in the x and z-coordinates (Figures 6.6 and 6.7). The response amplitude around the 

void frequency was reduced with an increase in the superficial velocity of the liquid phase 

(Figure 6.7). As shown in Figure 6.7, the dominant excitation frequency did not always occur in 

the neighbourhood of the slug frequency at a higher superficial velocity in the gas phase. This 

observation occurred more frequently in the y-coordinate. Furthermore, when compared to the x 

and the z-coordinates, the vibration amplitude near the natural frequency of the piping structure 

in the y-cordinates increased with an increase in the superficial velocity of the liquid phase 

(Figure 6.7 vi). 
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Figure 6.6: FFT and PDF of the void fraction at an inlet [(i) & (ii)] and the top [(iii) & (iv)] 

of a U-bend. FFT of displacement in the (v) x, (vi) y, and (vii) z-coordinates for a slug flow at a 

JG of 0.51 m/s  and a JL of (a) 0.63 m/s, (b) 0.82 m/s, (c) 1.1 m/s, and (d) 1.3 m/s 
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Figure 6.7: FFT and PDF of the void fraction at an inlet [(i) & (ii)] and at the top [(iii) & (iv)] 

of the U-bend. FFT of the displacement in the (v) x, (vi) y, and  (vii) z-coordinates for a slug 

flow at a JL of 0.63 m/s  and a JG of (a) 0.12 m/s, (b) 0.31 m/s, (c) 0.42 m/s, and (d) 0.51 m/s 
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The results in Figures 6.6 and 6.7 suggest that within a slug flow pattern, piping structures 

with a U-bend may not always be excited at the slug frequency. Figure 6.8 shows the average 

length of the slug responsible for the vibrations of a U-bend at a superficial gas velocity of 0.51 

m/s. From the results, it was observed that analysing the vibration using the only the length of 

the slug could be deceptive in some cases. Parameters, such as the coordinates of the vibration 

and the superficial velocities of the liquid and gas, may be important considerations (Figure 6.8). 

 

 

 

          (i) 

 

 

 

 

           (ii) 

 

 

 

 

(iii) 

 

               

                                           (a)               (b)                   (c) 

Figure 6.8: Flow images [(a)], and FFT [(b) FFT x-coordinate, and (c) FFT y-coordinate] 

showing slug lengths for slug entering the U-bend at JG = 0.51 m/s and the JL is  (i) 0.63 m/s, 

(ii) 0.82 m/s, (iii) 1.1 m/s.  
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6.4.2 Time Varying Signals 

To relate the response of the U-bend to the flow structure and the void fraction, the laser 

displacement sensor, the void fraction sensor at the inlet of the U-bend, and the high speed 

camera were synchronised. It was observed that the excitation forces upstream, such as the slug 

in the slug flow and the wave in the wavy flow, appeared to excite the piping structure as they 

approached the U-bend. At times, the displacement of the pipe appeared to be out of phase with 

the slugs. Figure 6.9 shows time stamped images, displacement signals, and the void fraction at 

the inlet of the U-bend for a slug flow pattern. Significant amplitudes of vibration were observed 

as the slug approached the U-bend. At 0.01s, peaks were observed in the amplitudes of the 

piping displacement corresponding to the rise in the void fraction at that time. This continued 

until 0.07 s towards the end of the wave. The response of the structure showed that it is in phase 

with the wave. Subsequent slugs approached the U-bend at about 0.2 s and 0.56 s.  At 0.56 s, the 

response of the structure showed that it is out of phase with the slug, as shown in Figure 6.9. 
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                       0.05 s                                           0.16 s 

                                                
                        0.28 s                                             0.4 s 

                                                
                        0.55 s                                            0.6 s 

 

     

 

 

 

      

      

      

              
                                   

 

                                                      (a)                       (b) 

Figure 6.9: (a) Time varying signal and images of slug flow in a U-bend pipe, and (b) the 

corresponding void fraction and pipe displacement in the x, y and z-directions for a slug flow of 

JL = 0.46 m/s and JG = 0.51m/s  
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6.4.3 Effect of Slug Properties on Vibration Amplitude 

Generally, the slug velocity increased with an increase in the superficial velocity of the gas. 

The slug frequency also increased with an increase in the mixture velocity (Figure 6.10). The 

increase in the slug frequency and the slug velocity led to an increase in the amplitude of 

vibration (Figure 6.11). Some randomness was observed in the slug frequency. This may be due 

to the unsteady nature of the slug flow. The largest amplitudes of vibration in the U-bend were 

recorded in the y-coordinate. As shown in Figure 6.11, the amplitude of vibration in the y-

coordinate was twice the amplitude of that in the x-coordinate.  

