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DYNAMICS OF CANTILEVERED PIPES CONVEYING FLUID AND SUBJECTED TO REVERSE ANNULAR EXTERNAL FLOW: EXPERIMENTAL INVESTIGATION OF THE INFLUENCE OF EXTERNAL FLOW CONFINEMENT

The present paper deals with the dynamics of a hanging cantilevered pipe discharging fluid downwards and subjected to a counter-current partially confined external axial flow over its upper portion. This study is both 'curiosity driven' and application oriented. A bench-top-size apparatus consisting of a pressure vessel filled with water, a hanging cantilevered pipe and a shorter concentric outer rigid tube was utilized. For various ratios of the external to internal flow velocity, U o /U i , the effect of the size of the annular gap between the pipe and the outer rigid tube was investigated. It was found that for the same U o /U i , not only does confinement affect the onset of instability, but also its type. For U o /U i >0.055 and a wider outer tube, as the flow velocity increased, the pipe underwent first mode oscillations prior to second mode flutter, eventually impacting on the outer rigid tube. For a narrower outer rigid tube, static deformation took place prior to oscillatory instability and impacting.

INTRODUCTION

Pipelines, submarine systems, and renewable energy harvesters are among the many industrial applications where slender structures interact with fluid flow [START_REF] Gao | Physical modeling of untrenched submarine pipeline instability[END_REF][START_REF] Santillan | Static and dynamic behavior of highly deformed risers and pipelines[END_REF][START_REF] Michelin | Energy harvesting efficiency of piezoelectric flags in axial flows[END_REF]. Blood vessels and urinary tracts are physiological examples of this [START_REF] Tubaldi | Nonlinear dynamics of Dacron aortic prostheses conveying pulsatile flow[END_REF]. Apart from these real-world applications, the dynamics of pipes conveying fluid has become a paradigm in dynamics, serving as a simple tool to illustrate known dynamical behaviour or a means to explore new dynamical characteristics [START_REF] Païdoussis | Fluid-Structure Interactions: Slender Structures and Axial Flow[END_REF].

The literature on the dynamics of pipes conveying fluid or subjected to simultaneous internal and external flow is very extensive. However, the literature survey in this paper highlights the most relevant studies. The interested reader is referred to [START_REF] Païdoussis | Fluid-Structure Interactions: Slender Structures and Axial Flow[END_REF] and [START_REF] Païdoussis | Dynamics of a cantilevered pipe subjected to internal and reverse external axial flow: A review[END_REF] for a comprehensive review.

For the first time, Cesari and [START_REF] Curioni | Buckling instability in tubes subject to internal and external axial fluid flow[END_REF] studied the stability of pipes with different boundary conditions, simultaneously subject to internal and exter-nal axial flows. Afterwards, the dynamics of a pipe subjected to independent and concurrent internal and external axial flow was studied by [START_REF] Hannoyer | Instabilities of tubular beams simultaneously subjected to internal and external axial flows[END_REF]. It was found that for the case of cantilevered pipes, when either internal or external flow is just below the onset of instability, by further increasing the other flow, in some cases the instability could be avoided.

A theoretical model was derived by [START_REF] Païdoussis | Dynamics of a long tubular cantilever conveying fluid downwards, which then flows upwards around the cantilever as a confined annular flow[END_REF] for a hanging cantilevered pipe discharging fluid downwards, and subjected to a counter-current interdependent external axial flow through an annular region formed by the pipe and a concentric rigid outer tube. For relatively small confinement of the annular flow, the internal flow was found to be dominant; whereas, for high enough degrees of confinement, the annular flow governed the dynamics, giving rise to flutter at relatively low internal flow velocities.

Later on, [START_REF] Moditis | Dynamics of a partially confined, discharging, cantilever pipe with reverse external flow[END_REF] extended the work of [START_REF] Païdoussis | Dynamics of a long tubular cantilever conveying fluid downwards, which then flows upwards around the cantilever as a confined annular flow[END_REF] to examine the dynamics of a hanging flexible cantilevered pipe, coaxial with a shorter rigid outer tube. This study was motivated by applications in solution-mined caverns utilized to store hydrocarbons. [START_REF] References Abdelbaki | A nonlinear model for a hanging cantilevered pipe discharging fluid with a partially-confined external flow[END_REF] derived a weakly nonlinear model to investigate the dynamics of the system studied by [START_REF] Moditis | Dynamics of a partially confined, discharging, cantilever pipe with reverse external flow[END_REF]. It was concluded that at sufficiently high flow velocities, the system loses stability via flutter in the second mode. The amplitude and frequency of oscillations were predicted to increase with increasing flow velocity. Moreover, it was postulated that longer and tighter annuli destabilize the system. [START_REF] Chehreghani | Experiments on the dynamics of a cantilevered pipe conveying fluid and subjected to reverse annular flow[END_REF] conducted systematic experiments on the dynamics of a cantilevered pipe discharging fluid and subjected to a reverse external axial flow over its upper portion. Various confinement lengths and ratios of external to internal flow velocities were examined. In addition to the critical flow velocity for the onset of instabilities, the post-critical behaviour of the system with impacting was explored.

