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Abstract 

 

Multiphase flows include several flow regimes that exist with different conditions. The time 

varying forces in flexible pipes conveying two-phase flows results in very dynamic structural 

behavior. These varying forces contribute to fatigue stresses which have a major effect on a 

riser life time.  

Studying the dynamic response of flexible pipes conveying two-phase flows can reveal 

crucial information regarding induced vibrations and oscillations in risers. These information 

can be utilized in understanding operational hazards with flexible risers in oil and gas 

industry.  

An experimental investigation of flexible pipes is carried out in the lab. A small scale 

experimental loop was designed for testing structural behavior of flexible pipes conveying air 

and water two-phase flow. Experiments were recorded and video processing techniques were 

utilized for analyzing structural response.  

The amplitudes of structural oscillations were measured for several cases at different pipe 

lengths and flow superficial velocities. Two main geometries were investigated, a cantilever 

pipe in vertical and horizontal direction and a geometry representing a riser collapse inspired 

by a real accident from oil and gas industry.   

The experimental results were compared to numerical simulations from a structural dynamic 

analysis code. The work produced in this thesis was presented for publishing as a part of 

scientific paper shown in Appendix (A).  
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Chapter (1): Introduction 

 

An offshore field development involves many components and facilities for processing and 

transport of oil & gas. Risers are a main component of any offshore field responsible for 

transferring well fluids from seabed to surface facility. Risers can be classified into two main 

types; rigid risers and flexible risers. Flexible risers are multi-layered composite flexible 

structures used to connect subsea equipment to floating production units. 

Since 1986, flexible risers have gained more concern in Norwegian petroleum production. 

With the increase in number of floaters used in Norwegian Continental Shelf (NCS), the 

number of flexible risers utilized increased to 326 risers by 2013. [1] 

There is always a large demand for studies on dynamic behavior of flexible risers relative to 

internal and external forces. The internal flow forces caused by two-phase flow regimes may 

result in vibrations or oscillation in risers. The presented work here provides an experimental 

investigation of dynamic behavior of flexible risers relative to internal two-phase flow. The 

results can be used for verifying software simulations in the future. 

1. Background 

The reliability and safe operation of a riser system requires a broad assessment of all risks and 

hazards associated with its operation. Vibrations in flexible risers may lead to reduction in 

field production and even shutdown in some cases and therefore large financial losses.  

Marulk field has experienced a temporary shutdown in October, 2012 due to vibration in 

Norne FPSO gas export riser [2]. Such shutdowns or reduction in production result in massive 

financial losses.  

It is important to understand the interaction between dynamic behavior of risers and internal 

flows. This may provide tools for eliminating failures and hazards associated with risers 

operation and allow for investigating breakdowns and operational accidents.  

On April 20, 2010, the world was shocked by the explosion of Deepwater Horizon (DWH) 

drilling rig operated by BP near the cost of Louisiana, US. The collapse of flexible riser 

connected to DWH rig resulted in the largest oil spill in US history. The initial estimation of 

flow rate on the day the oil was capped was 53,000 BOPD.   
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An Oscillating motion in a buoyant part of the riser implemented that slug flow have existed 

in the riser. The presence of slug flow in the riser had a significant effect in reducing the 

financial penalties paid by BP [3].   

2. Scope 

The thesis aims to investigate the dynamic behavior of flexible pipes relative to different gas 

and liquid superficial velocities. A mini-loop experimental apparatus is to be designed for 

carrying out small scale experiments in the lab with two-phase air and water supply. The 

dynamic behavior of pipes is to be recorded and analyzed. Experimental data are investigated 

in comparison with software simulations.  

The work was planned to include experimental investigation of three major geometries. The 

geometries include cantilever hose, floating pipe connected to external force and a riser 

oscillating in a tank representing the DWH riser incident.   

For investigating the floating pipe experiment, a large tank needed to be fabricated. As the 

tank was not fabricated on time, the experiment was postponed to future work.  

3. Scientific Contribution  

The experimental data produced was published as a part of scientific paper presented at 8
th

 

National Conference on Computational Mechanics – MekIT’15. The data from experiments 

was compared to numerical simulations from structural dynamic analysis code. The 

simulations data from the code was provided by Joaquin Vieiro as part of his PhD work. The 

coupled work resulted in the produced paper draft in Appendix (A). [10] 

4. Motivation 

Fluid-elastic instabilities are large amplitude oscillations of pipes due to increase of flow 

velocity beyond certain value known as critical velocity [13]. Many researchers investigated 

the fluid-elastic instability of cantilever flexible pipes conveying single phase flow.  

However, there are not enough studies considering the two phase flow in which many pipes 

are subjected to. It was necessary to conduct experiments for revealing the effect to two phase 

flows in cantilever pipes. 

In April – 2010, an explosion of the Deepwater Horizon (DWH) drilling rig led to riser 

disconnecting from the rig. The collapsed riser extended on the seabed lying over the sinking 

rig and forming the geometry shown in figure (1.1). 
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Remotely operated vehicles (ROV) videos have shown an alternating dark and light colored 

fluid discharged from the riser end. Investigation of the videos concluded that the alternating 

fluid discharge was slug flow were dark colored fluid was oil dominated flow and light 

colored was gas dominated flow. An oscillating motion of the buoyant loop portion of the 

riser was linked to the existence of slug flow [4].  

Small scale experiments were conducted for the aim of comparing the physics behind 

structural behavior of the riser in real scale and small scale experimental apparatus in the lab. 

The experimental data was compared to numerical simulations and presented in an internal 

report at the energy and process department, NTNU. The results from experiments and 

simulations are planned to be published in future. 

 

Figure (1. 2): DWH riser lying on seabed after drilling rig sinking [4] 
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Chapter (2): Theoretical Background 

 

1. Multiphase Flow Regimes 

Flow regimes have the major effect on internal forces inducing structural dynamic behavior. 

Depending on pipe orientation (vertical, horizontal and near horizontal), fluid properties and 

flow rates, several flow regimes can emerge in a system. The major flow regimes relative to 

thesis work are described below. 

Stratified Flow: a flow pattern recognized by liquid flowing at the bottom of the pipe and gas 

flowing on top. At low flow rates, the shape of interface between the two phased takes a 

smooth shape. However, increasing the gas flow rates results in the appearance of waves [5]. 

Annular Flow: annular flow can emerge as a gradual change from stratified flow. Drops 

created by atomization of irregular waves can deposit on the pipe wall creating a turbulent 

film. It is recognized by a gas core in the middle with liquid film at the walls [5]. 

Bubble Flow: bubble flow can appear in the form of dispersed bubbles at high liquid flow 

rates in horizontal pipes or bubbly flow at low flow rates in vertical pipes [5].  

Slug Flow: slug flow can be defined as an alternating sequence of bubbles and liquid slugs. 

From an operational perspective, slug flow can be classified into two types; small scale 

slugging such as hydrodynamic slug flow and large scale slugging such as severe slugging 

[5]. 

