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A fundamental experimental investigation, with corresponding computational simulations, was con-
ducted to understand the physical mechanisms of implosions of cylindrical shells occurring within a
tubular confining space which has a limited potential energy reservoir. In particular, attention was
focused on studying the generation of pressure waves from the implosion, the interaction of the pressure
waves with the confining tube walls and end caps, and the collapse mechanisms of the implodable vol-
ume. Experiments were conducted with three implodable volume geometries which had similar critical
collapse pressures. The implodable volumes were aluminum 6061-T6 cylindrical tubing and were placed
concentrically within the confining tube. Pressure histories recorded along the length of the confining
tube during the experiments were utilized to analytically evaluate the deformation of the implodable vol-
ume using fluid–structure coupled deformation models. Computational simulations were conducted
using a coupled Eulerian–Lagrangian scheme to explicitly model the implosion process of the tubes along
with the resulting compressible fluid flow. The numerical model developed in this study is shown to have
high correlation with the experimental results and will serve as a predictive tool for the simulation of the
implosion of different cylindrical geometries as well as various tube-in-tube implosion configurations.
The experimental results show that the limited hydrostatic potential energy available in a confined
environment, as compared to a free field, significantly influences the implosion process. The wall veloc-
ities of the implodable volume during the collapse, as well as the extent of the collapse progression, are
largely affected by the sudden decrease in the available hydrostatic potential energy. This energy is
shown to be partially transformed into elasto-plastic strain energy absorbed in the deformation of the
implodable volume, as well as the kinetic energy of the water during the implosion process. Experiments
also show that the extent of the collapse progression of an implodable volume can potentially be inhib-
ited within a closed environment, which can lead to the arresting of an implosion event prior to comple-
tion for larger implodable volumes. The pressure waves generated during collapse comprise of waves
emitted due to the impact of the implodable volume walls, the arrest of rushing water and contact prop-
agation along the walls. These processes later evolve into water hammer type axial wave behavior.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

A comprehensive series of experiments were conducted to
study the mechanics of the implosion of cylindrical shells (implo-
dable volume) in a tubular confining space. The emphasis was on
understanding the physical mechanisms of implosion of cylindrical
shells occurring within a confining space with limited potential
energy reservoir. The implodable volumes consisted of aluminum
6061-T6 cylindrical tubing, and were placed concentrically and
longitudinally centered within the confining tube. The collapse
pressure was held approximately constant throughout the study.
The pressure histories generated by the implosion event were
captured by dynamic pressure transducers mounted on the inner
surface of the confining tube.

Understanding the fundamental mechanisms associated with
the implosion process has been a topic of interest since the early
1950’s, especially in the marine pipelines and naval communities
(Isaacs and Maxwell, 1952; Palmer and Martin, 1975; Turner,
2007; Urick, 1963). Typical examples of implodable volumes
include deep ocean submersibles, submarines, underwater remote
operated vehicles, underwater pipelines, and underwater sensors
(Turner and Ambrico, 2012). An implodable volume can be defined
as any structural shell or body that is acted upon by external
pressure and contains internal gas at a lower pressure (or vacuum).
In simple terms, the implosion of a structure can be understood as
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a sudden loss of stability due to a net external force causing the
structure to collapse onto itself. The resulting collapse of the struc-
ture is violent and results in rapid release of energy in the form of
shock pressure waves, high velocity fluid motion, and sound
(LeBlanc et al., 2014). An axial/lateral loading, uniform hydrostatic
pressure or a combination of both can be the initiating and driving
forces for the implosion of a structure. In underwater environ-
ments, this collapse is a dynamic process with duration of the
order of milliseconds. At the onset of collapse, the implodable vol-
ume walls gain inwards momentum and the surrounding water
rushes in to fill the resulting void generated in the collapse process.
The fast inward traveling water surrounding the receding walls of a
collapsing structure stops suddenly when the walls come into con-
tact. However, the acquired momentum of the in-rushing water
causes it to over-compress against the structure and produces
strong outwardly radiating shockwaves. Such pressure pulses/
shock waves can be large enough to potentially damage or even
lead to the implosion of adjacent structures (Diwan et al., 2012;
Farhat et al., 2013; Harben and Boro, 2001; Ikeda, 2012; Ling
et al., 2013; Orr and Schoenberg, 1976; Turner and Ambrico,
2012; Vath and Colletti, 1968). A classical example of such an event
is the 2001 accident at the Super-Kamiokande facility in Japan,
where about 7000 photomultiplier tubes were destroyed by a sym-
pathetic implosion event (Cartlidge, 2001).

