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A B S T R A C T

The interactions between fluid flow and structural components of collapsible tubes are repre-
sentative of those in several physiological systems. Although extensively studied, there exists a
lack of characterization of the three-dimensionality in the structural deformations of the tube
and its influence on the flow field. This experimental study investigates the spatio-temporal
relationship between 3D tube geometry and the downstream flow field under conditions of
fully open, closed, and slamming-type oscillating regimes. A methodology is implemented
to simultaneously measure three-dimensional surface deformations in a collapsible tube and
the corresponding downstream flow field. Stereophotogrammetry was used to measure tube
deformations, and simultaneous flow field measurements included pressure and planar Particle
Image Velocimetry (PIV) data downstream of the collapsible tube. The results indicate that the
location of the largest collapse in the tube occurs close to the downstream end. In the oscillating
regime, sections of the tube downstream of the largest mean collapse experience the largest
oscillations in the entire tube that are completely coherent and in phase. At a certain streamwise
distance upstream of the largest collapse, a switch in the direction of oscillations occurs with
respect to those downstream. Physically, when the tube experiences constriction downstream
of the location of the largest mean collapse, this causes the accumulation of fluid and build-up
of pressure in the upstream regions and an expansion of these sections. Fluctuations in the
downstream flow field are significantly influenced by tube fluctuations along the minor axes.
The fluctuations in the downstream flowfield are influenced by the propagation of disturbances
due to oscillations in tube geometry, through the advection of fluid through the tube. Further,
the manifestation of the LU-type pressure fluctuations is found to be due to the variation in the
propagation speed of the disturbances during the different stages within a period of oscillation
of the tube.

1. Introduction

The dynamics of collapsible tubes draws inspiration from several phenomena observed in biological systems (Grotberg and
Jensen, 2004; Bai and Zhu, 2019). For instance in the respiratory system, constricted airways in asthma patients limit air expulsion
from the lungs, leading to wheezing (Bertram and Elliott, 2003). Collapse of the upper airways can also be relevant to obstructive
sleep apnea (Amin et al., 2021) and snoring (Bertram, 2008). In the cardiovascular system, the potential collapse of the coronary
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arteries occurs due to heart contraction. Furthermore, sphygmomanometry produces ‘Korotkoff sounds’ due to flow-induced vibration
in brachial arteries (Bertram et al., 1989). During muscular compression, veins collapse while pumping blood against gravity or in
the event of therapeutic compression in deep-vein thrombosis treatment (Dai et al., 1999). Additionally, collapsible tubes also find
relevance in engineering applications such as oil transport, the pharmaceutical and cosmetic industry (Kumar and Prabhakaran,
2022). These applications relate to Fluid–Structure Interactions (FSI), whose modeling is quite challenging due to the existence of
large-scale deformations, flow three-dimensionality, and low Reynolds number turbulence, which have attracted many researchers
in the past decades.

A simplified approach to studying collapsible tubes is the Starling resistor model (Knowlton and Starling, 1912). It is a classical
ench-top experimental model where the compliant tube is enclosed in a pressurized chamber and is secured to rigid tubes at its
nlet and outlet. Tube thickness and transmural pressure are two important factors that affect tube collapse. These are governed
y the tube law (Shapiro, 1977) that relates the transmural pressure, 𝛥𝑝tr = 𝑝ex − 𝑝dn to the cross-sectional area, where 𝑝dn is the

internal pressure and 𝑝ex is the external pressure. For 𝛥𝑝tr < 0, the tube attains a circular cross section, while at a sufficiently large
positive value of 𝛥𝑝tr > 0 the tube deforms to an elliptical shape. Under limiting conditions, the walls touch each other to acquire a
dumbbell shape having two lobes establishing a flow-limiting configuration. Furthermore, when 𝛥𝑝tr ∼ 0, the compliance of the tube
ncreases and small pressure fluctuations within the flow generate large changes in the area. An interesting feature of this system
s that for a particular positive threshold value of 𝛥𝑝tr , self-excited oscillations are induced in the tube, which manifest themselves
n the form of flow field fluctuations.

Several simplified theoretical and numerical models have been developed in the past to investigate self-excited oscillations in
he Starling resistor. The earliest theoretical models were lumped-parameter models (Conrad, 1969; Bertram and Pedley, 1982) that
escribe the behavior of the system through a few variables, i.e., cross-sectional area, transmural pressure, and flow velocity at the
oint of collapse; however, they failed to capture the wave propagation. Then, 1D models (Katz et al., 1969; Shapiro, 1977; Jensen,
990; Cancelli and Pedley, 1985) provided useful estimates of the bulk flow, but all flow features could not yet be fully resolved.
hey relied on several ad hoc assumptions while incorporating the effect of viscous losses and flow separation, which were shown
o be incorrect (Luo and Pedley, 1996). The 2D model (Pedley, 1992) was then introduced, consisting of a planar channel with a
ortion of one of the walls being replaced by a flexible membrane under tension. Following this, several aspects of this model have
een addressed in the literature (Luo and Pedley, 1995, 1998, 2000; Jensen and Heil, 2003; Liu et al., 2009; Tang et al., 2015).
urther, these models have been extended to 3D modeling (Hazel and Heil, 2003; Marzo et al., 2005; Sen et al., 2018), and have
een helpful in comparing them with experiments (Bertram et al., 1990; Wang et al., 2009).

Heil and Hazel (2011) provides a comprehensive discussion of earlier experimental studies, and henceforth a subset of them is
iscussed. Bertram and Elliott (2003) focused on visualizing the flow field and self-excited oscillations by varying the flow rate and
ransmural pressure. Bertram et al. (1990) reported that for particular LU-type oscillations (L - frequency, low; up) the collapsed
ube resembling a two-lobed cross-section established two jet-like structures along the tube’s major axis that impinge on the wall at
downstream location creating two sickle-shaped regions of increased axial velocity. These flow features were evident for laminar

lows at Re ≈ 300 (Bertram et al., 2008) and turbulent flows at Re ≈ 10,000 (Bertram and Nugent, 2005) at low oscillation frequency.
owever, for sufficiently thin-walled tubes, self-excited LU-type oscillations developed at Re ≈ 300, with a maximum frequency of

10 Hz. On the basis of the experimental data, 3D FSI modeling helped in understanding the self-excitation phenomenon, while 1D
and 2D models only gave information about the key flow features. Recent experimental studies have also been reported. Wu et al.
(2015) measured the evolution of a cross section of the tube by employing oblique high-speed imaging and identified two self-excited
periodic states and one transitional oscillation state. Wall oscillations in collapsible tubes have been addressed while considering
steady Newtonian shear-thinning fluids (Nahar et al., 2019) and pulsatile (Stelios et al., 2019) internal flow as well. Anderson et al.
(2016) established experiments of a 2D collapsible channel to validate the FSI simulations. Podoprosvetova et al. (2021) explored
the stability and oscillation dynamics of collapsible tubes under laminar and turbulent conditions. Kumar and Prabhakaran (2022)
reported the effect of unsteady external pressure on tube oscillations.

The above studies involved tracking the streamwise tube cross section about the primary axis of collapse, while also capturing
the velocity field inside the tube. Furthermore, they performed two-dimensional measurements of tube geometry at specific cross
sections along the tube length. Although these studies did not disregard the three-dimensionality of the tube under collapse, the
simultaneous measurements of two-dimensional cross-sections at different locations on the tube are still lacking. This significantly
limits our understanding of the dynamics of the tube under self-excited oscillations. Finally, the influence of three-dimensionality
in the tube collapse on the downstream flow field begs attention, especially under self-excited oscillations as it is expected to have
physiological implications. In particular, in cardiovascular flows, the mean and fluctuating components of shear stress exerted on
the walls of the arteries and blood vessels are known to promote the growth of abnormalities and lead to rupture. Therefore, the
objectives of this study are as follows:

1. Implement a methodology to simultaneously measure the three dimensional surface deformations in a collapsible tube and
the corresponding downstream flow field.

2. Investigate the fluid–structure interaction physics and spatio-temporal relationship between the three-dimensionality in
collapsible tube deformations and the downstream flow field.

This approach to the measurement of the tube geometry is expected to provide an invaluable validation dataset for future
modeling and numerical studies, and to glean new physical insights, owing to the rich temporal and spatial resolution. Further,
this technique will also be useful to accurately study the deformations in scaled geometric models of physiological flows, to predict
biomedical implications ex-vivo.
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Fig. 1. Schematic of flow loop.