The foregoing review makes it clear that further experiments are required to investigate the influence of some parameters, such as external flow confinement. The main purpose of the present study is to character- ize the influence of external flow confinement on the dynamics of a hanging cantilevered pipe conveying fluid and counter-currently subjected to a partially confined external axial flow. Besides displaying a rich dynamical behaviour, this flow configuration also simulates one of the modi operandi of solution-mined caverns utilized for liquid or gas storage.

EXPERIMENTAL SETUP AND METHODOLOGY

The bench-top-size apparatus shown in figure 1 was used in this experiment. The test-section consists of a cylindrical pressure vessel with four plexiglas windows, a hanging flexible silicone rubber pipe (cast in house) and a shorter coaxial outer rigid plexiglas tube.

The material properties and dimensions of the pipe are listed in table 1; E I denotes its flexural rigidity, m its mass per unit length, L its length, and D i and D o its inner and outer diameter, respectively. The pipe and the surrounding rigid tube are both cantilevered from their top end. The outer tube length was L = 206.5 mm, which corresponds to r ann = L /L =0.478. To investigate the effect of external flow confinement, i.e. the size of the annular gap between the pipe and the outer rigid tube, an outer tube of diameter D ch =54 mm was used and the results are compared to those of [START_REF] Chehreghani | Experiments on the dynamics of a cantilevered pipe conveying fluid and subjected to reverse annular flow[END_REF] with the same r ann and D ch = 31.5 mm. 1 The pipe discharges fluid downwards with flow velocity U i . The fluid, upon exiting the pipe, is aspirated by the annular region formed by the gap between the upper portion of the pipe and the outer rigid tube with flow velocity U o in the upward direction. Additional fluid may enter the pressure vessel at the bottom to achieve higher ratios of U o /U i -refer to figure 1(b). To do so, two centrifugal pumps move water from a storage tank to the pressure vessel; the first pump is responsible for the flow in the pipe, Q i , while the other one provides additional flow to the pressure vessel from the bottom, Q a . Therefore, 

Q o = Q i + Q a and thus U o A ch = U i A i + Q a , where A ch = (π/4)(D 2 ch -D 2 o ) and A i = (π/4)D 2 i .
The flow rates related to each of the two pumps, i.e. Q i , and Q a , were measured using two magnetic flow-meters, thereby, determining the internal and external flow velocities, U i and U o , from the geometry of the system. Also, making use of a conventional Bourdon tube pressure gauge, the static pressure in the vessel was measured.

Two synchronized FLIR Grasshopper3 2.3 MP cameras perpendicular to each other were used to track the displacement of the pipe tip. These two cameras were triggered using a function generator with a frame rate of 64 fps. The centroid of the 'redmarked' region near the free-end of the pipe served as the displacement follower. This red colour was used to facilitate the processing of the videos. Then the recorded videos for each flow velocity step were fed into an image-processing Matlab (Mathworks, Inc.) script. In each processed frame, the red marker is detected first, and is then followed in the next frame. Since the width of the marker is known (the outer diameter of the pipe) the pixel location of the centroid of the marker can be related to the displacement. Thus, a displacement-time series can be obtained. For more details on the image processing, the interested reader is referred to [START_REF] Chehreghani | Experiments on the dynamics of a cantilevered pipe conveying fluid and subjected to reverse annular flow[END_REF].

Thereafter, the obtained time series signals at each flow velocity were processed and visualized by plotting bifurcation diagrams, PSDs, phase portraits, etc., to understand the dynamics of the system. It is noteworthy that the initial position of the pipe at zero flow velocity serves as a reference for each experiment.

The effects of confinement of the external flow, i.e. D ch , on the fluid-elastic instability and amplitude of motions was investigated. To this end, for given values of U o /U i ranging from 0.015 to 0.8, the flow velocity was increased progressively. At each step, after approaching steady-state, the motion of the pipe was traced for a time interval of 300 seconds using the synchronized dual-camera system.