 

 

                              Figure 6.10: Slug velocity vs. mixture velocity 
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                                     (a)                                       (b) 

Figure 6.11: Percentage amplitude of vibration in x, y and z-coordinates with (a) slug 

velocity, and (b) slug frequency 

Figure 6.12 shows the effect of the slug length and the local void fraction on the response of 

the U-bend. Figure 6.12a shows the ratio of the slug length scaled by the internal pipe diameter 

and the volumetric quality. Figure 6.12b shows the ratio of the fully developed void fraction and 

the void fraction at the location of the measurement of vibration (α*) scaled by the volumetric 

quality. It was observed that the amplitude of vibration of the U-bend along the three coordinates 

increased with an increase in the slug length. This is expected because the slug length increased 

with an increase in the superficial velocity of the gas. Furthermore, for a given slug length, the 

amplitude of vibration of the U-bend increased with an increase in the superficial velocity of the 

liquid. This may be due to the increase in the momentum superficial velocity. As shown in 

Figure 6.12a, the largest response of the U-bend was recorded below a            ratio of 3.5. 

In general, the amplitude of vibration increased with a decrease in the void fraction at the 

location of measurement of vibration in the U-bend. The response of the structure to the void 

fraction appeared to be similar at both a low and a high superficial velocity of the liquid. 

However, in the y-coordinate at a higher superficial velocity of the gas (above 0.42 m/s), the 

response of the U-bend to an increase in the superficial velocity decreased.  
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                                   (a)                                     (b) 

 Figure 6.12: Percentage amplitude of vibration in the x, y and z-coordinates with (a) slug 

length, and (b) ratio of the fully developed void fraction with the local void fraction at the 

location of the measurement of vibration 
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6.5 Effect of Piping Inclination on Vibration Amplitude 

The U-bend was mounted at various geometric positions including vertical, horizontal and an 

inclination of 45
o
. The two-phase flow in the U-bend at a liquid superficial velocity of 1.3 m/s 

and various superficial velocities of gas were studied. The volumetric quality and the reduced 

velocity were plotted to investigate the response of the U-bend in the three geometric positions, 

as shown in Figure 6.13. 

In general, the vibration amplitude along the x, y and z-coordinates increased with an 

increase in the volumetric quality and the reduced velocity. A higher increase in the vibration 

amplitude was recorded in the horizontal and the inclined U-bend positions (Figure 6.13). At an 

amplitude of 6.8%, the pipe diameter was recorded for an inclined pipe in the y-coordinate 

(Figure 6.13).  

Within the separated flow pattern in the x-coordinate, the vertical U-bend showed no 

significant response to an increase in the volumetric quality and the reduced velocity. 

Furthermore, in the x-coordinate, the horizontal U-bend exhibited the highest amplitudes of 

vibration. In comparison, in the z-coordinate the inclined pipe exhibited the highest  amplitudes 

of vibration. Within the bubbly and intermittent flow patterns, the inclined U-bend exhibited the 

highest amplitudes of vibration in the y and z-coordinates. 

The largest value of reduced velocity was recorded in the x-coordinate. Beyond a reduced 

velocity value of 10, the amplitude of vibration in the y-coordinate was observed to be less 

dependent on the reduced velocity. Significant amplitudes of vibration were observed in the 

separated flow pattern beyond that value of reduced velocity, and a similar trend was observed in 

the z-coordinate. 
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                                      (a)                                     (b) 

Figure 6.13: Percentage amplitude of vibration with the piping position in the x, y and z-

coordinates: (a) effect of volumetric quality, and (b) effect of reduced velocity 
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     6.6 Summary 

 Significant flow pattern changes are observed in the U-bend. The excitation forces of the 

two-phase flow in a piping structure with a U-bend are highly dependent on the flow pattern 

and the flow conditions upstream of the bend. Two excitation frequencies may be observed 

in flow-induced vibrations due to slug flow in U-bends. The first was in the neighbourhood 

of the slug frequency and the other in the neighbourhood of the natural frequency. The 

dominant excitation frequency did not always occur in the neighbourhood of the slug 

frequency. When the slug frequency was not the dominant frequency, it was possible that the 