2. Methods

2.1. Experimental setup

The experiments were conducted at Auburn University using a setup that consisted of a flow loop as shown in Fig. 1. A
submersible centrifugal pump (Active Aqua AAPW1000), placed in a large discharge reservoir of the working fluid maintained
the fluid flow through the system. A 70–30 glycerin–water mixture by volume was used during the experiments. The outlet of the
pump delivered the fluid to a raised upstream reservoir with two outlets. One of the outlets was attached to a valve that controlled
the flow rate through the collapsible tube. The other outlet in the reservoir drained the excess fluid in the scenario when the valve
closure was significant, such that the head remained constant throughout the experiments. The outlet of the valve was connected
to a flow straightener and a rigid horizontal acrylic tube in series. The tube had a circular profile with an internal diameter (D) of
25.4 mm, and a length of 40D. The collapsible tube with the same internal diameter was attached to the end of the rigid tube and
held in place inside an acrylic pressure chamber with optical access for stereophotogrammetry. This chamber was partially filled
with a glycerin–water mixture such that it completely submerged the collapsible tube while also leaving some room for air. Keeping
the tube immersed in the fluid helped prevent it from sagging due to its own weight and maintained uniform hydro-static pressure.
It was critical not to completely fill the pressure chamber with a liquid because it could suppress self-sustained oscillations in the
tube. A compressed air supply from the building was used to maintain the required pressure (up to 8 kPa) within this chamber
through a suitable valve. This supply was provided through a pressure reservoir/compliance chamber to extend the air volume so
that the pressure variations remained small over time. The collapsible tube was connected to another rigid acrylic tube of length 30D
downstream. This tube, which enabled measurement of the velocity field, was also placed inside another adjacent acrylic chamber.
This chamber was also filled with a glycerin–water mixture, which submerged the acrylic tube. The refractive index of commercially
available acrylic sheets are in the range of 1.489–1.490. The refractive index of the glycerin–water solution used in our study is
1.428–1.432, as measured with a refractometer. The resulting ratio of refractive indices is between 1.036 and 1.044. This helped
reduce the mismatch in the refractive index between the acrylic tube and working fluid inside it and outside, thereby reducing
optical distortions. The outlet of this tube was connected to another flow control valve, which in turn drained into a downstream
reservoir. The heights of both the upstream and downstream reservoirs could be adjusted in addition to the flow control valves, to
achieve precise flow rates. Finally, the downstream reservoir drained the fluid to the discharge reservoir that contains the pump.

2.2. Tube design and characterization

Three parameters were known to play a critical role in influencing fluid–structure interactions in a collapsible tube. These were
the ratio of tube length to internal diameter (𝐿∕𝐷), the ratio of tube thickness to internal diameter (𝑡𝑡∕𝐷), and the tube stiffness
parameter (𝐾𝑠). Firstly, for tubes with large 𝐿∕𝐷 values, the weight of the tube might cause sagging. But for smaller 𝐿∕𝐷 values, the
tension in the tube was expected to play a dominant role. Therefore, the tube dimensions had to be chosen considering a compromise
between the two effects. Secondly, a large 𝑡𝑡∕𝐷 value would increase the stiffness of the tube and could make it non-compliant.
Therefore, the tube thickness also had to be optimally chosen. The stiffness parameter 𝐾𝑠 is a function of Young’s modulus (𝐸),
Poisson ratio (𝜈 ) and the value 𝑡 ∕𝐷, as defined in Eq. (1). In this work, the tube properties were chosen that were informed from
3
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Fig. 2. Preparation of collapsible tube with a tattoo that facilitates stereo-photogrammetry.

Table 1
Tube properties reported in the literature and this study.

Internal diameter 𝐷 (mm) Length 𝐿 (mm) Thickness 𝑡𝑡 (mm) 𝐿∕𝐷 𝑡𝑡∕𝐷 Young’s Modulus 𝐸 (MPa) Stiffness 𝐾𝑠 (Pa)

Wu et al. (2015) 10 147 0.7 14.7 0.070 0.56 21
Wang et al. (2009) 12.7 120 0.33 9.45 0.026 1 2
Bertram and Tscherry (2006) 12 228 1 19 0.083 – –
Truong and Bertram (2009) 13 213 1 16.4 0.077 – –
Yiasemides et al. (2017) 8 52 0.25 6.5 0.031 1.25 4.2
Present study 25.4 254 2 10 0.079 1.55 85

previous studies listed in Table 1. In the current experiments, a larger tube geometry was used to facilitate better measurement of
3D tube geometry using stereophotogrammetry and the 2D velocity field using PIV. The tube had an internal diameter, length, and
wall thickness of 𝐷 = 25.4 mm, 𝐿 = 254 mm, and 𝑡𝑡 = 2 mm, respectively.

𝐾𝑠 = 𝐸
(

𝑡𝑡
𝐷

)3 1
12(1 − 𝜈𝑡2)

(1)

The preparation of the tube involved casting silicone into a mold of the desired shape and curing over a period of 24 h. The mold
was first created using an internal circular rod and a concentric external pipe. The external pipe was manufactured in two halves,
so cutting was not required to remove the cast tube. The internal rod and the external pipe were held in place and aligned using
two symmetric stamps and an internal stamp with a pin that could be inserted into the internal rod. These components were used
at both the top and bottom ends of the mold. The symmetric stamps at the bottom of the mold were designed to be round in shape
to attach a collecting sack that prevented leakage of silicone. A layer of tape and dental glue was also applied to minimize leakage
and increase cure time. Finally, after curing, the tube was removed from the mold and a speckle-patterned tattoo was installed on
its external surface. The patterned tattoo was necessary to measure deformations in tube geometry using stereophotogrammetry. A
schematic of the mold used to cast the silicone tube is shown in Fig. 2.

Next, the mechanical properties of the tube were quantified by measuring the Young’s modulus of the silicone material used
during the preparation of the tube. This was done by casting silicone into a rectangular mold and then the cured material was
subjected to a static test. The stress–strain curve was obtained from the test, and Young’s modulus was calculated within the linear
region of the curve for a strain less than 10% of the original length. The Young’s modulus was calculated to be 1.55 MPa. The
silicone material used to prepare the tube involved Sylgard 184 and Ecoflex 00–30 mixed in a weight ratio of 5:1. This ratio was
particularly chosen to obtain the desired Young’s modulus. Based on the geometric properties of the tube, Young’s modulus, and its
Poisson’s ratio (𝜈𝑡 = 0.5) the stiffness parameter 𝐾𝑠 was calculated to be 85 Pa using the Eq. (1). During the installation of the tube
within the pressure chamber, it was subject to axial extension of approximately 2 mm, which translate to an axial tensile force of
2 𝑁 during the experiments.
4
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Fig. 3. Schematic of stereo-photogrammetry and PIV measurements.

2.3. Measurement techniques

2.3.1. Flow rate and static pressure
The flow rate (Q) through the tube was measured using an ultrasonic flow transducer (SonoTT™DIGIFLOW-EXT1). The tube was

instrumented with the sensor 20 cm ahead of the upstream pipe. It was ensured that there was a straight section of pipe, 15 cm long,
on either side of the flow meter, which guaranteed the accuracy of the measurements. The location of the flow meter in the flow
loop is shown in Fig. 1. Pressure measurements were also made in the flow loop at two locations. The pressures 𝑝𝑢𝑝 and 𝑝𝑑𝑛 were
measured upstream (64 mm) and downstream (45 mm) of the collapsible tube, respectively, through pressure taps. These taps were
attached to pressure transducers (Validyne DP15). The transducers were calibrated using a calibration/verification device (Delta-Cal
650–950). Both the flow meter and the two pressure transducers were connected to a data acquisition system (NI USB-6341) and
simultaneously sampled for a duration of 5 s, at a rate of 1000 Hz. A pressure monitoring device (ReliOn 100–021 REL) was also
suitably modified for the experiments to measure the external pressure of the tube 𝑝𝑒𝑥 in the pressure chamber. Uncertainties in the
flow rate measurements are estimated to be within ±0.15 L/min, and pressure measurements to be ±0.1 kPa.