In the past, many researchers have theoretically investigated
the buckling of cylindrical shells to predict the critical hydrostatic
collapse pressures (Timoshenko and Gere, 1963; Von Mises, 1929).
The effect of imperfections and various defects has been presented
in several research articles (Budiansky and Hutchinson, 1966;
Simitses, 1986). It was concluded that the initial ovality of the
cylindrical shell can significantly reduce the collapse pressure,
while the variation in wall thickness has a minimal effect on the
collapse pressure (Kyriakides and Corona, 2007). The propagation
of buckles in offshore pipelines has also been widely studied
(Charter et al., 1983; Kyriakides and Babcock, 1981; Kyriakides
and Netto, 2000; Mesloh et al., 1973; Palmer and Martin, 1975).

Although the problem of buckling has been extensively investi-
gated from the structural point of view, there have been very few
studies reported which aim to understand the fluid motion and
pressure wave emissions during underwater buckling of struc-
tures. In the early 1900’s, Rayleigh (1917) developed analytical
expression for the collapse of a spherical bubble inside an incom-
pressible fluid. According to this theory, a pressure difference
between the bubble and ambient internal pressure causes the bub-
ble to collapse or grow, which results in an oscillatory bubble
pulse. In the problem of a closed structure imploding in an under-
water environment, the low pressure gas is contained inside a
structure. Due to this fact, this structure plays a key role during
the collapse process and the complex fluid–structure interaction
between the structure and water governs the dynamics of the
implosion. In the early 1960’s, the implosion of glass spheres was
used to generate acoustic signals for underwater applications
(Isaacs and Maxwell, 1952; Urick, 1963). Orr and Schoenberg con-
ducted implosion experiments using pre-weakened glass spheres
(by grinding a flat spot) in the ocean and concluded that the implo-
sion depth is dependent on the thickness of the flat spot (Orr and
Schoenberg, 1976). Harben and Boro conducted implosion experi-
ments with five glass spheres bundled together for boosting the
amount of implosion energy released (Harben and Boro, 2001).
Turner conducted near-field pressure measurements during the
implosion of glass spheres and concluded that the failure time his-
tory of the structure has a significant influence on an implosion
pressure pulse (Turner, 2007). Recently, Turner and Ambrico
(2012) and Farhat et al. (2013) studied the implosion of aluminum
cylindrical tubes. Turner and Ambrico (2012) concluded that there
are four primary features of the implosion process in metal tubes:
(1) the initial collapse phase, prior to wall contact, is accompanied
by a smooth decrease in pressure in the surrounding water, (2) at
the moment that contact is made between opposing sides of the
collapsing cylinder at the center, a short duration pressure spike
is emitted in the surrounding water, (3) a large positive pressure
is produced at the instant that contact between the two opposing
sides extends the full width of the cylinder, and (4) as the buckle
propagates toward the ends, the pressure pulse continues, but at
a lower magnitude, until the buckle reaches the end cap and the
collapse of the cylinder completes. Farhat et al. (2013) extended
this implosion work by studying both mode-2 and mode-4 collapse
of aluminum cylindrical shells and demonstrated that the pressure
pulse generated is influenced by the mode of buckling as well as
the associated localization of collapse.