U-bend would not vibrate at the slug frequency. In such cases, a visual inspection with a high 

speed camera would not give enough information to relate the slug flow with the response of 

the U-bend. Vibration amplitudes in the x-coordinates could be significant and important to 

consider, especially within the intermittent flow regime. An asymmetrical flow in the piping 

structures could contribute to randomness in the vibrations in the vertical direction (y-

coodinates). The fully developed void fraction was an important parameter to consider when 

modelling forces in U-bends and elbows. The slip ratio was also an important parameter to 

consider when modelling forces in U-bends and elbows, especially within the separated flow 

regime. Within the intermittent flow regime, the slip ratio may also be an important 

parameter to consider when modelling forces in U-bends and elbows in the x and z-

coordinates. An inclination in a piping structure with a U-bend may result in higher 

amplitudes of vibration in the structure. At a high superficial velocity of the liquid flow rate, 

the amplitude of vibration in the vertical direction may become independent of the reduced 

velocity after a certain value. Beyond this critical value of reduced velocity, the amplitude of 
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vibration may increase exponentially. In an intermittent flow, large vibration amplitudes may 

be expected at a           ratio of 3.5. 
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CHAPTER 7 

7.0 MODELLING OF TWO-PHASE FLOW- 

INDUCED FORCES IN PIPING 

COMPONENTS  

  

 The current chapter shows the results of the mathematical modelling. As explained in 

chapter 3, the concept of idealized slug with a local void fraction and slip between the phases 

was applied to the Piston Flow Model to develop a more realistic Slug Flow Model. The results 

from the Slug Flow Model are compared to some existing literatures in the chapter. Also, in this 

chapter are correlations for prediction of piping response frequency due to slug flow in flow 

restricting orifice. 
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7.1 Impact Force Due to Two-phase Flow in a Bend 

The proposed Slug Flow Model significantly improved the prediction of the impact forces due to 

two-phase flow in the bend. A reduction in the overestimation of the peak impact force was 

observed (figure 7.1). An idealized case of slug flow consisting of pistons of air followed by 

water was solved using the proposed approach. It was then plotted with a similar case from the 

original Piston Flow Model (PFM) and the experiment of Tay and Thorpe [41]. The results 

showed an improvement in the prediction of the peak force on the bend at the time the slug head 

passed through the bend (Figure 7.1). However, it underestimated the forces in the region of the 

slug body and the tail. This may be due to the approximation of the square slug in the model. It 

may also be due to the assumptions about the negligible shear terms in the current model.  

 

 

         Figure 7.1: Slug Flow Model for an idealized piston-like slug at a JG of 1.8 m/s and JL of 

0.5 m/s 
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      Subsequently, a slug case consisting of an intermittent slug and a liquid with a void fraction 

across the pipe section was considered. It was observed that the residual force (    ) in the pipe 

was much greater than zero. This suggested a significant effect for variations in the density of the 

mixture on the impact force. At a gas superficial velocity of 1.8 m/s and a liquid superficial 

velocity of 0.5 m/s, the residual force was of the order of 30 N (Figure 7.2). As the void fraction 

at the inlet of the bend was reduced, the residual impact force was also reduced (Figure 7.3). 

Similarly, as the void fraction increased, the maximum impact force on the bend and the residual 

force increased. 

       A comparison between the fluctuating forces extracted from the current work (Equation 7.1), 

the industrial practice (Equation 7.2), and the literature ([13], [34]) is shown in Figure 7.6. The 

non-dimensional fluctuating forces were plotted with the Weber number (Equation 7.3). The plot 

shows that the estimations of the current approach reduce the overestimations in the industrial 

designs and the literature. 
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Figure 7.2: Slug flow model for more a realistic slug at JG of 1.8 m/s and JL of 0.5 m/s 

 

 

Figure 7.3: Void fraction vs. impact force on a bend at JL of 0.5 m/s 
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Figure 7.4: Non-dimensional force fluctuations on a bend and Weber number (We) showing 

comparison of the current model with existing models in the literature 

The results of the mathematical modelling showed that by applying the two-fluid model 

and considering the flow pattern and void fraction change in the piping components, the 

overestimation of the two-phase flow forces could be reduced. If a similar approach was applied 

in industry after further improvements to this model, the result would be a significant reduction 

in the errors and costs of designing piping structures. Lighter weight structures can be designed 

and better efficiency can be achieved. 
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7.2 Correlations for Two-phase FIV in Flow Restricting Orifice 

 Correlations were developed to relate the slug flow properties discussed above with the 

vibration frequency for two-phase flow in piping structures with a flow restricting orifice (Table 