2.3.2. Stereo-photogrammetry
One of the key highlights of this study is the implementation of a stereophotogrammetry technique for the three-dimensional

characterization of tube geometry. For this purpose, a speckle-patterned tattoo was first installed on the exterior surface of the
collapsible tube. Next, two cameras (Phantom VEO 640) with a resolution of 2560 𝑥 1600 pixels were aligned to be in the same
horizontal plane as the tube axis and mounted with a lens, each having a focal length of 50 mm (see Fig. 3). The camera positions
were adjusted so that each of their field of view covered the entire length of the tube, resulting in an optimal angular separation
of approximately 10◦. The cameras were controlled using Phantom Camera Control (PCC) software, and the acquisition of images
was digitally synchronized using an external trigger signal. The trigger signal was generated from the timing unit used for the PIV
measurements. The images were captured at a rate of 24 Hz and a duration of 6 s High-intensity LED lights were also used to
illuminate the collapsible tube because the exposure time of the camera was short. For calibration, the tube was removed, and a
checkerboard plate was inserted and traversed through the volume occupied by the tube in its fully-open state. The cameras captured
images of the plate at different locations within this volume to obtain the calibration parameters. To ensure further accuracy, surface
of a tube with a known geometry (in its fully open state) was reconstructed and compared against an ideal circular profile. These
steps resulted in reconstructions with uncertainty bounds of ± 0.005D, for all the cross-sectional slices of the tube.

When the tube was carefully clamped onto the rigid pipes inside the pressure chamber it was ensured that its axis remained
horizontal and was not subject to any residual torsional strain. Furthermore, the tube was mounted so that a circumferential location
on both ends of the tube remained nearly at the same position on the mount. Every time the tube needed to be removed and installed
back, the uncertainty in the twist between the ends of the tube was estimated to be within ±2◦ which translates to a residual torsional
stress of ≤ 1.8% of hoop stress. This ensured the repeatability of the tube deformations about its axis. For the current experiments,
the tube was aligned so that the largest surface area of the tube was visible to both cameras during collapse (refer to Fig. S1 in the
Supplementary Material).
5
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2.3.3. Planar Particle Image Velocimetry
The velocity field downstream of the collapsible tube was measured using the planar Particle Image Velocimetry (PIV) technique.

pulsed laser (Photonics DM30-527DH laser) served as a light source for this purpose. This dual-head laser generated a 527 nm
eam that was converted into a sheet through suitable optics. A 1.5 mm thick laser sheet was used to illuminate a horizontal plane
hat passed through the axis of the downstream acrylic tube. The field of view started about 45 mm from the inlet of the collapsible
ube and extended further downstream. To reduce the effects of optical distortions introduced by the curvature of the acrylic tube,
he PIV chamber was filled with a 70–30 glycerin–water mixture, as mentioned earlier. The flow within the tube was seeded with
luorescent PMMA rhodamine particles with mean diameters of 63–75 μm. The light scattered from these particles was captured

by a camera (Phantom VEO 4K 990L) in frame-straddled mode after it passed through an orange filter installed on a 50 mm lens.
The camera was placed with its axis perpendicular to the laser sheet (see Fig. 3). The camera and laser were controlled using a
Programmable Timing Unit (PTU) to adjust the time delay between laser pulses, and thereby obtain optimal particle displacements.
The image pairs were captured and processed using LaVision DaVis software.

Additional challenges were experienced during PIV instrumentation in this study. First, optical distortions in the field of view
of the camera were introduced due to the presence of a liquid–air free surface. This was overcome by introducing a supported
horizontal acrylic window that replaced the liquid–air interface with a solid surface. Second, because of the unique field of view
with a large aspect ratio, a high-precision calibration plate was custom-designed to fit into the downstream acrylic tube. It should
be noted that synchronization across the different measurement techniques was achieved using a trigger signal supplied from the
PTU of the PIV system.

2.4. Data processing

2.4.1. Stereo-photogrammetry
The stereo images were processed by means of MATLAB’s Computer Vision Toolbox. The toolbox features automatic self-

calibration based on the calibration images, which yielded both the intrinsic and the extrinsic camera parameters. With these
parameters, the image pairs were rectified and then correlated to obtain a disparity map; in particular, the function ‘disparitySGM’
was used in this study. The disparity map was translated into a 3D point cloud of all pixels that were successfully correlated. The
point cloud was then cleaned up by standard functions of the toolbox, which also included segmentation based on clusters of points,
to remain with only the points that represented the surface of the collapsible tube. Uncertainties in the depth measurements obtained
from stereophotogrammetry were estimated to be within ±0.005D.

Along the top and bottom of the tube, the Digital Image Correlation (DIC) was unable to yield points such that only about 100◦

along the circumference of a circular tube was present in the point cloud. Based on a point cloud representing the non-collapsed
state of the tube, the tube’s axis was found by means of multi-variable optimization. The coordinate transformation that aligned
the tube’s axis with the 𝑥-axis and brought its center of mass into the x–y plane was used to align all other data sets in the same
way. For slicing, volumes of finite thickness were defined at uniformly spaced locations along the tube axis. The points within each
volume were projected onto the volume’s mid-plane. A single longitudinal slice in the x–y plane was obtained by the same method.

The cross section of each slice was reconstructed by reflecting its points about the origin and fitting a 𝜋-periodic smoothing
spline through them, in polar coordinates. For highly collapsed cross-sections which in polar coordinates had an undercutting shape,
a transformation of the azimuthal coordinate was done before spline fitting. The spline was evaluated at a number of locations in
transformed space and the resulting coordinates were transformed back into physical space.

The internal shape of the cross-section was reconstructed as an offset from the external shape by the known wall thickness,
neglecting any possible variations in local wall thickness. This assumption was justified by the large ratio of the circumference to
the wall thickness of the collapsible tube. The cross-sectional area of the internal shape was computed with MATLAB’s polyarea
function. In some cases of severe collapse, the reconstructed internal shape intersected itself. This indicated that the collapse was,
in fact, not perfectly symmetric. The region of self-intersection was excluded from the area computation because it would yield a
negative contribution. The steps involved are summarized in the schematic in Fig. 4.

2.4.2. Planar particle image velocimetry
The image pairs captured for PIV at 24 Hz with a duration of 6 s were processed in multiple passes using LaVision’s DaVis

software. An interrogation window of 64 × 64 pixels with an overlap of 50% was used in the first pass. A window of size 32 × 32
pixels with a 75% overlap was used in the final four passes, which yielded a vector resolution of 0.44 × 0.44 mm (0.017D × 0.017D).
Further processing was performed to remove spurious vectors. The uncertainties in the velocity measurements were calculated to
be less than 4% of the maximum magnitude of the velocity in all cases (< 0.016 m/s).

2.5. Experiment campaigns

Experiments were conducted in two separate campaigns. All the measurements made during this study were within the
laminar flow regime. The purpose of the first campaign was to characterize the response of the tube to different flow conditions
and to identify the distinct operating regimes, i.e. open, collapse, and oscillating. The second campaign involved the detailed
measurement of the tube geometry and flow field properties simultaneously to address the correlation between the two. At the
end of each experiment, the kinematic viscosity of the fluid (𝜈𝑓 ) was also measured and found to be 17 cSt. Detailed information
6

on flow/operating conditions is summarized in Table 2. Here Reynolds number (𝑅𝑒𝐷) and non-dimensional stiffness (𝛽) are defined



Journal of Fluids and Structures 127 (2024) 104122V.N. Bhargav et al.
Fig. 4. Preprocessing and geometric data extraction from point cloud reconstruction of stereo photogrammetry data.

Table 2
Summary of experimental conditions for data acquisition. Density of fluid 𝜌𝑓 = 1180 kg∕m3.

Flow rate, 𝑄 (L/min) Transmural pressure, 𝛥𝑝𝑡𝑟 (kPa) Reynolds number, 𝑅𝑒𝐷 Non-dimensional stiffness, 𝛽 Stereo photogrammetry Planar PIV

1 7.2 5.34 353 1.28 – –
2 7.4 7.04 363 1.22 – –
3 7.9 6.27 390 1.05 ✓ ✓

4 7.9 4.70 390 1.05 – –
5 8.1 3.85 400 1.00 – –
6 8.8 6.26 433 0.86 – –
7 9.2 6.09 449 0.79 – –
8 9.4 5.89 460 0.76 – –
10 9.6 6.42 469 0.73 – –
11 9.9 5.54 487 0.67 – –
12 10.3 5.20 503 0.63 ✓ ✓

13 11.9 3.87 584 0.47 ✓ ✓

14 12.3 4.51 604 0.44 – –
15 12.3 5.21 604 0.44 – –
16 12.6 3.26 617 0.42 – –
17 14.1 4.49 692 0.33 – –
18 14.4 4.13 707 0.32 – –

in Eq. (2), where 𝜌𝑓 is the density of the working fluid, 𝑈𝑎𝑣𝑔 is the bulk velocity at the inlet, 𝐾𝑠 is the stiffness of the collapsible
tube defined in Eq. (1), 𝐿 and 𝐷 are the length and diameter of the collapsible tube, respectively.