RESULTS AND DISCUSSION

In what follows, results are given in dimensional terms to provide a better "feel". Nevertheless, to allow comparison with theoretical or experimental results to be obtained in future, the dimensionless flow velocity, u i , and frequency, ω, commonly used in the fluidstructure interaction community can be employed:

u i = M i /E I 1/2 LU i , ω = m + M i + ρA o /E I 1/2 L 2 Ω, (1) 
where U i is the internal flow velocity, M i = ρA i , ρ is the fluid density, A i = 1 4 πD 2 i and A o = 1 4 πD 2 o and Ω = 2π f is the radian frequency, with f in Hz.

For the pipe used in the experiments reported in this paper, u i = 0.914 × [U i (m/s)] and ω = 9.265 × f . 

Results for U o /U

(•) U o /U i =0.015, ( ) U o /U i =0.4 and ( ) U o /U i =0.8.
As shown in figure 2(a), for relatively small internal flow velocities, the pipe remained more or less motionless at its undeformed shape. Weak motions commenced as the flow velocity increased; these small amplitude random-like motions were presumably excited by turbulence, or arose from accentuation of initial imperfections, as no dominant frequency could be determined. At U i = 5.21 very weak second oscillations were observed, as indicated figure 3. At U i = 5.68 m/s, however, a dominant frequency of f = 1.54 Hz could be determined and oscillations became notably more powerful, specifying the threshold of flutter in the second mode. Considerably higher amplitude oscillations materialized as the flow rate was increased further. These high amplitude oscillations can be investigated further through the time series, polar displacement, PSD and phase plane plots shown in figure 4. These suggest an unsteady, nearly intermittent motion with a strong harmonic component, but also with some chaotic content as well.

Ultimately, the pipe began impacting on one side of the outer rigid tube at U i = 6.63 m/s, and then twosided impacting took place mixed with some rotation.

Results for U o /U i > 0.055

In this case, water was pumped into the pressure vessel from the bottom of the pressure vessel and therefore Q a is not zero anymore, refer to figure 1. Hence,

U o A ch = U i A i + Q a .
By adapting the value of Q a , the desired values of U o /U i =0.4 and 0.8 were obtained, so that they could be compared to those of [START_REF] Chehreghani | Experiments on the dynamics of a cantilevered pipe conveying fluid and subjected to reverse annular flow[END_REF] for the same U o /U i , but with a narrower annular gap. In this way, the effect of the external flow confinement could be investigated, while other system parameters remained the same. Experimental bifurcation diagrams showing the rms amplitude of oscillations and the mean deflection versus the internal flow velocity for D ch =54 mm, and U o /U i =0.4 and 0.8 are presented in figures 5(a) and 6(a), respectively. These bifurcation diagrams can be compared to those of [START_REF] Chehreghani | Experiments on the dynamics of a cantilevered pipe conveying fluid and subjected to reverse annular flow[END_REF] for the same U o /U i , but with D ch =31.5 mm, depicted in figures 5(b) and 6(b).

For U o /U i =0.4 and 0.8 and D ch =54 mm, compared to U o /U i =0.015, two distinct dynamical features can be noticed. First of all, at relatively small flow velocities, remarkably strong first-mode oscillations materialized, followed by flutter in the second mode at higher flow rates, as shown in the figures 5(a), 6(a) and 3. Secondly, the one-or two-sided impacting in these cases did not take place; instead, the pipe partially or completely rubbed the rim of the outer rigid tube.

For U o /U i =0.4 and 0.8 the dynamics is also different for D ch =54 mm in comparison to that for D ch =31.5 mm. More specifically, for U o /U i =0.4 and D ch =31.5 mm, a static instability at relatively low flow velocities which is followed by weak oscillations superimposed on the mean deflection at higher flows was reported. On the other hand, for D ch =54 mm, first-mode oscillations at U i = 0.47 m/s initiated; at U i =1.33 m/s, the oscillations were in the second mode with a dominant frequency of f =2.21 Hz. For U o /U i =0.8 and D ch =31.5 mm, a static instability at U i =0.15 m/s, followed by weak first-mode and then second-mode oscillations at higher flows was reported. But, for D ch =54 mm, the static instability did not occur; first mode oscillations began at U i = 0.25 m/s, and at U i =0.69 m/s the pipe became unstable via second-mode flutter with a dominant frequency of f =2.44 Hz.

SUMMARY OF THE RESULTS AND CONCLUSION

In the present study, the dynamics of a pipe subjected to internal and counter-current external flows has been explored experimentally. The pipe is hung vertically and discharges fluid downwards in a pressure vessel surrounding the pipe. Fluid, upon exiting the pipe, the reservoir through an annular region formed by the upper part of the pipe and a outer rigid tube. Additional fluid be to the reservoir from the bottom modify the ratio of to ternal flow velocities, U o /U i .