 

 Figure (2. 1): Multiphase flow regimes in vertical and horizontal pipes 
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2. Severe Slugging in Risers 

Severe slugging is a very dynamic phenomenon recognized by the formation and cyclic 

production of long liquid slugs followed by gas blowdown. [6] 

Severe slugging causes rapid changes in mass distribution and pressure fluctuations along 

risers. This leads to vibrations which results in time varying stresses. These stresses may 

cause damages to risers due to fatigue, excessive bending or local buckling [7]. 

There are certain conditions that induce the occurrence of severe slugging. The geometry has 

to include a low point such as a bend for liquid accumulation. With sufficient gas 

compressibility upstream the low point and suitable gas and liquid flow rates, the severe 

slugging cycle occurs.  

Figure (2.2) demonstrates the penetration of gas and liquid through different flow stages of a 

severe slugging cycle. A severe slugging cycle includes the following stages;  

Slug formation; liquid accumulates at the bottom of the riser and blocks the gas passage; 

pressure increases and compresses the gas in the pipe.  

Slug production; as liquid level reaches the top of the riser, the pressure reaches its maximum 

value and only liquid flows into the riser.  

Blowout; as the gas continues to flow in, the liquid accumulation is pushed to the bottom of 

the riser and there by initiating the blowout stage. 

Blow down; the gas penetrating into the riser column makes it lighter and decreases its 

pressure. Gas reaches the top of the riser until its passage is free causing violent expulsion and 

rapid decompression that brings the process to slug formation again [6].  
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Figure (2. 2): Severe slugging cycle in risers - [6] 

3. Literature Review 

In 2012, Ortega et al. [8] used two softwares for simulating the response of risers due to 

internal flow. A high level architecture (HLA) federation was created for allowing the 

interaction between the two softwares. A HLA federation is an object oriented common 

technical architecture aims at providing interoperability between different federates such as 

simulations [9].  

The first software is SLUGGIT, a two phase flow code written in C++ which was used to 

simulate dynamic slug flow. Results from SLUGGIT were coupled with RISANANL which 

is a FORTRAN program for static and dynamic structural analysis of slender marine 

structures. The work resulted in a code that was able to predict the response of a lazy wave 

riser based on internal slug flow. The study investigated the movements of some nodes in the 

riser geometry [8]. 

3.2 – Cantilever flexible pipe  

(T. B. Benjamin, 1960) introduced a general theory covering the free motions of a cantilever 

chain of articulated rigid pipes conveying incompressible, constant and single phase flow. He 

established Lagrangian equations where dependent variables are potential and kinetic energies 
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of the pipes and space enclosed by them. A continuously flexible elastic tube was considered 

an extreme case of the presented theory as number of degrees of freedom is infinite. [16] 

(M. P. Paidoussis, 1970) introduced a two parts study on the dynamics of cantilever tubes 

conveying single phase flow. In Part I, he developed an equation for small lateral motions 

formulating the fluid-elastic instability for internal flows in cantilever tubes.  

𝐸𝐼
𝜕4𝑦

𝜕𝑥4 
+ (𝑀 + 𝑚)𝑔 ((𝑥 − 𝐿)

𝜕2𝑦

𝜕𝑥2
+

𝜕𝑦

𝜕𝑥
) + 𝑀𝑈2 𝜕2𝑦

𝜕𝑥2
+ 2𝑀𝑈

𝜕2𝑦

𝜕𝑡𝜕𝑥
+ (𝑀 + 𝑚)

𝜕2𝑦

𝜕𝑡2
+

𝐸𝐼
µ

Ω
 

𝛿

𝛿𝑡
 (

𝜕4𝑦

𝜕𝑥4 ) + k
𝜕2𝑦

𝜕𝑡2 = 0          (2.1) 

Where; 

EI: tube flexural rigidity, y: lateral deflection of the tube, x: longitudinal coordinate, M: 

mass of fluid per unit length, m: mass of tube per unit length, g: gravitational 

acceleration, L: length of the tube, U: average flow velocity, µ: structural damping 

coefficient, Ω: circular frequency, t: time and k: dimensionless viscous damping 

coefficient 

The equation demonstrates involved forces; flexural force, pressure & tension, centrifugal 

force, Coriolis force, inertia force, structural damping force and viscous damping force. The 

equation is developed considering single phase flow.  

Part II included experiments for demonstrating the dynamic behavior of vertical cantilever 

tube conveying single phase flow. The tubes were tested in two configurations; hanging down 

and standing upright. [15] 

(C. Monette & M. J. Pettigrew, 2004) conducted a series of experiments for studying fluid-

elastic behavior of flexible pipes when subjected to two-phase flow. The experiments 

involved several pipes with different diameters, lengths and flexural rigidities. The results 

were compared to theoretical formulation.   

The formulation was developed based on equation (2.1) introduced above. In the case of two 

phase flow as in the experiments, the difference between gas and liquid velocities is 

significant. Therefore, the Coriolis and centrifugal forces of each phase will be considered 

separately. Accordingly, equation (2.1) would be modified to the form; 

𝐸𝐼
𝜕4𝑦

𝜕𝑥4 + (∑ 𝑀𝑘𝑘 + 𝑚)𝑔 ((𝑥 − 𝐿)
𝜕2𝑦

𝜕𝑥2 +
𝜕𝑦

𝜕𝑥
) + ∑ 𝑀𝑘𝑘 𝑈𝑘

2 𝜕2𝑦

𝜕𝑥2 + 2 ∑ 𝑀𝑘𝑘 𝑈𝑘
𝜕2𝑦

𝜕𝑡𝜕𝑥
+

(∑ 𝑀𝑘𝑘 + 𝑚)
𝜕2𝑦

𝜕𝑡2 + 𝐸𝐼
µ

Ω
 

𝛿

𝛿𝑡
 (

𝜕4𝑦

𝜕𝑥4 ) + k
𝜕2𝑦

𝜕𝑡2 = 0          (2.2) 



8 | P a g e  

 

Where 𝑀𝑘 and 𝑈𝑘 represent the mass and velocity of each phase respectively. The work 

concluded that stronger turbulence in two-phase flow resulted in larger vibrations compared 

to single phase. [12] 

 (J. Yoon et al., 2006) studied the free vibration and flow-induced flutter instability of 

cantilever carbon nanotubes influenced by internal moving fluid. They defined flutter 

instability as a phenomenon of growing amplitude of vibration with time after critical flow 

velocity is achieved. The study assumed a uniform steady state, single phase and 

incompressible flow with uniform flow velocity. Their results showed that critical flow 

velocity inducing flutter instability may exist within practical significance. [17] 

(R. W. Gregory & M. P. Paidoussis, 1966) introduced a theoretical model including a 

parameter ‘β’ defined as the ratio mass/length of fluid conveyed in a pipe to mass/length of 

pipe material. Oscillations were defined by dimensionless circular frequency parameter ‘ω’ 

relating oscillations to flexural rigidity. They solved equations of motions and compared them 

to experimental results of single phase flow. [14] 

(R. A. Ibrahim, 2011) reviewed some of the researches conducted on single and two-phase 

flows in pipes. Some researchers investigated the effect of two-phase cross flow on tube 

bundles but not much was done on axial two-phase flow in a single tube. [20] 

3.2 – DWH riser 

A report investigating the incident was provided by Dr. Michael Zaldivar [4]. His report 

confirmed that the oscillating behavior of buoyant part of the riser is related to slug flow. 