𝑅𝑒𝐷 =
𝑈𝑎𝑣𝑔𝐷
𝜈𝑓

𝛽 =
𝐾𝑠

𝜌𝑓𝑈2
𝑎𝑣𝑔

(2)
7
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Fig. 5. Transmural pressure versus flow rate diagram identifying the different regimes. Filled markers represent conditions at which simultaneous measurements
f tube geometry and flow field were performed.

. Results

.1. Regime identification

To characterize the response of the tube to different flow conditions, the variations in flow rate with transmural pressure were
uantified under different conditions of upstream resistance (percentage of valve opening), while also taking visual note of the
tate of tube collapse. Basically, in the first step, the upstream resistance (𝑅1) was set to a certain flow rate. Then the external

pressure 𝑝𝑒𝑥 was gradually increased to fixed values and the state of the tube was regularly observed to identify any visual changes
in its geometry, from an open state to a fully collapsed state. At each of these conditions, the flow rate (𝑄), upstream pressure 𝑝𝑢𝑝,
downstream pressure 𝑝𝑑𝑛 and external pressure 𝑝𝑒𝑥 are probed and recorded. This process was repeated for two more conditions
f upstream resistances 𝑅2 and 𝑅3, such that 𝑅3 < 𝑅2 < 𝑅1. In this manner, the tube states corresponding to fully open (blue
ircular markers), fully collapsed (red triangular markers), partially collapsed (black diamond marker) and oscillations (magenta
quare markers) are plotted at their corresponding values of flow rate and transmural pressure, as shown in Fig. 5.

The results indicate that in each case of fixed upstream resistance, an increase in transmural pressure 𝑝𝑡𝑟 leads to a corresponding
ncrease in resistance to flow and therefore a decrease in flow rate. At high upstream resistance (𝑅1), the tube transitions from a fully
pen state to a fully collapsed state without any intermediate states with oscillations. This is justified by the fact that, under these
onditions, low flow rates translate to low fluid momentum. Therefore, a partial tube collapse is observed in this state. Furthermore,
t this high upstream resistance (𝑅1), the flow rate drops by only a small value due to the increase in external pressure.

On the other hand, at lower upstream resistances 𝑅2 or 𝑅3, the tube transitions from fully open to fully collapsed state through
he intermediate condition of oscillations, when the transmural pressure 𝑝𝑡𝑟 gradually increased. The higher flow rate and fluid
nertia at these upstream resistances contribute to the interaction with the tube structure. Finally, by generating the flow rate —
ransmural pressure diagram, tube oscillations are found to occur beyond a critical Reynolds number of 430.

Based on these results, flow conditions that correspond to three distinct regimes are identified, namely, fully open, fully collapsed,
nd oscillating. At these operating conditions (represented by the filled markers in Fig. 5), the next experimental campaign was
arried out where the geometry of the tube and the downstream flow field were measured simultaneously. Each of these regimes is
iscussed individually in the upcoming sections. Before characterizing the individual regimes, tube cross-section area was measured
nd mapped as a function of the transmural pressure to compare against the classic Tube law (refer to Fig. S2 in supplementary
aterial).

.2. Open-tube regime

To characterize this regime, the geometric features are first extracted from the stereo-photogrammetric reconstruction of the
ube, as described in Section 2.4.1. This is followed by a discussion of the flow field properties. Since, under this regime, there
re no temporal dynamics involved, time-averaged properties are analyzed. In Fig. 6(a) the variation in the time average values
f the inner cross-sectional area and the perimeter is plotted along the length of the tube. Both these parameters are normalized
ith respect to their ideal values corresponding to a circular cross-section of 25.4 mm diameter. The results indicate that both the

ross-sectional area and the perimeter do not change along the length of the tube and remain close to a value of 1, as expected. To
etermine the inner shape of the tube, the cross-sectional profiles are plotted at multiple streamwise locations (upstream, midway,
8

nd downstream) along the tube as shown in Fig. 6(b). Clearly, the cross-sectional profiles of the tube closely match the ideal circular
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Fig. 6. Geometric and fluid flow properties when the tube is in fully open regime for Reynolds number 𝑅𝑒𝐷 = 584. Note: Velocities are normalized with respect
to the average flow velocity in the tube under fully open regime.

shape with a diameter of 25.4 mm. Similarly, a streamwise slice of the tube along the midplane (z/D = 0) in Fig. 6(c) shows minimal
variation in radii along the tube length. This confirms that all cross-sectional profiles in the streamwise direction are also identical.

Next, the flow field downstream of the tube is examined by mapping the time-averaged velocity field in Fig. 6(d). The left edge of
the PIV field of view is about 1.75𝐷 downstream from the end of the collapsible tube. The velocity contours plotted are normalized
with respect to the average velocity calculated based on the average flow rate measurement. The velocity contours indicate the
presence of a peak velocity close to the axis of the tube, which rolls off towards the tube walls. In addition, a uniform distribution
along the streamwise direction is observed. Since this velocity profile is representative of a Poiseuille flow, it is verified by extracting
the cross-stream distribution of the streamwise velocity 𝑉𝑥, at several streamwise locations along the tube. These velocity profiles
are then compared with the ideal Poiseuille flow profile, as shown in Fig. 6(f). Apart from a nominal difference in peak velocity
with respect to the ideal value, at the tube axis, the velocity distributions are indicative of a fully developed laminar flow. This
difference is likely due to the uncertainty in the flow rate measurements.

In addition to velocity field measurements, the flow rate and upstream and downstream pressures were also recorded simulta-
neously. Fig. 6(e) shows that none of these flow properties experiences any changes with time. Although the average flow rate is
measured to be 11.91 L/min, the mean pressure drop between pressure taps upstream and downstream (𝑃𝑢𝑝 − 𝑃𝑑𝑛) is found to be
0.125 kPa. Based on this flow rate value, the average flow velocity is calculated to be 0.392 m/s. At the same time, the length of
the tube (𝐿) over which this pressure drop occurs is calculated from the first principles using the Eq. (3).

𝑃 − 𝑃 =
8𝜋𝜇𝑓𝐿𝑄 (3)
9
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Fig. 7. Geometric and fluid flow properties when the tube is in fully collapsed for Reynolds number 𝑅𝑒𝐷 = 390. Note: Velocities are normalized with respect to
the average flow velocity in the tube under fully open regime.

Here, 𝜇𝑓 is the dynamic viscosity of the fluid and 𝐴 is the cross-sectional area of the tube. The value of 𝐿 calculated to be 0.32 m
is found to be very close to the physical distance between the pressure taps (0.36 m). Therefore, the flow through the collapsible
tube in the fully open regime behaves essentially similarly to the flow through a solid circular pipe.

3.3. Closed-tube regime

From Fig. 5 it is identified that when the transmural pressure 𝑝𝑡𝑟 is sufficiently large, the tube is visually observed to experience
complete collapse. To quantify this, the time-averaged internal cross-sectional area and perimeter of the tube are calculated at several
locations along the length of the tube and plotted as shown in Fig. 7(a). As mentioned above, the two parameters are normalized
by their respective values for an ideal (circular) cross section of 25.4 mm diameter. At the upstream locations (x/D → 0), both the
normalized tube perimeter and the cross-sectional area have values close to 1. This is indicative of the nominal deviation of the
tube from the circular profile due to its proximity to the clamped end. As one moves further along the 𝑥-axis, due to a high value of
transmural pressure, the perimeter of the tube still hovers around 1 while the cross-sectional area gradually decreases to 0.8, until
about x/D = 6. Beyond this streamwise location, the cross-sectional area of the tube decreases dramatically and achieves maximum
collapse close to x/D = 8.5. In this region, the perimeter is seen to experience a few streamwise fluctuations. However, this is
expected to be due to artifacts of interpolation performed while reconstructing the opposite (non-visible) face of the tube and its
upper and lower regions. This could not be completely avoided because of the geometric constraints of viewing and reconstructing
10



Journal of Fluids and Structures 127 (2024) 104122V.N. Bhargav et al.