7.1). The slug frequency at the inlet of the orifice, the slip ratio between the phases, and the void 

fractions were correlated with the excitation frequencies and amplitude of the structure as a 

percentage of the internal pipe diameter. The equations were developed by fitting the trend in the 

experimental data on Microsoft Excel. Next, the coefficients of the equations were added as a 

function of the superficial velocity of the liquid phase. New sets of experiments were then run, 

and the correlations were plotted with the results of the experiments. The resulting correlations 

predicted the experimental data effectively (Table 7.1). The results in Figure 7.5 also show that 

the normalized excitation frequency of piping structures with a flow restricting orifice could be 

predicted with the slip ratio and the ratio of the fully developed void fraction with the local void 

fraction. The excitation amplitude could be predicted better with the slug frequency upstream. 

 

 

                                        (a) 

 

                                      (b) 

Figure 7.5: Predictions from correlations for (a) slip ratio with normalized excitation frequency, 

and (b) void fraction with normalized excitation frequency  

 



 

167 
 

Table 7.1: Correlations of slug flow properties with vibration amplitude and frequencies due to 

flow restricting orifice 

Properties Correlations Coefficients % Error 

with 

Experiment 

(MSPE) 

Slip Ratio Excitation frequency 

 

Low superficial velocity of liquid 

phase (≤ 0.63 m/s) 

 

     

   
               

 

 

 

Low superficial velocity of 

liquid phase (≤ 0.63 m/s) 

 

                      

 

                      

 

 

 

 

 

 

± 0.3% 

 

 

 Where α
*
 - Ratio of fully developed 

void fraction to the local void fraction 

 

High superficial velocity of liquid 

phase (> 0.63 m/s) 

     

   
            

 

                     

 

High superficial velocity of 

liquid phase (> 0.63 m/s) 

          (  )           

           (  )

         

          (  )           

 

 

± 1.3% 
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Properties Correlation Coefficients % Error 

with 

Experiment 

Void 

Fraction 

Excitation Frequency 

 

Low superficial velocity of liquid 

phase (≤ 0.63 m/s) 

 

     

  
                 

 

Where α
*
 - Ratio of fully developed 

void fraction to the local void fraction 

 

 

High superficial velocity of liquid 

phase (> 0.63 m/s) 

 

      

     
              

 

 

 

Low superficial velocity of 

liquid phase (≤ 0.63 m/s) 

 

                   

 

                      

 

                    

 

High superficial velocity of 

liquid phase (> 0.63 m/s) 

 

             
           

        

            
            

        

             
         

        

 

 

 

 

 

 

± 0.6% 

 

 

 

 

 

 

 

 

± 5.1% 
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CHAPTER 8 

8.0 CONCLUSIONS AND 

RECOMMENDATIONS 

 

 Experiments were performed in an air-water two-phase flow loop to investigate the flow-

induced vibrations in horizontal piping structures with complex geometries, including a flow 

restricting orifice and a U-bend. The vibrations due to flow restricting orifices and U-bend with a 

radius to diameter ratio of 0.4 were investigated under various two-phase flow conditions. Air-

water mixture at various superficial velocities from a JL of 0.46 to 1.3 m/s for water and a JG up 

to 1.7 m/s for air was investigated across various flow patterns including bubbly, intermittent, 

stratified-wavy and dispersed annular flow. The vibration amplitudes at various coordinates, 

including the vertical, horizontal and axial coordinates, were measured. A thorough investigation 

was made to investigate the effects of various two-phase flow properties, such as the void 
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fraction (the fully developed void fraction and the void fraction at the location of the vibration 

measurements), quality, and the slip ratio, on the vibration characteristics of the piping. These 

characteristics included reduced velocity, vibration amplitude and frequencies. Furthermore, the 

instrumentations for the vibration signals were synchronised with the two-phase flow 

measurements to better relate two-phase flow properties with vibration properties, such as 

amplitudes and frequencies. The effects of the geometry of the piping components, including the 

orifice area ratio (0.063, 0.25 and 1) and the U-bend inclination (horizontal, vertical and 45 

degree), were also investigated. In addition to these, a mathematical model for predicting the 

impact force due to slug flow in a bend was presented in this work. 

 The low-pressure region downstream from the orifice contributes to the asymmetric two-

phase flow distribution downstream from the orifice and consequently, the vibration response in 

the vertical direction. In a piping structure with an orifice, the maximum response is in the region 

where a transition to slug flow occurred. The RMS amplitude of vibration increases with an 

increase in gas superficial velocity. 