Using LedaFlow as multiphase flow simulator, Zaldivar was able to estimate the flow rates of 

oil leakage. He relied on programming interface for changing the buoyant loop elevation 

during LedaFLow simulations and calculates corresponding flow rates. [4] 
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Chapter (3): Measurements & Experimental Work 

 

1. Description 

The cantilever hose and DWH cases were investigated on small scale geometries in the lab. A 

mini-loop of air and water supply circuit was used for supplying two-phase flow. Flexible 

risers were simulated using silicon hoses. Silicon hoses provided the needed flexibility for 

showing dynamic responses relative to internal two-phase flows.  

2. Experimental Apparatus 

Air and water were supplied through the mini-loop instrumentation box shown in figure (3.1). 

Air was supplied using a reciprocating air compressor while water supplied through 

centrifugal pump.  

 

Figure (3. 1): Mini-loop instrumentation box 

The air supply circuit includes high pressure tank connected directly to the compressor for 

receiving compressed air with 3 bar cut off valve. A low pressure buffer tank (volume: 0.032 

𝑚3) was connected to the high pressure tank with digital mass flow meter in between. The 

mass flow meter gives a measure of the air flow rate. The air flow meter had a built in flow 

controller that was utilized for controlling flow rates through 4 – 20 mAmps current feed. 

Figure (3.2) shows the compressor unit connected to high pressure tank. 
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Figure (3. 2): Compressor connected to high pressure tank 

Water supply circuit includes a centrifugal pump connected to needle valve for adjusting flow 

rates and analog flow meter. A mixer was used upstream the geometry for mixing the two 

fluids and providing two-phase flow supply. 

 

Figure (3. 3):  a) Needle water adjustment valve     b) Water pump 
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Figure (3.4) shows the schematic of instrumentation circuit used in the experiments. 

 

Figure (3. 4): 1- Water supply tank, 2- Centrifugal pump, 3- High pressure Tank, 4- 

Compressor, 5- Ball valve, 6- Digital air flow meter, 7- Low pressure buffer tank, 8- Needle 

valve, 9- Analog liquid flow meter, 10- Air & water mixer  

Experiments were videotaped using two different cameras. A fully professional camera was 

used for taping the cantilever hose experiments and underwater camera used for DWH riser 

experiment. Table (3.1) indicates the specification of instruments used. 

Device: Manufacturer:  Model:  

Air compressor  DING HWA  AC 100  

Water pump  Grundfoss  UPS 25-40  

Digital flow meter  Mass-Stream  D-D6341 DR  

Analog liquid flow meter Tec-Fluid D-D6341 DR 

Digital camera Canon  EOS-60D 

Digital underwater camera GoPro Hero4-black 

Table (3.1): Devices used in cantilever hose experiment 

2.1 – Cantilever experimental geometries 

A hose arranged in a cantilever position conveying two phase flow was used for investigating 

the structural dynamic behavior induced by internal flow. The geometry has been investigated 

in both vertical and horizontal arrangements. The hose was fixed at one terminal and the other 

terminal was left free. Air and water were supplied through the hose.  
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Figure (3.5) shows the vertical and horizontal geometries used in the experiment.   

 

Figure (3. 5): Vertical and horizontal geometries of the cantilever hose experiments 

2.2 - DWH riser experimental geometry 

The geometry is reflecting the sinking of DWH drilling rig and riser extending over it at sea 

bed as shown in figure (1.1) before. This geometry showed a dynamic interaction between the 

buoyant part of the riser (part with buoyancy modules) and internal slug flow.  Figure (3.6) 

shows the accident resulting geometry implemented in the lab.  

 

Figure (3. 6): DWH riser geometry implemented in the lab 

Figure (3.7) shows the tank used in the lab where the hose was laid in. The tank was filled 

with water and a camera was fixed on tank bottom for taping the experiments. It is worth 

noting that the buoyant part needed no buoyancy modules as silicon hoses were floating on its 

own.  

Bouyant part 

Mixer 

Fixed Points 

0.45 m 

0.35 m 

0
.8

 m
 

0.65 m 

Ground 

0.5 m 
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Figure (3. 7): Tank used for DWH riser experiments (0.95 x 0.95 x 0.4 meters) 

Figure (3.8) shows the under-construction tank, the tank was fabricated from S.S sheets. One 

side will be sealed with glass plates for providing the vision.  

 

Figure (3. 8): Under-construction tank for future experiments with floating pipes, dimensions: 

4 x 0.5 x 1.4 meters 

3 Video Processing 

The experiments were recorded and video processing techniques were used for analyzing the 

induced motion. A code was written in MATLAB for detecting red objects based on 

VideoReader class. The code works by reading saved video files from the experiments and 
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calculate the displacement of red detected points in vertical and horizontal directions. Figure 

(3.9) shows the red points detected, the displacements are measured in pixels with reference 

to the upper left corner of each frame as indicated by the blue arrows. 

 

Figure (3. 9): Points detected by the MATLAB code 

For converting the dimensions from pixels to cm, a scaling factor was determined by dividing 

the image real dimensions in cm by frame dimensions in pixels as shown in figure (3.10).  

 

Figure (3. 10): Real scale image for experiments 

4 Bending Stiffness 

Two silicon hoses were used for investigating both cantilever and DWH riser experiments. 

The bending stiffness for the two silicon hoses used was determined by using structural 

dynamic analysis code described in produced scientific paper included in Appendix (A). 

Table (3.2) shows the dimensions and estimated bending stiffness of the two hoses. 

Hose: Inner dia.: Outer dia.: Weight/Length: Bending stiffness: 

Hose (1) 6 mm 9 mm 0.0042 Kg/m 0.001 𝑁. 𝑚2 

Hose (2) 16 mm 22 mm 0.189 Kg/m 0.004 𝑁. 𝑚2 

Table (3.2): Dimensions and bending Stiffness estimated for the two hoses  

Reference 
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Experiments were carried out with the silicon hose allowing it to oscillate in simple harmonic 

pendulum motion. The hose free end was detected using the MATLAB code described before. 

Figure (3.11) shows how the pendulum experiment was carried out.  

 

Figure (3. 11): Pendulum experiment for estimating bending stiffness 

 

 

Figure (3. 12): Pendulum displacements amplitude vs. time  for hoses (1) and (2) 
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Using the structural dynamic code, the experiment was simulated. Different values for 

bending stiffness and damping coefficient were tested until reaching a value that showed 

similar oscillation period to the experiment.  

Figure (3.13) shows the amplitude per cycle for both experimental and simulation results for 

hose (1). It was found that a bending stiffness of 0.001 gives a satisfactorily matching result.  

 

Figure (3. 13): Experimental and simulation amplitude per cycle of pendulum experiment for 

estimating bending stiffness of hose (1) – [10] 

5 Flow Rates Measurements  

The accuracy of the air and liquid flow meters used is ± 2 %. The gas meter gives the reading 

in Liter/min while the liquid meter gives the reading in Liter/hour. In the cantilever hose, the 

liquid flow rates were measured by calculating the time elapsed for filling one liter of water.  