A
t
A
g
e

v
f
b
b
p
t
i
L
o

3

o
f
c

a portion of the tube that is nearly flat in this region of interest. Beyond this region, the cross-sectional area of the tube starts to
increase back towards the ideal value.

The cross-sectional profiles of the tubes plotted in Fig. 7(b) also corroborate the observations regarding the cross-sectional areas.
t the upstream location (x/D = 0.83), the tube section is nominally circular in shape. As one moves along the streamwise direction,

he tube profile is closer to an ellipse at x/D = 4.85, and a dumbbell profile with complete collapse at the center, at x/D = 8.87.
longitudinal slice along the mid-plane of the tube (z/D = 0), as seen in Fig. 7(c), also indicates that the tube experiences a

radual reduction in the lateral dimension until x/D = 6. Beyond this, there is complete constriction around x/D = 8, and gradual
nlargement after that.

Downstream of the collapsible tube, the time-averaged velocity field is computed and normalized with respect to the average
elocity under the fully open regime, as shown in Fig. 7(d). Here, there is a reduction in the magnitude of velocity throughout the
ield of view, when compared to a fully-open tube regime. Further, just downstream of the collapsible tube, the flow also appears to
e preferentially oriented towards one side (upper wall) of the tube, with a low velocity region on the other wall. This is potentially
ecause the downstream tube cross-sections exhibit axes of collapse that are marginally titled with respect to the PIV measurement
lane. This is evident in the cross-stream velocity profiles seen in Fig. 7(f). However, this asymmetry in velocity distribution about
he tube axis completely subsides by 5 diameters from the end of the collapsible tube. Finally, the peak velocity in the field of view
s nearly half that observed in the fully-open regime. This is also confirmed by the reduction in flow rate from 11.91 L/min to 7.95
/min, as seen in Fig. 7(e). The throttling of the flow is also accompanied by a significant increase in pressure drop across the ends
f the collapsible tube 𝑃𝑢𝑝 − 𝑃𝑑𝑛 = 1.864 kPa.

.4. Oscillatory-tube regime

Although the fully open and closed regimes exhibit the limiting cases, an intermediate transmural pressure can lead to self-excited
scillations in the tube. These can manifest themselves in the form of fluctuations in the geometric properties of the tube and the
low field. Since pressure and flow rate are lower-order measurements that are acquired at a much higher frame rate, these are first
losely examined in Fig. 8(a). On the one hand, the temporal evolution of the flow rate 𝑄 and the upstream pressure 𝑝𝑢𝑝 indicates

that these parameters remain nearly constant throughout. This suggests that any flow field fluctuations within the tube are either
not propagated upstream or die down by the time they reach the location of these transducers. Similar observations are reported
by Bertram et al. (2008) regarding the flow rate, who suggest that the reduced pulsatility in the upstream regions may be associated
with the compliance of the tube upstream of the throat, where the displaced fluid could be temporarily stored. It is likely that this
argument holds, since we shall see in later discussion that the tube geometry also experiences fluctuations that gradually decrease
in amplitude as one moves upstream along the tube. On the other hand, downstream pressure 𝑝𝑑𝑛 exhibits periodic fluctuations
of type LU, described by Bertram et al. (1990). These fluctuations have a low frequency of the order of 1 Hz, and the area trace
appears to spend a longer duration above the mean pressure compared to the trace below the mean pressure, as seen in in Fig. 8(a).

Since downstream pressure fluctuations are periodic in nature, distinct points corresponding to four phases are identified in each
cycle to be able to correlate with variations in tube geometry and flow field properties. The first and third phases correspond to the
local minima and maxima in each cycle, respectively. Next, the time instants at which the curve passes the mean pressure during
rise time and fall time are represented as the second and fourth phases, respectively. In this manner, each of the four phases is
overlaid on the pressure plot, by different markers in Fig. 8(a).

First, the temporal evolution of a tube cross section close to the downstream end of the tube (x/D = 9.17) is traced in the different
phases in Fig. 8(b). In the first phase (t/T = 0.01), the cross-section of the tube resembles a shape that transitions from a dumbbell
to an elliptical profile. Here, 𝑇 represents the average cycle time period measured to be 1.143 s. In the next phase (t/T = 0.23),
the tube expands along the minor axis (of the ellipse), while its size nominally decreases about the major axis (perpendicular to
the minor axis). The tube in this phase is elliptical in shape. In the third phase, the tube still resembles an elliptical shape, whereas
its dimension along the minor axis decreases marginally, and that along the major axis increases by a small amount. In the final
phase, the tube transitions back to a dumbbell profile, this time with the smallest dimension on the minor axis and the largest on the
major axis. Refer to Fig. S3 and S4 in the Supplementary Material and the attached clip ‘PointCloundVideo.avi’ for evolution in tube
cross-sections at other locations along the tube. These transitions in the tube geometry very closely resemble the small-amplitude
oscillations of Type-II about one of the non-axisymmetric equilibrium states, as reported by Heil and Waters (2006). Note that these
oscillations are also reported as a Type-A by Heil and Boyle (2010).

Similarly to tube cross-sectional profiles, the streamwise distribution of cross-sectional areas is plotted at different phases of the
cycle in Fig. 8(c). In the first phase, the area normalized with respect to the area of an ideal circular shape of the tube, reaches a
minimum value of approximately 0.2, at a streamwise location of x/D = 8. In the second phase, the throttling area changes to an
upstream location (x/D < 8) while also having an increase in magnitude (0.4) compared to the previous phase. During the next two
successive phases, the tube cross-section progressively decreases and its location reaches the farthest position downstream (x/D ≈
8.5). Essentially, the throttling cross-section of the tube periodically changes position such that the largest collapse occurs at the
farthest downstream location within the tube, over the full cycle.

Next, the contour maps of the normalized streamwise velocity (𝑉𝑥∕𝑈𝑎𝑣𝑔), just downstream of the collapsible tube are plotted at
different phases of one full cycle in the oscillation of the tube, in Fig. 9. At phase t/T = 0.02, which is briefly after the local minima
in the downstream pressure, the streamwise velocity field downstream of the collapsible tube exhibits a low-velocity region at the
entrance of the tube. This is followed by a gradual increase in velocity within the field of view over successive phases. However,
11

by t/T = 0.35, a distinct wave of streamwise advecting fluid is evident. This wavefront is observed to convect downstream over
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Fig. 8. Phase portraits of geometric and fluid flow properties when the tube is under self-excited oscillations for Reynolds number 𝑅𝑒𝐷 = 503. The symbols
‘asterisk’,‘square’,‘circle’ and ‘triangle’ represent the phases, t/T = 0.01, 0.23, 0.55 and 0.81, respectively. Cycle time period, 𝑇 = 1.143 s.

several phases and nearly fill the entire field of view by the time around t/T = 0.57. This phase also corresponds to the instant right
after the downstream pressure peak is reached. Beyond this phase, high-velocity regions persist over successive frames and then
start decaying, from the entrance region. Closer to the phase t/T = 0.9, we also observed the two-jet flow closer to the walls, with
a low-velocity region close to the tube axis. These jets appear to merge further downstream into a single stream. Qualitatively these
features closely resemble the observations made by Bertram et al. (2008), in the flow field downstream of an oscillating collapsible
tube at low Reynolds number. Interestingly, the retrograde flow reported by Bertram et al. (2008) and Yiasemides et al. (2017) is
not as prevalent in the current study. These regions were generally small and spatially local to the walls of the tube. The observed
dissimilarities may be attributed to differences in tube geometry in the respective studies (see Table 1). Furthermore, the retrograde
flow persists only periodically in this study and only for a very short duration over a period of oscillation of the tube. Velocity
measurements made by Yiasemides et al. (2017) inside the tube immediately downstream of the throat, in a plane perpendicular
to the one measured in this study, indicate that just when the downstream pressure starts to fall from its peak value, the centerline
velocity experiences a sharp decline close to the throat. The velocity then gradually increases close to downstream end of the tube
where the tube cross-sectional profile recovers. A similar observation can be made from the velocity contours in Fig. 9 after the
peak pressure is achieved and starts declining (t/T > 0.55). However, the reduction in velocity does not occur immediately because
of the time taken by the flow to advect through the downstream section of the tube.