 Slug flow-induced excitation in a piping structure with a flow restricting orifice is a 

complex phenomenon. The results showed that the frequency content of void fraction alone is 

not enough to explain the slug-induced vibrations. The effect of two-phase flow properties, such 

as slip ratio, slug length, and the ratio of a fully developed void fraction to the local void fraction 

on the amplitude and frequency of vibration depend on the superficial velocity of the liquid 

phase (JL).  Two excitation frequencies are found on the response spectrum of the structure. 

One of the frequencies is in the neighbourhood of the void frequency, and the second one is in 

the neighbourhood of the natural frequency of the structure.  The excitation around the natural 

frequency is due to the turbulence in the two-phase mixture. The amplitude of vibration around 
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the void frequency depends on the flow conditions, the type of component studied and the fluid 

properties. Due to this, in the slug flow pattern, the amplitude of excitation around the slug 

frequency is not always the dominant amplitude in the piping response. The maximum amplitude 

depends on the piping component being studied, the flow conditions and the fluid properties like 

the density.  

 At higher superficial velocities of the liquid phase above 0.82 m/s, in the slug flow, the 

slug frequency approached the natural frequency of the structure; the spectrum of the time 

average void fraction upstream at the inlet of the orifice became broad band and the excitation 

was more random compared to the spectrum of the void fraction at lower liquid superficial 

velocity. The amplitude of vibration in the neighbourhood of the slug frequency increases with 

an increase in the superficial velocity of the gas phase (JG). After a certain JG, this amplitude of 

vibration will grow bigger than the amplitude of vibration in the neighbourhood of the natural 

frequency of the structure. This is when the piping structure will visibly vibrate around the slug 

frequency. Below this amplitude, a video image that is synchronised with the vibration sensor 

will not show a clear relationship between the slug flow and the vibrations.  

 The maximum vibration amplitude increased by 113–180% for piping with an orifice 

when compared to the response of straight pipes. This amplitude depends on the orifice area 

ratio. This indicates that two-phase flow redistribution has a significant effect on the vibration 

response of piping with flow restriction orifices.  

 In the U-bend, significant flow pattern changes were observed for two-phase flow 

through a U-bend. The excitation forces of the two-phase flow in a piping structure with U-bend 

were highly dependent on the flow pattern and the flow conditions upstream of the bend. Similar 

to the orifice, two excitation frequencies were observed in the FFT of the vibration response. The 
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first was in the neighbourhood of the slug frequency, and the other in the neighbourhood of the 

natural frequency. The dominant excitation frequency does not always occur in the 

neighbourhood of the slug frequency. When the slug frequency is not the dominant frequency, 

the U-bend will not vibrate at the slug frequency. In such cases, a visual inspection with a high 

speed camera would not give enough information to relate the slug flow with the response of the 

U-bend. Vibration amplitudes in the x-coordinates is significant and important to consider, 

especially within the intermittent flow regime. Unsymmetrical flow in piping structures 

contributes to the trend in vibration response in the vertical direction (y-coodinates). The fully 

developed void fraction should be considered when presenting data related to two-phase flow 

induced vibrations and in the modelling of piping response to two-phase flow.  

 In the modelling of the dynamic response of piping to two-phase flow, the homogeneous 

model is not applicable to all flow patterns including the slug flow patten, therefore, local vod 

fraction should be considered in order to reduce over estimation in the modelled vibration 

parameters. The slip ratio is an important parameter to consider when modelling forces in U-

bends and elbows, especially within the separated flow regime. Within the intermittent flow 

regime, the slip ratio is also an important to be consider when modelling forces in U-bends and 

elbows in the x and z-coordinates. Inclination of a piping structure with a U-bend results in 

higher amplitudes of vibration within the structure. At a high superficial velocity of the liquid 

flow rate, the amplitude of vibration in the vertical direction is independent of the reduced 

velocity after certain value depending on the coordinates piping displacement being investigated. 

Beyond this critical value of reduced velocity, the amplitude of vibration increases exponentially. 