The measurements were taken from the oscillating hose directly with gas and liquid flowing 

together. In DWH riser experiments, the liquid flow meter was available and readings were 

measured directly from the meter before the air & water mixer. Results are presented relative 

to gas and liquid superficial velocities.  

Superficial velocity is defined as the phase volume flow divided by pipe cross sectional area 

according to equation (3.1). [5]  

𝑈𝑠𝑘 =
𝑄𝑘

𝐴
 …… (3.1), where 𝑸𝒌 is the flow rate measured from the flow meter in [𝑚3/𝑠] . 

The inaccuracy (Ω) in flow meter results in an uncertainty in measured flow rates which 

creates an error propagating in calculated superficial velocities. The resulting error 

propagation can be expressed by the following equation; 
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σ𝑈𝑠𝑘

|𝑈𝑠𝑘|
=  √(

Ω

𝑄𝑘
)

2

  ........ (3.2), where 𝛔𝑼𝒔𝒌 represents the error propagating in the superficial 

velocity calculated. [11] 
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Chapter (4): Cantilever Hose Experiments 

 

Both horizontal and vertical geometries were investigated at several cases of different gas and 

liquid superficial velocities and different lengths. The two geometries were testes with single 

phase flow but showed no any dynamic response. 

1. Horizontal Geometry  

The hose was fixed at one terminal with other terminal free to oscillate. Several points marked 

by red tape were detected during the videotaped experiments. With the maximum length of 71 

cm, five points were selected with Point (1) as first point after fixed end. Figure (4.1) shows 

distances [cm] in which points were placed with reference to fixed end. 

  

 

Figure (4. 1): Red detected point’s distances from fixed terminal 

At very low velocities, no oscillations in the hose were observed. The hose started oscillating 

at approximately 4.42 m/s of air flowrate and 0.355 m/s of water. Table (4.1) summarizes the 

cases where experiments were carried out. 

Case no. 𝑼𝒔𝒈 [m/s] 𝑼𝒔𝒍 [m/s] Length [m] Inner Ø [m] Outer Ø [m] 

(1) 6.77  0.584 0.71 0.006 0.009 

(2) 6.77 0.523 0.71 0.006 0.009 

(3) 6.77 0.355 0.71 0.006 0.009 

(4) 3.53 0.584 0.71 0.006 0.009 

(5) 6.77  0.584 0.5 0.006 0.009 

Table (4.1): Summery of cases tested for horizontal experiment 

Figure (4.2) shows oscillations trajectory for the 5 points in both vertical and horizontal 

directions for case (1). The figure shows that moving from point (1) to point (5); it can be 

observed that a rotational motion pattern increases. As expected, more close to the fixed point 

 5 4 1 2 3 
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the motion is less rotational with no large changes in the horizontal displacements. The stroke 

traveled by every point is indicated by the dotted arrows. That is the maximum distance 

travelled by the every point across the centerline reaching maximum displacement above or 

below centerline.  

 

Figure (4. 2): Trajectory of all point’s oscillation displacement in both vertical and horizontal 

directions for case (1) 

Figure (4.3) shows the number of strokes traveled by point (5) vertically over a two minutes 

length of the video. The figure shows about 8 peaks and 7 troughs across center line 

corresponding to about 15 strokes travelled by point (5) over two minutes.  

 

Figure (4. 3): Number of strokes travelled by point (5) for case (1) with reference to upper left 

corner of every frame of the video 
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The center line is the line where the hose is extending symmetrically in straight position when 

subjected to no flow (X-axis in figure (4.2)). The stroke’s displacement is referenced to the 

upper left corner of the video frame. 

Figure (4.4) shows the relation between the maximum vertical and horizontal displacements 

of each detected point and its distance from the fixed point. The figure shows that points (4) 

and (5) are deviating more from the line due to their rotational movement.   

 

Figure (4. 4): The relation between vertical and horizontal displacements of points (1) to (5) 

relative to distance of each detected point from fixed one 

The trajectory of points (1), (2) and (3) shows motion pattern that can form an ellipse if the 

hose was rotating 360 º with fixed point as center of rotation. The ellipse shape is due to the 

flexibility of the hose, if a rigid pipe was to be used, the motion would tend to show a perfect 

circle. Points (4) and (5) have more rotational oscillating motion that cannot form a perfect 

ellipse as the first three points. Figure (4.5) shows the ellipse motion pattern formed by the 

first three points. 

 

Figure (4. 5): Ellipse motion pattern made by points (1), (2) and (3) 
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Two frequencies were noted during the experiments. First, is the total stroke travelled by the 

hose as shown before, second are small perturbations relative to the alternating liquid and gas 

flows.  

These small perturbations are responsible for step movement of the hose that continues until 

the hose travels a full stroke. Every time a liquid slug is flowing out the hose free end is 

displaced by small amplitude. Figure (4.6) shows the perturbations caused by liquid slugs, it 

can be seen from figure that the slug frequency is approximately 3 slugs per second. 

 

Figure (4. 6): Perturbations of the free end for case (1), red arrow indicates distance 

displaced by the hose due to liquid slug flowing out 

When liquid superficial velocity was reduced in cases (2) and (3), the perturbations amplitude 

was less compared to case (1). This reduction of amplitude is an indication of shorter liquid 

slug with lower flow rates. Figure (4.7) shows the perturbations for cases (2) and (3), it can be 

seen how the curve became smoother with less perturbation amplitudes.  

 

Figure (4. 7): Perturbations of hose free end for cases (2) and (3); the curve is smoother 

indicating shorter step displacement for the perturbations 

Case (1) 
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The results of case (2) and (3) showed little change in the amplitude of stroke travelled by 

every point. The motion trajectory was also same as shown in Figure (4.2) before. However, it 

was noted that the motion was getting significantly slower with reducing the liquid superficial 

velocity. This resulted in less number of strokes travelled by detected points in the two cases. 

Figure (4.8) shows the strokes travelled by point (5) for the three cases.   

 

Figure (4. 8): Strokes travelled by point (5) for cases (1), (2) and (3) 

In case (4), there was no oscillation when the hose was kept at center line (symmetric 

position). However, when it was positioned in maximum displacement from centerline, the 

hose started oscillating moving towards the center line until stopped oscillating. In other 

words, the hose travelled only half stroke from maximum displacement until center line as 

shown in figure (4.9). 

 

Figure (4. 9): Trajectory of half stroke travelled by points in case (4) 
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In case (5), the effect of length was studied by reducing the length of the hose to 50 cm and 

studying the three points (3), (4) and (5). With maximum superficial velocities the hose 

showed no oscillations. Instead the hose showed only vibrations while lying in symmetric 

position on the center line. Figure (4.10) shows the vibrations measured in [mm].  

 

Figure (4. 10): Vibrations of points (3), (4) and (5) for case (5) with 50 cm length of hose 

2. Vertical Geometry  

The vertical geometry was tested with two-phase flow at high gas and liquid superficial 

velocities. The hose showed only slight vibrations at high velocities and therefore lower 

velocities were not considered.  

Three cases were studied for investigating the effect of length change. Table (4.2) shows the 

cases studied for this geometry.  