If one closely examines the trends in the variations in the velocity field, the downstream pressure fluctuations, and ultimately
the oscillations in the tube geometry, there appears to be phase-relationship between these parameters. A consistent phase lag can
be expected to exist between fluctuations in tube geometry and flow field properties, which is explored by studying the spectral
properties and correlations between the two.

First, the downstream pressure 𝑃𝑑𝑛 is used as a first-order metric to characterize flow field fluctuations since it is sampled
at a significantly higher frame rate (1000 Hz) than the velocity field (24 Hz). The power spectra for the downstream pressure
are computed and plotted as shown in Fig. 10(a). This plot indicates the presence of a single dominant mode at a frequency of
about 0.8 Hz. This dominant mode is also exhibited globally in fluctuations in tube geometry, as seen in the power spectra of the
fluctuations in the cross-sectional area, in Fig. 10(a).

Next, in order to discern the mechanisms associated with fluid–structure interactions in this oscillating tube regime, correlations
and phase relationships between geometric and flow field parameters are quantified. These geometric parameters include fluctu-
ations in the inner cross-section of the tube along its minor and major axes (Fig. 8(b)). The flow parameters studied include the
downstream pressure and the velocity field.

In the first stage, each point on the inner surface of the minor axis of collapse of the tube is extracted along its length (x-axis),
and its temporal evolution is obtained (refer Fig. S5 in the Supplementary Material). Then, the mean values of inner-radii along the
12
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Fig. 9. Phase portrait of steamwise velocity contours for Reynolds number 𝑅𝑒𝐷 = 503. Note: Velocities are normalized with respect to the average flow velocity
in the tube under a fully open regime. Flow is from left to right. Cycle time period, 𝑇 = 1.143 s.

Fig. 10. Metrics of fluctuations in tube geometry and flow field.

minor axis of tube collapse are computed at each streamwise location and plotted as shown in Fig. 10(b). Similarly, the root mean
square (RMS) of the fluctuations in the radial coordinate of this surface is quantified and plotted against tube length in Fig. 10(b).
This plot indicates that the inner radius of the tube along the minor axis of collapse starts at 0.5D at the upstream end where it is
mounted onto a rigid pipe and gradually reduces to about 0.01D around x/D = 8. This region represents the mean position of the
tube throat. Beyond this point, it increases sharply to 0.5D at the downstream end, where the tube is attached to a rigid pipe. On
the other hand, fluctuations in the inner radius along the minor axis of collapse exhibit the opposite trend. Variations in tube radii
13
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Table 3
Correlation coefficients (𝜌), phase relationship (𝑡∕𝑇 ) and 𝑝-value between tube geometric
properties (x/D = 9.17) and flow properties.

Parameter Major axis
(𝑟𝑚𝑎𝑗𝑜𝑟)

Downstream
pressure (𝑃𝑑𝑛)

Minor axis
(𝑟𝑚𝑖𝑛𝑜𝑟)

𝜌 = −0.95
𝑡∕𝑇 = 0
𝑝-value < 0.01

𝜌 = 0.381
𝑡∕𝑇 = 0.146
𝑝-value < 0.01

Major axis
(𝑟𝑚𝑎𝑗𝑜𝑟)

– 𝜌 = −0.355
𝑡∕𝑇 = 0.146
𝑝-value < 0.01

are very small near the upstream and downstream ends, whereas large amplitude fluctuations are seen close to x/D = 9. Clearly,
the streamwise location of the largest mean collapse in the tube and the largest oscillations are distinct. This is indicative that the
effect of tube geometry on the downstream flow field may be dissociated into their respective mean and unsteady components.
Therefore, the mean velocity field downstream of the collapsible can be related to the mean geometry of the throat, and the flow
field fluctuations can be dictated by the largest oscillations in the throat. However, the oscillations in the geometry of the tube do
not occur just along one of its axes.

Subsequently, the signals corresponding to the fluctuations in the tube radii along its minor axis of collapse are mean-subtracted
nd each of these is correlated with the fluctuations along the tube’s major axis of collapse, at a cross-section close to the outlet
f the tube (x/D = 9.17). The time series signals of the oscillations in the tube radii about the two axes are cross-correlated with
ach other and the downstream pressure fluctuations, to quantify the correlation coefficient and phase lag between the signals of
nterest. These are summarized in Table 3.

First, the correlation coefficient is quantified between tube deformations on the minor and major axes. This is found to have
value of −0.95, with a 𝑝-value less than 0.01. The negative value of the correlation coefficient indicates that any enlargement

long the minor axis results in a corresponding contraction along the major axis, and vice versa. The phase lag between the two
eformations is measured to be 0, as anticipated, since both these fluctuations occur on a single cross-section of the tube. These are
ndicative of the Type-A oscillations as reported by Heil and Boyle (2010).

Similarly, the phase delay between fluctuations along the minor axis and the downstream pressure is measured to be approxi-
ately t/T = 0.146. Therefore, disturbances introduced into the flow due to oscillations in the tube, take a time of about 0.17 s to

over the physical distance of 2.58 D, between the tube cross-section and the pressure tap. This yields a disturbance propagation
peed of 0.39 m/s. It should be noted that the average fluid velocity calculated from the flow rate measurements made upstream of
he collapsible tube yields 0.34 m/s. Based on the measured cross-sectional area at the streamwise location x/D = 9.17, the average
elocity at this cross-section can be calculated to 0.40 m/s using the continuity equation. The fact that the flow velocity and the
ropagation speed calculated through the correlation between the tube geometry and downstream pressure are very similar suggests
hat the disturbances propagate essentially as a result of the advection of fluid through the tube.

Finally, the correlation coefficients between the tube radii along the minor and major axes of collapse with the downstream
ressure are computed to be 0.381 and −0.355, respectively, with p-values less than 0.01. Although these correlation coefficients

do not reveal a strong linear relationship between signals, a positive correlation coefficient between the minor axis and the pressure
signal suggests that an enlargement of the throat dimensions along the minor axis of the tube leads to a corresponding increase in
the downstream pressure. Similarly, constriction about the minor axis throttles the flow and thereby reduces the fluid pressure
downstream. Furthermore, the oscillations in tube radii along the minor axis also exhibit a larger amplitude compared to the
fluctuations along the major axis, as seen in the phase portraits in Fig. 8(b). Therefore, the collapse along the minor axis of the
tube dictates the throttling of the flow and is expected to influence the global flow field fluctuations.

While it is established that one of the primary sources of flow field fluctuations downstream of the collapsible tube is due to
oscillations in its minor axis of collapse, it should be remembered that the fluctuations are not local to a specific location along
the length of the tube. It is imperative that the phase relationship between the oscillations at different locations along the tube
be assessed. To do this, the time-series signals of the displacements along the minor axis of collapse of the tube are extracted at
several positions along the tube. The signals are then cross-correlated with the fluctuations measured at x/D = 9.17. The correlation
coefficients, p-values, and the phase difference between the different locations with those at x/D = 9.17 are plotted along the
tube, as shown in Fig. 11. At the downstream end of the tube between x/D = 8 and 9.5, large positive correlation coefficients ≈ 1
are observed. This suggests that the tube deformations in this region are strongly coupled. As we move upstream, the correlation
coefficient drops dramatically and becomes negative around x/D = 7. This represents a region that lies upstream of the locations
of the largest collapse in the tube (x/D ≈ 8). The lowest correlation value of about −0.7 is achieved at x/D = 6, beyond which it
starts to increase again to 0. The inversion in the sign of the correlation coefficient at x/D = 7 suggests a change in the direction of
oscillations on the surface of the tube along its length. It should be noted that the correlations performed between different axial
locations with those at x/D = 9.17 have 𝑝-values lower than 0.01 at most of the streamwise locations except in the region of x/D
≈ 2.5. This confirms that the calculated correlation coefficients are statistically significant in these regions.