In an intermittent flow, large vibration amplitudes can be expected at a            ratio of 3.5 
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8.1 Summary of Research Contributions 

 The following are a summary of the research contributions of this thesis: 

1. New flow pattern maps that can identify the dynamic response of two-phase flow through 

complex geometries for a better and reliable design of two-phase flow systems 

2. Better understanding of the significance of the void fraction and the flow pattern changes 

on vibration response of two-phase flow through complex geometries 

3. Introduction of the importance of synchronized two-phase flow and vibration 

measurements to characterize two-phase flow-induced vibration in piping components 

4. Introduction of an analytical approach for modelling two-phase flow-induced vibrations 

in piping structures, considering the slip between phases to evaluate the time varying 

impact forces 

8.2 Recommendations 

Throughout the course of this study, the experimental investigations revealed that the 

correlation between two-phase flow-induced vibrations in complex geometries and two-phase 

flow properties, such as flow pattern, void fraction, mass quality and slip ratio, should be 

investigated. Furthermore, the flow pattern transition in piping components has significant 

effects on the dynamic response of the piping.  

Recommended work for future studies include: 

1. A further investigation into the mechanisms for changes in the void fraction and two-

phase flow patterns in piping components.  

2. An accumulation of additional experimental data regarding wall shear in the piping 

components in order to improve the modelling of the impact force on the components due 

to two-phase flow. 
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3. An investigation of impact force due to two-phase flow in piping structures with flow 

restricting orifice. 

4. Further improvements on and testing of the proposed approach for modelling forces due 

to two-phase flow in piping components. Application of proposed model to various flow 

patterns and piping components is recommended.  

5. Development of empirical correlations for vibration amplitudes and forces due to two-

phase flow in piping structures with bends. 

The above recommendations would contribute to the understanding of two-phase flow-

induced vibrations in piping structures. 
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APPENDIX A 

 

This section shows the results of the vibration analysis including the vibration response with 

time, the trajectory of the pipe and the FFT of the vibration in x and y-coordinate for the piping 

with flow restricting orifice. 
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Figure A.1: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. Single phase flow at JL = 0.46 m/s 

 

Figure A.2: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 0.46 m/s, JG = 0.01 m/s  
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Figure A.3: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 0.46 m/s, JG = 0.02 m/s  

 

Figure A.4: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 0.46 m/s, JG = 0.05 m/s  
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Figure A.5: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 0.46 m/s, JG = 0.12 m/s  

 

Figure A.6: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 0.46 m/s, JG = 0.31 m/s  
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Figure A.7: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 0.46 m/s, JG = 0.42 m/s  

 

Figure A.8: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 0.46 m/s, JG = 0.51 m/s  
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Figure A.9: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 0.46 m/s, JG = 0.76 m/s  

 

Figure A.10: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 0.46 m/s, JG = 1.1 m/s  
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Figure A.11: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 0.46 m/s, JG = 1.7 m/s  

 

Figure A.12: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. Single phase flow at JL = 0.63 m/s 
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Figure A.13: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 0.63 m/s, JG = 0.01 m/s  

 

Figure A.14: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 0.63 m/s, JG = 0.02 m/s  
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Figure A.15: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 0.63 m/s, JG = 0.05 m/s  

 

Figure A.16: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 0.63 m/s, JG = 0.12 m/s  
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Figure A.17: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 0.63 m/s, JG = 0.31 m/s  

 

Figure A.18: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 0.63 m/s, JG = 0.42 m/s  
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Figure A.19: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 0.63 m/s, JG = 0.51 m/s  

 

 

Figure A.20: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 0.63 m/s, JG = 0.76 m/s  
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Figure A.21: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 0.63 m/s, JG = 1.1 m/s  

 

 

Figure A.22: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 0.63 m/s, JG = 1.7 m/s  
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Figure A.23: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. Single phase flow at JL = 0.82 m/s 

 

Figure A.24: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 0.82 m/s, JG = 0.01 m/s 
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Figure A.25: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 0.82 m/s, JG = 0.02 m/s  

 

Figure A.26: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 0.82 m/s, JG = 0.05 m/s  
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Figure A.27: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 0.82 m/s, JG = 0.12 m/s  

 

Figure A.28: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 0.82 m/s, JG = 0.31 m/s  
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Figure A.29: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 0.82 m/s, JG = 0.42 m/s  

 

Figure A.30: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 0.82 m/s, JG = 0.51 m/s  
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Figure A.31: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 0.82 m/s, JG = 0.76 m/s  

 

 

Figure A.32: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 0.82 m/s, JG = 1.1 m/s  
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Figure A.33: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 0.82 m/s, JG = 1.7 m/s  

 

 

Figure A.34: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. Single phase flow at JL = 1.1 m/s 
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Figure A.35: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 1.1 m/s, JG = 0.01 m/s 