Case no. 𝑼𝒔𝒈 [m/s] 𝑼𝒔𝒍 [m/s] Length [m] Inner Ø [m] Outer Ø [m] 

(1) 6.77  0.584 0.90 0.006 0.009 

(2) 6.77 0.584 0.70 0.006 0.009 

(3) 6.77 0.584 0.50 0.006 0.009 

Table (4.2): Study cases for vertical geometry  

As the hose was slightly vibrating at the free end, only one point was detected for measuring 

the dynamic behavior of the vertical hose as shown in figure (4.11). 
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Figure (4. 11): Hose free end detected point 

The vibrations of end point are shown in Figure (4.12). Unlike the horizontal cases, the 

vertical hose cases showed an increase in amplitude of vibrations as the length reduces. The 

average amplitude of vibrations at 50 cm is slightly larger than 70 cm. However, in case of 90 

cm the vibrations amplitude has dropped significantly as seen in the figure.  

 

Figure (4. 12): Vibrations amplitude for cases (1), (2) and (3) of vertical geometry  

3. Discussion 

The experimental results showed that liquid flow rates have an effect on oscillating speed and 

therefore number of strokes travelled. Momentum of liquid slugs gives the small perturbations 

shown in figure (4.6) before. The liquid slug travels at mixture velocity where mixture 

velocity is the sum of gas and liquid superficial velocities (𝑼𝒎  =  𝑼𝒔𝒍 +  𝑼𝒔𝒈).  
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Since the gas flow rates are higher compared to liquid flow rates, the mixture velocity would 

be dominated by gas superficial velocity′𝑼𝒔𝒈′. This explains the reason behind having little 

change in amplitude of oscillations in the experiments at different liquid flow rates. Increasing 

liquid superficial velocity ‘𝑼𝒔𝒍’ increases the slug fraction resulting in larger displacement by 

slug perturbations and therefore faster oscillations.  

The paper produced in appendix (A) explains in details the coupling between experimental 

data and structural dynamic simulations. Figure (4.13) demonstrates the trajectory of 

simulation and experimental results for case (1).  

 

Figure (4. 13): Trajectory of experimental and simulation results for case (1) 

Compared to experimental, the figure shows similarity in both simulation and experiments 

oscillation pattern. The rotational motion of the last two points was observed in simulations as 

in experiments. 
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Chapter (5): DWH Riser 

 

Small scale experiments were conducted for demonstrating the physics behind structural 

behavior of the DWH riser in small scale experimental apparatus in the lab. The experimental 

results are compared to simulations and discussed in this chapter. 

1. DWH Riser Case Description 

After the DWH drilling rig sank to the sea bottom, the riser was extending over the rig 

forming the geometry shown before in figure (1.1). The buoyant loop was oscillating between 

two positions, resting on the seabed and floating above seabed. The following steps explain 

the cyclic motion mechanism.  

1- As the buoyant loop is in its highest floating position, gas flows over the oil with 

higher velocity due to density difference. Gravity has stronger effect on oil being the 

denser fluid, holding oil back where oil starts accumulating at the bend as shown in 

figure (5.1). 

 

Figure (5. 1): Main oil slug accumulating in upstream section of buoyant loop [4] 

2- Oil accumulation increases approaching the top of the buoyant. As the upstream part 

of the buoyant loop gets heavier it starts pushing the loop towards the seabed.  

 

Figure (5. 2): Oil flowing towards top pushing the buoyant loop to sink towards seabed [4] 

3- The oil slug moving through the loop is followed by stratified flow pattern. The loop 

at this stage is resting on the seabed as shown in figure (5.3). 
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Figure (5. 3): Buoyant loop resting on seabed and stratified flow pattern emerges [4] 

4- After oil completely passes the top of the buoyant loop, the upstream section of the 

buoyant loop with gas dominated flow starts rising again as it gets lighter and lighter. 

[4]  

 

Figure (5. 4): Buoyant loop rising again after filling with gas [4] 

1.1 – Double and single peak pattern 

Two behaviors were observed for the DWH riser flow output. Between May 13 and May 15, 

two sets of gas dominated and oil dominated flow periods existed.  

This double peak behavior can be seen in Figure (5.5) with a pattern of two peaks and two 

troughs. On May 16 the double peak pattern disappeared and flow consisted of one gas 

dominated and one oil dominated flow per slug period. This was recognized as single peak 

behavior. [4] 

 

Figure (5. 5): Double peak behavior for flow output [4] 
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When the buoyant loop was floating on maximum distance from seabed, stratified gas and 

liquid flow existed. The stratified oil layer closer to the buoyant loop middle top (peak) was 

flowing through less steep section compared to the layer flowing at the bottom.  

The oil climbing through the steepest part is slowed by gravity allowing a gas pocked to form 

above it. The stratified flow has in fact split into two oil slugs separated by a gas pocket as 

shown in figure (5.6). This explains the double peak behavior observed from May 13
th

 to May 

15
th

.  

 

Figure (5. 6): Stratified flow splitting into two oil slugs – double peak behavior 

2. Experimental and simulation results 

The experiments aimed at investigating slug period, amplitude of riser down motion and flow 

regimes. Table (5.1) shows the different gas and liquid superficial velocities for every case.  A 

larger silicon hose was used for this experiment as the smaller diameter hose used in 

cantilever hose experiments did not show expected slugging behavior. 

Case no. 𝑼𝒔𝒈 [m/s] 𝑼𝒔𝒍 [m/s] Inner Ø [m] Outer Ø [m] 

(1) 0.058 0.055 0.016 0.022 

(2) 0.058 0.138 0.016 0.022 

(3) 0.116 0.055 0.016 0.022 

(4) 0.116 0.138 0.016 0.022 

Table (5.1): Study cases for DWH riser experiment 

2.1 – Case (1) 

Figure (5.7) shows how liquid filling takes place as the liquid accumulation starts growing 

climbing the riser until reaching the middle point in the buoyant loop indicated by blue arrow. 

The figure demonstrates how the liquid weight affects the movement of the riser and pushing 



29 | P a g e  

 

it down towards tank bottom as in DWH case. The deepest displacement for the riser is when 

the liquid passes the middle point (indicated by blue cross).  

 

Figure (5. 7): Liquid filling buoyant loop for case (1) 

The flow upstream the buoyant loop and before the liquid filling stage was gas dominant. This 

can be shown in Figure (5.8); the flow regime observed was stratified flow. However, the gas 

layer gets shorter when coming closer to the buoyant loop until forming an elongated bubble 

shape. When the buoyant loop is floating on water surface, the gas bubbles continue to flow 

while the liquid being more dense fluid stops at the bend and starts accumulating.  

 

Figure (5. 8): Elongated bubbly flow prior to liquid accumulation 

1 

3 

2 

4 
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After liquid accumulates, it starts rising up the buoyant loop until passing over top middle 

point. At this stage the buoyant loop is lying on tank bottom. Once the liquid slug passes the 

second red detected point, a stratified flow regime starts upstream the buoyant loop as shown 

in figure (5.9). 

 

Figure (5. 9): Stratified flow starting after liquid accumulation 

Figure (5.10) shows the development of slugging cyclic behavior for the experiment through 

the two detected points. As point (2) is closer to the top middle point of the buoyant loop it 

experienced the largest displacement.  