Next, the phase relationship between the fluctuations at each streamwise location on the minor axis of the tube with that at
14

x/D = 9.17 is evaluated. At further downstream locations (x/D = 8 to 9.5), a phase delay of zero is measured. This shows that
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Fig. 11. Correlation coefficient and phase relationship quantified between tube surface fluctuations measured along the minor axis of the tube at the streamwise
location of x/D=9.17, with the fluctuations measured along the minor axis of the tube at other streamwise locations in the tube. Flow condition is at a Reynolds
number 𝑅𝑒𝐷 = 503. The 𝑝-values indicate the statistical significance of the correlation coefficients calculated.

the strongly coupled oscillations of the tube in this region occur synchronously in-phase. At a slightly upstream location where the
correlation coefficient changes from 0 to negative values, the phase lag jumps up to t/T ≈ 1. This sharp increase is representative
f the phase folding from 0◦ to 360◦, suggesting that the oscillations upstream and downstream of x/D = 7 all occur in the same
hase. In the range spanning x/D = 2.5 to 6.5, the phase delay remains nearly constant and shows the absence of a characteristic
hase/disturbance propagation speed on the tube. Around x/D = 2.5, the phase delay decreases to a value close to zero. This is
erified by the absence of any oscillations as seen in Fig. 10(b).

A careful observation of Fig. 10(b) and Fig. 11 brings to our notice, three important streamwise length scales in the tube: (1)
/D = 7, is the position in the tube that exhibits a shift in the direction of oscillations on its either sides; (2) x/D = 8, corresponds
o the location in the tube with the largest mean collapse; and (3) x/D = 9, is the location with the largest amplitude of oscillations.
lthough these are certainly useful metrics for understanding the implications on the flow field, one must also take into account

he fact that the position of the throat itself is dynamic. To investigate this, we take advantage of the unique 3D data acquired in
his study to develop a time trace of the position of the throat over one cycle of oscillation of the tube, as shown in Fig. 12. The
ositions of the throat are extracted by identifying the location of the local minima in the radius in a streamwise cross-sectional
lice of the tube at z = 0. Then the x/D and y/D coordinates of the throat are traced over a sequence of time frames within one
ull period of oscillation of the tube. Furthermore, the time instances corresponding to the different phases of downstream pressure
luctuations seen in Fig. 8(a) are also plotted. The ‘asterisk’ and ‘circle’ symbols represent the instants at which the minima and
axima are found in the downstream pressure fluctuations, respectively.

The time trace of throat seen in Fig. 12 exhibits oscillations along both the steamwise (x/D ≈ 0.6) and cross-stream directions
y/D ≈ 0.1). As one begins the trace starting with the position of the largest collapse (right-most corner in plot), with progression in
ime, the throat starts rapidly moving upstream (leftwards). At the same time, the cross-stream position of the throat moves farther
rom the axis of symmetry (x/D = 0) and achieves the highest value in the farthest upstream position. The streamwise displacement
f the throat is about 7.5% of the supported tube length. In the next half of the cycle, the throat starts returning back towards the
ownstream extremum, as it converges towards the smallest cross-stream position where it originally started. The displacement of
he throat during the returning part of the cycle occurs over a path that is not identical to the onward route. Instead, it cuts across
he onward path by taking a slower and longer route. This correlates with the observed LU-type downstream pressure fluctuations,
here the trace of the signal expends a longer duration above the mean pressure. The relevance of the variations in the geometric
nd flow field properties measured is discussed in the next Section 4.1.

. Discussion

.1. Flow-geometry relationship in oscillating regime

The trends observed in the correlation coefficients (Fig. 11) indicate that at each time instant in a full-cycle of periodic oscillations
n the tube, there exists a switch in the direction of fluctuations in the tube geometry along the length of the tube. That is, in the
irst stage of switch in oscillations, when the downstream end of the tube experiences a collapse, the tube geometry certain distance
pstream of the location of mean collapse exhibits an expansion about its mean position. This may be attributed to a difference
n the time scale of advection of fluid inside the tube and the time scale associated with the change in tube geometry. Due to a
lower response of the fluid compared to changes in tube dimensions and due to its inertia, there is a pressure build-up upstream
f the location of mean collapse. In the next stage of switch in the tube oscillations, when the downstream end of the tube expands
uring the cycle, the previously accumulated fluid pressure upstream of the collapse is reduced. This causes the upstream regions
f the tube to experience a collapse with respect to its mean dimensions. Pressure discharge during this stage is also accompanied
y a corresponding increase in flow velocity through the available throttled area. This, in turn, causes a reduction in pressure in the
ownstream compliant section, which pushes the tube to collapse beyond its mean position. In this manner, the cycle of oscillations
15
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Fig. 12. Trace of the location of the throat/largest constriction within the collapsible tube for Reynolds number 𝑅𝑒𝐷 = 503. The throat was extracted along a
ongitudinal slice of the tube, in the z/D = 0 plane. The markers indicate the phases during one cycle of downstream pressure fluctuations seen in Fig. 8(a).
he ‘asterisk’ and ‘circle’ symbols represent the instants at which minima and maxima are seen in the pressure fluctuations, respectively. Cycle time period, 𝑇
1.143 s.

Furthermore, if we shift our attention to the influence of oscillations in tube geometry on the downstream flow field, Fig. 12
ields interesting observations. The trace of the location of the throat shows that the peak value of downstream pressure lags behind
he instant with the largest throat radius by t/T value of 0.19. However, the minima in downstream pressure lags behind the instant
ith the smallest throat radius by t/T value of 0.12. Here, we recall that fluid advection was identified as the medium for the
ropagation of disturbances from the tube geometry to the downstream flow field. Essentially, when the tube throat size was the
argest over a period of oscillation, the pressure at the throat can also be expected to be the largest. Consequently, the bulk fluid
elocity at the throat would also be lower, and the propagation of the disturbance introduced by a reduction in the throat size would
lso be slower. On the other hand, when the throat area is the smallest over a period of oscillation, any small increase in throat
ize leads to a sharp increase in velocity. This results in disturbances propagating faster to the downstream flow field. Finally, the
ariation in the propagation speed of disturbances during the different stages of oscillations may explain the manifestation of the
U-type downstream pressure fluctuations.

The evolution of the cross-sectional area of the tube seen in this study can also be related to the observations made in the
umerical studies of Stewart et al. (2010) and Xu and Jensen (2015) on flow through collapsible channels and in the experimental
tudy of Anderson et al. (2016). Numerical studies report that a flexible membrane that constitutes one of the walls in a channel
low can exhibit sloshing or slamming-type oscillations. While sloshing involves high-frequency and low-amplitude tube oscillations
hat can be observed when the tube is under large tensile force, slamming is known to be characterized by low-frequency vigorous
isplacements when the tube is under low tension. In this scenario, hydrodynamic modes are expected to contribute to global
nstabilities (Stewart et al., 2010). The LU-type oscillations observed in the current study can be correlated to the slamming-type
scillations in the tube. Synonymous with the explanation provided by Anderson et al. (2016), the constriction occurs primarily
ear the downstream end of the tube. With time the collapse gradually increases, and once the largest collapse is achieved, the tube
s thrown open over a short time span due to the build-up of pressure upstream of the collapse.

.2. Relevance to physiological flows

In the previous sections, the geometric features of the collapsible tube and the associated flow features were examined under
ifferent regimes from a fundamental standpoint. In this section, physiological implications are examined over a Reynolds number
ange of 350 ≲ 𝑅𝑒 ≲ 700, and non-dimensional stiffness range of 0.3 ≲ 𝛽 ≲ 1.3, that were used in this study. These values correspond to
onditions pertinent to carotid bifurcation flows (Ku and Giddens, 1983; Ku et al., 1985; Khamdaeng et al., 2012; Limbu et al., 2006;
oward et al., 1993; Skacel and Bursa, 2022), oscillations in collapsible tubes relevant to wheezing (Bertram, 2008; Polio et al.,
019; Hampton et al., 2000; Montaudon et al., 2007; Butler et al., 1986; Reynolds, 1982), and collapse of the internal jugular veins
Holmlund et al., 2017; Vitello et al., 2015; Nakagawa et al., 2016; Skacel and Bursa, 2022; Leguy et al., 2010), among others. When
onsidering cardiovascular applications, these results would be relevant to flows in larger arteries (4 mm ≤ 𝐷 ≤ 25 mm, (Ayyaswamy,
012)) due to the Newtonian nature of the working fluid used in this study.