 

 

Figure A.36: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 1.1 m/s, JG = 0.02 m/s  
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Figure A.37: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 1.1 m/s, JG = 0.05 m/s  

 

 

Figure A.38: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 1.1 m/s, JG = 0.12 m/s  
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Figure A.39: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 1.1 m/s, JG = 0.31 m/s  

 

 

Figure A.40: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 1.1 m/s, JG = 0.42 m/s  
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Figure A.41: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 1.1 m/s, JG = 0.51 m/s  

 

 

Figure A.42: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 1.1 m/s, JG = 0.76 m/s  
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Figure A.43: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 1.1 m/s, JG = 1.1 m/s  

 

 

Figure A.44: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 1.1 m/s, JG = 1.7 m/s  
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Figure A.45: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. Single phase flow at JL = 1.3 m/s 

 

 

Figure A.46: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 1.3 m/s, JG = 0.01 m/s 
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Figure A.47: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 1.3 m/s, JG = 0.02 m/s  

 

 

Figure A.48: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 1.3 m/s, JG = 0.05 m/s  
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Figure A.49: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 1.3 m/s, JG = 0.12 m/s  

 

 

Figure A.50: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 1.3 m/s, JG = 0.31 m/s  
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Figure A.51: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 1.3 m/s, JG = 0.42 m/s  

 

 

Figure A.52: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 1.3 m/s, JG = 0.51 m/s  
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Figure A.53: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 1.3 m/s, JG = 0.76 m/s  

 

 

Figure A.54: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 1.3 m/s, JG = 1.1 m/s  
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Figure A.55: FFT of vibration response in the x and y-coordinates, piping response with time and 

the trajectory of piping with orifice area ratio 0.25. JL = 1.1 m/s, JG = 1.7 m/s  
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APPENDIX B 

 

This section shows the results of the vibration analysis including the vibration response with 

time, the trajectory of the pipe, the FFT of the vibration in x, y and z-coordinate, the FFT of the 

void fraction at the inlet of the U-bend and at the location of measurement of vibration, and the 

PDF of the void fractions for the piping with U-bend. 
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Figure B.1: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. Single phase flow at JL = 0.46 m/s 
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Figure B.2: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 0.46 m/s, JG = 0.01 m/s 
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Figure B.3: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 0.46 m/s, JG = 0.02 m/s 
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Figure B.4: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 0.46 m/s, JG = 0.05 m/s 
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Figure B.5: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 0.46 m/s, JG = 0.12 m/s 
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Figure B.6: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 0.46 m/s, JG = 0.31 m/s 
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Figure B.7: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 0.46 m/s, JG = 0.42 m/s 
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Figure B.8: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 0.46 m/s, JG = 0.51 m/s 
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Figure B.9: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 0.46 m/s, JG = 0.76 m/s 
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Figure B.10: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 0.46 m/s, JG = 1.1 m/s 
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Figure B.11: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 0.46 m/s, JG = 1.7 m/s 
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Figure B.12: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. Single phase flow at JL = 0.63 m/s 
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Figure B.13: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 0.63 m/s, JG = 0.01 m/s 
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Figure B.14: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 0.63 m/s, JG = 0.02 m/s 
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Figure B.15: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 0.63 m/s, JG = 0.05 m/s 
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Figure B.16: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 0.63 m/s, JG = 0.12 m/s 
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Figure B.17: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 0.63 m/s, JG = 0.31 m/s 
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Figure B.18: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 0.63 m/s, JG = 0.42 m/s 
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Figure B.19: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 0.63 m/s, JG = 0.51 m/s 
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Figure B.20: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 0.63 m/s, JG = 0.76 m/s 
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Figure B.21: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 0.63 m/s, JG = 1.1 m/s 
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Figure B.22: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 0.63 m/s, JG = 1.7 m/s 
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Figure B.23: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. Single phase flow at JL = 0.82 m/s 
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Figure B.24: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 0.82 m/s, JG = 0.01 m/s 
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Figure B.25: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 0.82 m/s, JG = 0.02 m/s 
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Figure B.26: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 0.82 m/s, JG = 0.05 m/s 
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Figure B.27: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 0.82 m/s, JG = 0.12 m/s 
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Figure B.28: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 0.82 m/s, JG = 0.31 m/s 
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Figure B.29: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 0.82 m/s, JG = 0.42 m/s 
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Figure B.30: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 0.82 m/s, JG = 0.51 m/s 
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Figure B.31: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 0.82 m/s, JG = 0.76 m/s 
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Figure B.32: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 0.82 m/s, JG = 1.1 m/s 
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Figure B.33: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 0.82 m/s, JG = 1.7 m/s 
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Figure B.34: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. Single phase flow at JL = 1.1 m/s 
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Figure B.35: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 1.1 m/s, JG = 0.01 m/s 
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Figure B.36: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 1.1 m/s, JG = 0.02 m/s 
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Figure B.37: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 1.1 m/s, JG = 0.05 m/s 