The troughs shown in the graph are indication where the riser was pushed down to the deepest 

position by liquid slug. The flat peaks indicate the period where the flow was gas dominated 

and riser is floating on water surface. The displacements are referenced to lower left corner in 

DWH experiments to match the simulations plots. The figure shows approximately four slug 

periods during a two minutes time scale. 

 

Figure (5. 10): Slugging behavior for case (1) 

Stratified flow 
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Figure (5.11) shows in details the liquid filling stage. It can be seen that the time for liquid 

slug to continue filling the hose until passing the top middle point is approximately 20 

seconds (between 16 and 26 on time scale). At 26 seconds the riser starts to be dominated by 

gas and floats up to the water surface.  

 

Figure (5. 11): Liquid slug filling up the buoyant part and pushing it down towards tank 

bottom 

Figure (5.12) shows the simulation result for case (1), the figure shows a satisfactory 

matching result with the experiment. During two minutes time scale the simulation showed 

about five slug periods.  

 

Figure (5. 12): Displacements of simulation results for case (1) over two minutes [19] 

  

Liquid slug filing 
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2.2 – Case (2) 

Figure (5.13) shows the slugging behavior for case (2), it is obvious the cyclic behavior have 

taken a slightly different pattern. Now the buoyant loop stays longer in the tank bottom for 

about 10 seconds. The behavior is more dynamic with 6 liquid filling stages. The inclination 

for liquid filling is steeper compared to case (1) indicating less time for liquid filling. The 

figure also shows a pointed part at every trough.   

 

Figure (5. 13): Slugging behavior for case (2) showing flat troughs with small pointed part 

Reviewing the videos, it was noted that the riser is pushed to a deep level while water in 

flowing over point (1). After passing over point (2) the riser is pushed further till the bottom 

before rising up again by air flow. This is the motion indicated by pointed arrow shown in the 

figure above, the images in figure (5.14) shows this motion. 

 

Figure (5. 14): Left image shows slug filling until point (2), right image shows slug passed 

point (2) pushing the buoyant loop to a lower depth 

Figure (5.15) shows the simulation results for case (2). It can be observed that the motion 

pattern is not very similar to the experiments. However the figure shows that the number of 

10 seconds 

Water arriving at 

point (2) 

Water passing over 

point (2) 
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displacements increased compared to case (1) simulations. This agrees with the experimental 

results of the two cases.  

 

Figure (5. 15): Simulation results for case (2) with increased no. of displacements [19] 

2.3 – Case (3) 

The experiment showed less displacement compared to previous cases as seen in figure 

(5.16). The figure shows about 5 displacements per minute. Liquid filling takes less time 

compared to previous two cases. It is worth noting that the oscillation in this case is less 

uniform and more chaotic than the previous cases. This can be recognized from the varying 

amplitude of displacements with maximum trough at approximately 400 mm.   

 

Figure (5. 16): More chaotic motion pattern of case (3) 

The simulations results of case (3) are shown in figure (5.17). The figure shows a similar 

chaotic behavior as in the experiment. The amplitude of oscillations has also reduced 

compared to simulations from cases (1) and (2).  

Maximum 
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Figure (5. 17): Simulation results for case (3) showing similar chaotic behavior and less 

displacement amplitudes [19] 

2.4 – Case (4) 

The displacements behaved more uniformly again similar to cases (1) and (2) as shown in 

figure (5.18). The amplitude of displacements increased again reaching the tank bottom. The 

liquid filling is faster than case (1) and the displacements frequency almost same as in case 

(3).  

 

Figure (5. 18): Motion pattern of case (4) with more uniform behavior as in cases (1) and (2) 

Figure (5.19) shows the simulation results for case (4). The figure shows that the amplitude of 

displacements has increased compared to simulation of case (3). However the figure shows 

that the motion behavior is chaotic compared to experimental results. The figure shows also 

high oscillating frequency.  



35 | P a g e  

 

 

Figure (5. 19): Simulation results for case (4) [19] 

3 Discussion 

The results showed that the structural behavior of the hose for this geometry is strongly 

depending on balance between gas and liquid superficial velocities. When gas velocity is 

much higher, the experiments showed more chaotic behavior and less displacement. However 

when the liquid superficial velocity was increased over the gas velocity, the system showed a 

uniform behavior and hose remained on tank bottom for longer time. 

Although simulation results of the four cases did not show exactly a perfect matching motion 

behavior, the pattern was almost same. The dynamic response of the riser in simulations was 

similar to the experiments relative to change in superficial velocities.   

An interesting transition between stratified and elongated bubble flow regime was observed 

prior to the liquid filling stage. After liquid accumulates and passes over detected point (2), 

gas blows again in the form of stratified flow.  

.  
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Conclusion 

 

Small scale experiments were carried out in the lab for studying the effect of two-phase flow 

on dynamic behavior of flexible pipes. Air and water were supplied through a mini-loop 

instrumentation box. Geometries investigated were cantilever hose in vertical and horizontal 

position and DWH riser accident case. The experiments showed an interaction between 

structural behavior of flexible pipes and flow superficial velocities. The experimental results 

were compared to simulations from structural dynamics analysis code.  

Experiments were carried out at air and water flow rates limited to the compressor and pump 

capacities. Although the experiments showed good dynamic response in case of horizontal 

cantilever hose, the response in vertical geometry was limited to vibrations. Testing the 

vertical cantilever hose at higher flow rates may reveal more dynamic behavior than one 

presented here. It was observed that liquid slugs have an effect on oscillating behavior of 

cantilever hoses. The liquid slugs momentum is dominated by gas superficial velocity. 

Change in liquid superficial velocity had an effect on oscillation frequency of the hoses. 

Experiments with DWH riser showed different flow regimes including slugging, stratified and 

elongated bubble. The same oscillating motion of the riser was reproduced in the lab. 

However, the two-phase flow pattern observed in the laboratory is different from that 

introduced in the accident investigation report [4]. There are many parameters that have an 

influence on experiment such as liquid surface tension, gas density and geometry scale. At 

high gas velocity, the motion was more chaotic and hose was oscillating with small 

displacement amplitudes.  

It was observed that silicon hoses are good option for detailed investigation of structural 

behavior. With low bending stiffness, they are flexible enough to demonstrate the effect of 

internal flow forces that result in the oscillation of the hose.  
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Recommended Future Work 

 

 The cantilever experiments can be carried out underwater for studying the effect of 

water drag on oscillations.  

 An experimental loop can be arranged to test slug flow in a rigid system of pipes with 

elbows at different angles. This may provide an opportunity for studying flow 

pressures across the elbows which can reveal more information about structural 

interaction with internal fluid flow.  

 With higher flow rates, it is possible to test the cantilever geometry with hoses of 

higher bending stiffness and rigid pipes. This may demonstrate the effect of structural 

damping of the pipes on fluid-elastic instability. 

 Investigating the experimental results with simulations from a commercial software 

package would give an opportunity for verifying more simulations.  

 After the completion of new tank construction, floating pipe geometry with external 

force can be tested. The external force here represent a ship connected to a riser, the 

case is a two-way coupling between internal flow and external force. 