The shear stresses exerted due to fluid flow on the surfaces (walls) of the arteries and blood vessels are known to play an
mportant role (Ku and Giddens, 1983; Ku et al., 1985). To this end, two important parameters are reported in the literature that
re based on wall shear stress. These are Time Averaged Wall Shear Stress (TAWSS) and Oscillatory Shear Index (OSI), as defined
n Eqs. (4) and (5), respectively.

𝑇𝐴𝑊 𝑆𝑆 = 1
( 𝑇

|𝜏𝑤𝑎𝑙𝑙| 𝑑𝑡
)

(4)
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Fig. 13. Variation in Time Averaged Wall Shear Stress (TAWSS) and Oscillatory Shear Index (OSI) on the two walls of PIV domain for a Reynolds number
𝑅𝑒𝐷 = 503.
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(5)

Low values of TAWSS and high values of OSI have been reported to have long-term significant consequences depending on the
ircumstances. For example, these conditions are known to promote plaque deposition in blood vessels and lead to their narrowing,
.e., stenosis (Chi et al., 2018; Owais et al., 2023). On the other hand, in the event of a preexisting enlarged blood vessel such as
n aneurysm (Nordon et al., 2011), low TAWSS, and high OSI values are known to promote the growth of abnormalities on the
essel wall that cause rupture in the long term (Mutlu et al., 2023). These observations are reported for periodic flow through blood
essels, caused by the cardiac cycle. However, in the event that self-excited oscillations also exist due to fluid–structure interactions
ssociated with flow through a collapsible tube, both TAWSS and OSI values may play a more crucial role.

To understand these implications, the TAWSS and OSI values are calculated along the two horizontal walls (y/D = −0.5 and
0.5) of the PIV domain. The vector resolution within field of view during PIV measurements was 0.44 mm resulting in a total of 58
vectors across the diameter of the tube. The uncertainty in shear stress measurements is estimated to be within ± 7% of the mean
shear stress in the fully-open regime of the tube. The streamwise variations in the TAWSS and OSI parameters, are then plotted
for the tube under fully open and oscillating regimes, as shown in Fig. 13. The plots indicate that the TAWSS values are nominally
similar across the two walls and constant throughout the tube length, in the fully open regime. Whereas in the oscillating regime,
the TAWSS gradually increases and asymptotes to a certain value downstream. These values are relatively higher than the TAWSS
in the open regime for y/D = 0.5, but lower at y/D = −0.5. This asymmetry is expected to be introduced by the marginal tilt in the
axis of tube collapse with respect to the plane of the PIV domain. In general, OSI values range from 0 to 0.5, with 0 indicating a
unidirectional WSS and 0.5 representing oscillatory WSS (Tang et al., 2006; Les et al., 2010). Furthermore, in the context of tracheal
flows, OSI has also been recently used by researchers elsewhere as a diagnostic indicator, such as Tiwari et al. (2023). Following
this, here the OSI values in the fully open regime are zero throughout the tube wall, due to the absence of any flow field fluctuations,
and are indicative of unidirectional flow. However, in the oscillating regime, the OSI values are seen to peak up to 0.04 only on
one of the walls. This indicates the presence of a weak recirculation region close to the lower wall (y/D = −0.5) that changes the
direction of flow during each cycle. Beyond x/D = 14 (4 diameters from the end of the collapsible tube), the OSI values return to
zero.

Although the peak OSI values calculated in the current study are not significantly large enough to correlate with any specific
physiological implications, it is expected that, depending on the properties of the fluid and tube stiffness, operating conditions can
lead to large-scale fluctuations in flow properties. These may result in conditions of high OSI values. But more importantly, based on
operating conditions, one can quantify the span of the downstream section of the tube that is exposed to oscillatory shear stresses,
which will ultimately be tied to physiological consequences.
17
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4.3. Limitations and future work

The stereophotogrammetry technique used in this study is associated with certain limitations. First, the speckle-patterned tube
urface obstructs the view of the cameras, of its opposite face. This inhibits the tracking of surface deformations in this region.
econd, due to this limitation, it is assumed that deformations about the vertical axis of collapse are symmetric. In regions of
arge collapse (𝐴∕𝐴𝑖𝑑𝑒𝑎𝑙 < 0.5), this assumption may be inaccurate and the uncertainties in the cross-sectional profiles and areas

are marginally higher. Third, the axis along which the tube deforms the largest is generally horizontal and is concurrent with the
PIV measurement plane. But in the conditions of large collapse, the axis is slightly tilted away from the horizontal (≈ 15◦) which
translates to an uncertainty of ≤ 3.4% in the velocity. The axis of collapse of the tube being preferentially inclined may be caused
by residual strain introduced due to the uncertainty in the tube thickness (∼3% of the tube thickness, 𝑡𝑡) as a result of the tolerance
mposed by the 3D-printed mold.

To overcome these limitations and improve the understanding of the mechanisms in collapsible tubes, the following ideas stand
o be implemented in the future. Firstly, to overcome the gap in surface measurements due to a lack of visual of the opposite face
f the tube, additional cameras can be instrumented to generate a complete azimuthal reconstruction. This will provide a better
etric of the uncertainties associated with surface reconstructions performed with only two cameras. Second, volumetric velocity

ield measurements can be performed to extract the relevant flow field dynamics along planes that are concurrent with either axes of
ube collapse, which will provide a more accurate quantification of the wall shear stress parameters. Finally, while this study focuses
hiefly on a limited set of operating conditions in each regime, a more detailed characterization of the tube dynamics is expected
o be performed over a well-resolved parameter set. This will help to provide a better understanding of the three-dimensionality of
ube fluctuations and their relationship to the flow field.

. Conclusions

One of the key objectives of this study was to examine the relationship between flow and geometric features in a collapsible
ube. This was enabled by simultaneously characterizing the three-dimensional structural deformations of the tube using the stereo-
hotogrammetry technique and the flow field downstream of the tube using pressure measurements and planar particle image
elocimetry. In the first stage, the response of the tube was qualitatively mapped over a range of operating conditions. This
elped in identifying the operating conditions that correspond to the distinct operational regimes, viz. fully open, fully closed, and
scillating. At specific conditions corresponding to each of these regimes, time-synchronized measurements of flow rate, upstream
nd downstream pressures, stereophotogrammetry, and planar PIV were performed.

The results suggested that, under the fully open regime, the tube exhibits a uniform and ideal circular cross-sectional profile and
onstant area throughout the length of the tube. In the absence of any deformations, the pressure loss across the ends of the tube and
he velocity field downstream of the tube were indicative of a fully developed laminar flow profile (Hagen–Poiseuille flow). In the
ollapsed regime, the tube achieved the largest collapse closer to the far downstream end with a dumbbell profile while gradually
ransitioning from circular to elliptical shapes. Furthermore, the tube throttled the flow at the location of the largest collapse, which,
n turn, translated to a reduced velocity in the downstream pipe compared to the fully open regime.

Under intermediate operating conditions, the tube exhibited self-sustained limit-cycle oscillations which manifested in the form of
ariations in tube geometry with respect to its time-averaged position, LU-type fluctuations in downstream pressure, and a dynamic
elocity field. The fluctuations in the geometric and flow field properties were found to be dictated globally by a single dominant
ode. Although fluctuations along the minor axis of collapse of the tube were oppositely correlated with those along the major axis,

hey also primarily dictated any flow field variations due to a larger amplitude of fluctuations. Furthermore, a large section of the
ube downstream of the largest collapse experienced fully coherent oscillations that are in phase. Upstream of this region, a switch
n the direction of tube oscillations was observed. Any contraction of the tube in the downstream region caused the accumulation of
luid and build-up of pressure upstream of the largest collapse, which in turn caused the tube in these sections to expand. During the
xpansion phase of the downstream sections of the tube, the upstream sections collapsed. The fluctuations in the downstream flow
ield were found to be influenced by the propagation of disturbances due to oscillations in tube geometry, through the advection of
luid through the tube. Furthermore, the manifestation of the LU-type pressure fluctuations was found to be due to the variation in
he propagation speed of the disturbances during the different stages within a period of oscillation of the tube.

Finally, the wall shear stress measurements in the sections downstream of the collapsible tube showed that there was an increase
n the time-averaged wall shear stress and oscillatory shear index on at least one of the walls in the oscillating regime compared to the
ully open regime, while one of the walls had a reduction in time-averaged shear stress. Although these changes were not significant
nder the operating conditions tested, they were expected to have implications in cardiovascular flows when the conditions were
ot suitable.
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