 

250 
 

 

Figure B.38: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 1.1 m/s, JG = 0.12 m/s 
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Figure B.39: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 1.1 m/s, JG = 0.31 m/s 
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Figure B.40: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 1.1 m/s, JG = 0.42 m/s 
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Figure B.41: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 1.1 m/s, JG = 0.51 m/s 
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Figure B.42: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 1.1 m/s, JG = 0.76 m/s 
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Figure B.43: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 1.1 m/s, JG = 1.1 m/s 
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Figure B.44: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 1.1 m/s, JG = 1.7 m/s 
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Figure B.45: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. Single phase flow at JL = 1.3 m/s 
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Figure B.46: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 1.3 m/s, JG = 0.01 m/s 
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Figure B.47: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 1.3 m/s, JG = 0.02 m/s 
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Figure B.48: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 1.3 m/s, JG = 0.05 m/s 
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Figure B.49: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 1.3 m/s, JG = 0.12 m/s 
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Figure B.50: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 1.3 m/s, JG = 0.31 m/s 
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Figure B.51: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 1.3 m/s, JG = 0.42 m/s 
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Figure B.52: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 1.3 m/s, JG = 0.51 m/s 



 

265 
 

 

Figure B.53: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 1.3 m/s, JG = 0.76 m/s 
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Figure B.54: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 1.3 m/s, JG = 1.1 m/s 
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Figure B.55: FFT of vibration response in the x, y and z-coordinates, FFT and PDF of void 

fraction at inlet (αu) and location of measurement of vibration (αu), the trajectory of the pipe, and 

the piping response for piping with 90° U-bend. JL = 1.3 m/s, JG = 1.7 m/s 
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APPENDIX C 

 

This section shows the results of the PIV analysis including the raw image, the streamlines, 

vectors and vorticity plots for the piping with orifice. 
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Figure C1: PIV of flow downstream orifice with area ratio 0.25; Raw Image, stream line, vectors 

and vorticity plots for JL = 0.46 m/s, Single-phase flow 
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Figure C2: PIV of flow downstream orifice with area ratio 0.25; Raw Image, stream line, vectors 

and vorticity plots for JL = 0.46 m/s, JG = 0.01 m/s  
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Figure C3: PIV of flow downstream orifice with area ratio 0.25; Raw Image, stream line, vectors 

and vorticity plots for JL = 0.46 m/s, JG = 0.02 m/s 
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Figure C4: PIV of flow downstream orifice with area ratio 0.25; Raw Image, stream line, vectors 

and vorticity plots for JL = 0.46 m/s, JG = 0.05 m/s 
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Figure C5: PIV of flow downstream orifice with area ratio 0.25; Raw Image, stream line, vectors 

and vorticity plots for JL = 0.46 m/s, JG = 0.12 m/s 
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Figure C6: PIV of flow downstream orifice with area ratio 0.25; Raw Image, stream line, vectors 

and vorticity plots for JL = 0.46 m/s, JG = 0.31 m/s 
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Figure C7: PIV of flow downstream orifice with area ratio 0.25; Raw Image, stream line, vectors 

and vorticity plots for JL = 0.46 m/s, JG = 0.42 m/s 
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Figure C8: PIV of flow downstream orifice with area ratio 0.25; Raw Image, stream line, vectors 

and vorticity plots for JL = 0.46 m/s, JG = 0.51 m/s 
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Figure C9: PIV of flow downstream orifice with area ratio 0.25; Raw Image, stream line, vectors 

and vorticity plots for JL = 0.46 m/s, JG = 0.76 m/s 
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Figure C10: PIV of flow downstream orifice with area ratio 0.25; Raw Image, stream line, 

vectors and vorticity plots for JL = 0.46 m/s, JG = 1.1 m/s 
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Figure C11: PIV of flow downstream orifice with area ratio 0.25; Raw Image, stream line, 

vectors and vorticity plots for JL = 0.46 m/s, JG = 1.7 m/s  

 