 Investigating pigging in flexible pipes is a strong potential for future research.   
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Abstract. The garden hose instability is a characteristic phenomenon of fluidelastic instability 

on flexible pipes conveying fluids. It consists in pipe fluttering due to internal flow induced 

forces on the pipe wall. In order to study this phenomenon, some small scale experiments of 

water and air-water two-phase flow through a open ended flexible pipe were carried out. The 

experiments are compared with numerical simulations using a coupled flow and structure 

model. The model solves both multiphase flow and structure dynamics in the time domain. 

The dynamics of an open ended pipe is reproduced in the simulations. 
 

 

1 INTRODUCTION 

Flexible pipes are often used in offshore oil and gas production systems to transport the 

well fluids from the seabed to surface facilities. These flexible pipes are exposed to multiple 

external loads like sea current drag, vortex shedding induced forces, waves and seabed 

interaction as well as internal fluid loads. Under certain conditions, the produced gas and 

liquid may exhibit intermittent liquid and gas flow (slug flow), potentially causing large 

variation in pipe tension and large motion due to the internal flow dynamics [1]. 

Two-way fluid-structure interaction simulations on flexible risers have been demonstrated 

by Ortega et al. [2, 3], reporting important effects of slug flow on the structural dynamic but 

without comparisons with experimental or full scale field data. 

Due to the lack of full scale measurements of the impact of internal multiphase flow in 

pipeline-riser systems, a small scale experiment has been designed in the NTNU Multiphase 

Flow Laboratory. The experiment involves fluidelastic instabilities as the one observed in a 

garden or fire hose which is left free over a smooth surface. 
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2 NUMERICAL MODEL 

In this section the main features of the internal fluid flow simulator as well as the basic 

equations of the structural dynamic model are presented. Finally, the coupling procedure of 

the two models is described. 

2.1 Fluid dynamics 

The internal flow was solved using a one-dimensional two-fluid model based on a slug 

tracking model formulation [4]. A dynamic mesh describes the bubbles and slugs regions and 

each of these regions can have a subgrid (sections) as shown in Figure 1. 

 

Figure 1: Mesh elements in the slug tracking scheme 

The slug units are solved as incompressible fluid and the gas units as compressible using 

the two fluid model [4], i.e. mass, momentum and energy equations are solved for each phase. 

The mass equations give the phase fractions. A state equation is required for the gas region. 

The liquid slug formation can be captured directly from the two-fluid model on a stationary 

grid, and the slugs and bubbles are tracked thereafter with a moving grid.  

The general mass conservation equation for a fluid phase 𝑘 is expressed by: 

𝜕𝛼𝑘𝜌𝑘

𝜕𝑡
+

𝜕(𝛼𝑘𝜌𝑘𝑈𝑘)

𝜕Λ
= Ψ𝑘 (1) 

where 𝛼 is the volume fraction, 𝜌 is the density, 𝑈 is the average velocity, Ψ is the mass 

transfer terms, 𝑡 is the time variable and Λ is the pipe longitudinal axis coordinate. The 

momentum equation for a phase 𝑘 is given by: 

𝜕(𝛼𝑘𝜌𝑘𝑈𝑘)

𝜕𝑡
+

𝜕𝛼𝑘𝜌𝑘𝑈𝑘
2

𝜕Λ
= −𝛼𝑘

𝜕𝑝

𝜕Λ
− 𝐹𝑤𝑎𝑙𝑙,𝑘 ± 𝐹𝑖𝑛𝑡,𝑘 − 𝐺𝑘 (2) 
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where 𝒑 is the pressure field, 𝑭𝒘𝒂𝒍𝒍,𝒌 is the friction force between phase 𝒌 and the pipe wall, 

𝑭𝒊𝒏𝒕,𝒌 is the friction force between phase 𝒌 and its interphase with another phase, and 𝑮 is the 

gravity force, including a term to take into account a level gradient force. Details about 

extension of these conservation equations to the slug tracking framework can be found in [5]. 

2.2 Structural dynamics 

The model presented here is based on the lumped mass method shown by [6] and extended 

to consider structural damping and internal flow forces. The pipeline is divided into an 

arbitrary number of elements, connected in sequence by their nodes. The mass of each 

element and the fluids contained in it are lumped equally on the two nodes at which it is 

connected to. The node position 𝑠, velocity �⃗�, and acceleration �⃗� relative to a stationary 

coordinate system are defined with three dimensional vectors as follows: 

𝑠𝑖 = {

𝑥𝑖

𝑦𝑖

𝑧𝑖

} �⃗�𝑖 = �̇�𝑖  �⃗�𝑖 = �̇⃗�𝑖 (3) 

where subscript 𝑖 represents the node number. The pipe structural properties (stiffness and 

damping) were modeled as massless springs and dampers as shown on Figure 2. 

 

Figure 2: Schematic representation of the mechanical system 

The dynamic equilibrium equation for each node is as follows: 

𝑚𝑖�⃗�𝑖 = �⃗�𝑖 (4) 

The term 𝑚𝑖 represents the lumped mass on node 𝑖. The right hand term Eq. 4 includes 

representative forces, in this case: internal structure forces (stiffness and damping), gravity, 

soil friction, internal fluid friction and centrifugal forces. The contribution of internal flow to 

damping [7] was not included. There is no backward reaction force due to ejected fluid as 

explained by [8]. Time integration of Equation 4 was performed by Newmark beta method 

[9]. 

2.3 Fluid-structure coupling 

The fluid-structure coupling was done as follows:  

Node 𝑖 + 1  

Element 𝑖 

Element 𝑖 + 1 

Node 𝑖 

𝑥 

𝑦 

Node 𝑖 + 2 
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 The fluid equations are solved and the fluid mesh is updated. All fluid parameters 

are updated on each fluid cell. 

 Considering that a structural cell may cover a variable number of fluid cells, some 

calculation must be done in order to get appropriated values of fluid fields on each 

structural element such as velocity, volume fraction and contained mass. 

 The fluid-wall friction force was obtained from the fluid dynamics solver and the 

centrifugal force was calculated as the variation of the momentum across nodes 

for each fluid phase. 

 The total force is updated and the structural equations are solved. The system 

geometry is updated according to the calculated displacements. 

 Move one time step forward and repeat the calculation steps above until final time 

is reached. 

3 TEST CASE 

In order to validate the coupled fluid-structure interaction model, a small-scale experiment 

was selected. The test consisted on a flexible hose laid on a smooth horizontal surface 

conveying air-water flow. Details about the experimental setup and simulation configuration 

are given in the following sections. 

3.1 Experimental setup 

The experiments have been carried out using a silicon hose of 6 mm internal diameter and 

9 mm external diameter. Air and water were supplied using an air compressor and centrifugal 

pump. The two fluids are mixed in a symmetric “Y” fitting. One end of the hose was clamped 

and the other one was free to move. The hose was laid over a smooth acrylic sheet covered 

with a soap-water mixture in order to reduce friction. Figure 3 shows a schematic diagram of 

the experimental aparatus used for the experiment. 