The experiments were conducted to examine the influence of varying the external flow confinement, i.e. the size of the annular gap between the pipe and the outer rigid tube, on the fluid-elastic instability of the system. In the first no additional flow was added from the bottom and hence, by continuity o A ch = U i A i , and U o /U i =0.015. In the second case, when adding additional flow from the bottom, two ratios, U o /U i =0.4 and 0.8, were tested to be compared to those of the same ratio, but for a narrower outer rigid tube of diameter D ch =31.5 mm in [START_REF] Chehreghani | Experiments on the dynamics of a cantilevered pipe conveying fluid and subjected to reverse annular flow[END_REF]. For U o /U i =0.015, the pipe became unstable via flutter in the second mode at relatively high flow velocity. Increasing the flow velocity gave rise to oscillations of higher amplitude. Ultimately, the pipe hit the rigid tube surrounding the upper part of the pipe.

D ch =54 mm D ch =31.5 mm U o /U i U cr ,1 U cr ,2 U cr ,
For U o /U i =0.4 and 0.8, a significant destabilizing effect on the system was observed as U o /U i was increased. For both wider and narrower outer tubes, the onset of instability decreased dramatically with increasing U o /U i , as shown in table 2. However, this effect is more pronounced for the narrower outer tube.

Decreasing the external flow confinement, i.e. increasing the outer rigid tube diameter, was found to have a strong stabilizing effect on the pipe; refer to table 2. For U o /U i =0.4, the first and second critical flow velocities increased by 13% and 21%, respectively, and for U o /U i =0.8 by 73% and 87%, respectively.

Confinement also affected the dynamics qualitatively. For the narrower outer rigid tube, average deflections of remarkably high amplitude were reported prior to weak first or second mode The pipe started rubbing against the outer rigid tube before any strong oscillatory motions This can be due to the narrowness the that prevents the development of an oscillatory instability. On the other hand, for the outer tube, with increasing flow velocity, strong oscillations of first and then second mode were observed.
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  D ch =31.5 mm and 54 mm correspond to α ch = D ch /D o = 1.97 and 3.37, and χ = D 2 ch +D 2 o D 2 ch -D 2 o = 1.69 and 1.19, respectively.

Figure 1

 1 Figure 1. (a) Photograph of the experimental setup; (b) schematic view of the test-section with flow directions; Q a is the additional volumetric flow rate into the pressure vessel in order to increase the U o /U i ratio.

Figure 2 .

 2 Figure 2. Bifurcation diagrams showing the rms amplitude of oscillations and the mean deflection as a function of U i for Q a =0 and (a) U o /U i =0.015 and D ch =54 mm; (b) U o /U i =0.055 and D ch =31.5 mm. Rms amplitude: (•) pre-instability, ( ) instability, ( ) impact; (×) mean deflection.

Figure 3 .

 3 Figure 3. Dominant frequency of oscillation versus internal flow velocity forD ch =54 mm: (•) U o /U i =0.015, ( ) U o /U i =0.4 and ( ) U o /U i =0.8.

Figure 4 .

 4 Figure 4. Dynamics of the system for U o /U i =0.015 and D ch =54 mm at U i = 6.16 m/s illustrated by means of: (a) time traces; (b) polar displacement; (c) PSD of motions; (d) phase portrait of the displacement (front camera).

Figure 5 .

 5 Figure 5. Bifurcation diagrams showing the rms amplitude of oscillations and the mean deflection versus U i for U o /U i =0.4 and (a) D ch =54 mm; (b) D ch =31.5 mm. Rms amplitude: (•) pre-instability, ( ) instability, ( ) impact; (×) mean deflection.

Figure 6 .

 6 Figure 6. Bifurcation diagrams showing the rms amplitude of oscillations and the mean deflection as a function of the U i for U o /U i =0.8 and (a) D ch =54 mm; (b) D ch =31.5 mm. Rms amplitude: (•) preinstability, ( ) instability, ( ) impact; (×) mean deflection.

Table 1 .

 1 Mechanical and geometrical properties of the flexible pipe utilized in the experiments.

	Material	Silicone-rubber
	EI	7.37 ×10 -3 [N m 2 ]
	m	0.191 kg m -1
	L	441 mm
	D i	6.35 mm
	D o	16 mm

Table 2 .

 2 Summary of the results presenting the critical U i [m/s] for instability.

				1 U cr ,2
	0.015 5.68	-	-	-
	0.055	-	-	5.04	-
	0.4	0.53 0.99 0.47	0.82
	0.8	0.26 0.56 0.15	0.30