 

Figure 3: Experimental assembly 

 

The air and water mass flow rates were set to 0.24 g/s and 16.52 g/s respectively (liquid  

and gas superficial velocities of 0.58 m/s and 6.78 m/s). Fluttering was obtained under there 

conditions. The movement of the hose was recorded by using a digital camera. Three frames 

are shown in Figure 4. A tracking algoritm was appliyed to the video in order to obtain the 

position of five prestablised points on the hose (Figure 5). The displacement of those five 

points over the horizontal plane with origin on the clamped point are plotted on Figure 6. 
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Figure 4: Selected frames extracted from experiment video 

 

 

Figure 5: Distribution of tracked points along the hose 

 

 

Figure 6: Trajectories of tracked points during the experiment 

From video analysis it was also possible to obtain a slug frequency of aproximately 3.3 

slugs per second. 

3.2 Simulation setup 

The hose was modeled as 36 structural sections of 2cm each. The bending stiffness and 

damping coefficient were estimated by the method described in the appendix. The main 

parameter set to the fluid and structural solvers are presented in Table 1, Table 2 and Table 3. 
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Table 1: Fluid simulation main parameters 

Water mass flow rate (g/s) 16.52 

Air mass flow rate (g/s) 0.24 

Outlet pressure (kPa) 101 

Holdup for slug initiation (-) 0.43 

Air buffer tank volume (cm3) 600 

hose Internal diameter (mm) 6 

Roughness (mm) 0.01 

Table 2: Fluid solver spatial and temporal meshes  

Minimum slug (mm) 6 

Minimum bubble (mm) 10 

Maximum bubble (mm) 50 

Table 3: Structural simulator main parameters 

Mass per unit length (g/m) 44 

Bending stiffness (N m2) 0.003 

Axial stiffness (Pa) 500 

Maximum time step (s) 1e-4 

Element length (mm) 20 

Kinetic friction coefficient (-) 0.3 

 

Due to the limitations of the fluid dynamic model to reproduce surface tension effects on 

small diameter pipes, the slug initiation holdup (liquid volume fraction) was set to 0.43 in 

order to stimulate the slug generation. This configuration produced around 3 slugs per second. 

The liquid holdup time series at the outlet between 23 and 25 seconds is plotted on Figure 7. 
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Figure 7: Simulated holdup time series at outlet 

4 RESULTS AND DISCUSIONS 

The simulation results reproduced the fluttering behavior observed on the experiment. Six 

representative pipe shapes during a same flutter cycle are shown in Figure 8. The trajectories 

of five points nearby the ones tracked in the experiment are presented on Figure 9. The 

maximum deflection from the straight configuration was over-predicted in 50%. 
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Figure 8: Selected frames extracted from simulation results 

The period of fluttering was also compared and in this case, it was under-predicted by 

30%. Figure 10 shows experimental and simulated time series corresponding to the farthest 

tracked point from the clamped point. 

 

(a) (b) 

(c) (d) 

(e) (f) 
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Figure 9: Trajectories of tracked points from the simulation 

 

Figure 10: Traversal displacement of points 5 and 5* over 20 s 

The wider “8” shape described by the trajectory of almost all the tracked points indicate a 

larger hose curvature on the simulated results. This may indicate a wrong estimation of 

bending damping by neglecting the internal flow induced damping. 

Although a quantitative analysis of the predicted displacement can be improved, the 

presented model demonstrates important details of the dynamics of the fluid-structure 

interaction. 

It is worth to note that some of the parameters introduced in the simulation like friction 

coefficient and slug initiation holdup were estimated due to lack of information on the 

experiment conditions or model limitations. 

6 CONCLUSIONS 

- Experiment and simulations of a fluid-structure interaction case were carried out on a 

horizontal cantilever pipe conveying air-water slug flow. 
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- The implemented fluid-structure interaction model reproduced qualitatively the 

physics of a flexible pipe conveying gas-liquid flow. 

- Differences in amplitude and oscillation period may be a consequence of not 

including two-phase internal fluid induced damping. The results will also be 

dependent on slug initiation models for small diameter pipes, as well as the friction 

between pipe and surface. 
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APPENDIX 

The hose bending stiffness and damping coefficient were estimated as follows: the hose 

was installed as a vertically hanging cantilever. The free end was displaced and released to 

trigger pendulum oscillations. The previously mentioned video recording and processing 

technic was employed to track the free end of the hose during the experiment. Then the period 

of oscillation and logarithmic decrement of amplitude were calculated. The same experiment 

was simulated in the structural dynamic software described on section 3.1. Different values of 

bending stiffness and damping coefficient were tested until obtaining results fairly close to the 

experiment. Figure 11 presents the amplitude per cycle measured from the experiment and the 

simulation results with a bending stiffness of 0.001 N m
2
. 
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Figure 11: Calibration of bending stiffness. Measured and simulated 

 amplitude of oscillation of a hanging pipe 
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Appendix (B): MATLAB Code 

clear; 

clc; 

% Construct an object to read video data from a file 

vidIn = VideoReader('MVI_7108.mov'); 

  

% This creates a looping through the frames of the experiment 

video 

for ii = (1:vidIn.NumberOfFrames); 

%for ii = (1:500); 

    %x = vidIn.FrameRate; 

    % Reading the frames of the video indexed by 

NumberOfFrames 

    pic = read(vidIn, ii); 

    imshow(pic) 

    % For every frame captured, the red object is subtracted 

from the background image 

    % to recognize the red object target  

    diff_im = imsubtract(pic(:,:,1), rgb2gray(pic)); 

    % Median filtering for matrix diff_im in 2D, each output 

pixel contains 

    % the median value in the 3x3 neighborhood arround 

corresponding pixel in input image  

    diff_im = medfilt2(diff_im, [3 3]); 

    % Convert from grayscale into binary, the o\p image bw 

replaces all 

    % pixels in i\p image with luminance greater than 0.18 

with value 1 (black) and 

    % replaces all other pixels with value 0 (white) 

    diff_im = im2bw(diff_im,0.18); 

    % Remove all objects that have fewer than 300 pixels  

    diff_im = bwareaopen(diff_im,300); 

    % Returns a matrix bw containing labels for 8-connected 

objects 

    bw = bwlabel(diff_im, 8); 

    stats = regionprops(bw, 'BoundingBox', 'Centroid'); 

    %imshow(pic) 

    hold on 
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    %This is a loop to bound the red objects in a rectangular 

box. 

    % length returns the length for the largest array 

dimension in stats 

    %% 

    for object = 1:length(stats) 

        % BoundingBox is samllest rectangle containing the 

region  

        bb = stats(object).BoundingBox; 

        % Centroid specifies the center of mass of the region  

        bc = stats(object).Centroid; 

        % rectangle draws a rectangle with Position [0,0,1,1] 

and Curvature [0,0] (i.e., no curvature) 

        rectangle('Position',bb,'EdgeColor','r','LineWidth',2) 

        plot(bc(1),bc(2), '-m+') 

        a=text(bc(1)+15,bc(2), strcat('X: ',       

num2str(round(bc(1))), '    Y: ', num2str(round(bc(2))))); 

        set(a, 'FontName', 'Arial', 'FontWeight', 'bold', 

'FontSize', 12, 'Color', 'yellow'); 

         

        temp(ii,:,object)= bc; 

        temp1 = round(temp); 

         

    end 

    hold off 

end 

f = getframe 

imshow(pic); 

sprintf('%s','Simulation Done ') 

  

  

 

 