With advances in computational computing resources and effi-
ciency, the modeling and simulation of implosion phenomenon has
gained interest. Early numerical studies involving underwater
implosions generally represented the implodable volume as a gas
bubble within a high pressure fluid field. Kadioglu and Sussman
(2008) utilized an adaptive solution methodology to solve the
multi-phase problem of a gas bubble contained within a water
field. Farhat et al. (2008) simulated the 2 phase flow problem with
a solution methodology known as the ‘‘ghost fluid method for the
poor’’ (GFMP). The work extended the original GFMP method to
better handle the large discontinuities of pressure and density at
the air/water interfaces. These studies have generally focused on
the two-phase nature of the fluid flow but have neglected the fluid
structure interaction which has been shown to be important in the
implosion of a structural body. Turner (2007) utilized the coupled
Eulerian–Lagrangian fluid structure interaction code (Dynamic
System Mechanics Analysis Simulation code or DYSMAS) to simu-
late the collapse of glass spheres to determine the influence of the
failure rate of the spheres on the resulting pressure histories. The
primary conclusion was that a computational model of an under-
water implosion event must include the structure that separates
the low pressure air from the high pressure water. If the structure
is neglected, the model would over predict the peak pressure gen-
erated from the collapse. Turner and Ambrico (2012) also utilized
the DYSMAS code to simulate the implosion of metallic cylindrical
bodies. Farhat et al. (2013) investigated the pressure pulses result-
ing from an implosion, and the parameters which influence the
nature of the pulses, through the AERO software suite. The simula-
tions were shown to accurately capture both the deformations of
the structure as well as the pressure waves resulting from the col-
lapse. Recently, Chamberlin and Guzas (2012) developed energy
metrics to characterize underwater implosion and used these met-
rics to examine the energy balance during an implosion event. For
a series of test cases involving hydrostatic implosion of ductile
metal cylinders, they found that the structure absorbs the majority
of the initial energy of the system and the released pressure pulse
carries away a small percentage of the initial energy Chamberlin
and Guzas (2012).

All these experimental and numerical studies on implosion
mentioned above were conducted in a free-field environment,
where the net hydrostatic pressure in the surrounding fluid is
maintained during the implosion process and the free-field envi-
ronment acts as an infinite source of hydrostatic potential energy
to drive the implosion process. On contrary, in the case of implo-
sion occurring within a confining space, the source of hydrostatic
potential energy to progress the implosion is limited. Hence, the
ratio of energy required to deform the implodable volume and
the initial potential energy available acts as a critical factor to drive
the implosion process. Costa and Turner (2008) did study the
implosion of a tube occurring within an open-ended confining tube
and showed that the implosion phenomenon significantly differs
from a free-field implosion, however, due to open ended nature
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of their confining tube, infinite energy was still available for driv-
ing the implosion process. Such implosions have shown to be capa-
ble of generating strong hammer pressure waves (up to 5 times of
the collapse pressure) at the closed end of the confining tube,
which is highly detrimental to the nearby structures. Another
study on understanding the implosion of structures in a confining
space was performed by Bitter and Shepherd (2014). They studied
the dynamic buckling of submerged tubular structures in a closed
tube. Tube buckling experiments were performed by applying
impulsive loading in the water filled outer tube and dynamic buck-
ling theoretical models were developed involving the fluid struc-
ture interaction. In their experiments, the dynamic impulse
loading applied was an order of magnitude higher than the critical
buckling load, therefore the dynamic impulsive loading was only
considered to cause the implosion and the effect of initial hydro-
static pressure was not investigated.

The primary objective of this study is to understand the mechan-
ics of implosion of cylindrical shells inside a closed confining tube.
The experiments conducted with a range of d/D (diameter of implo-
dable/diameter of the confining tube) cylindrical shells revealed
that the limited hydrostatic energy available in the confined envi-
ronment significantly influences the implosion process. The extent
of collapse and the velocity of the implodable walls are smaller for
large diameter cylindrical shells, although the change in internal
volume of the implodable is relatively similar for all shells.

2. Experimental setup

A schematic of the experimental setup for the tubular confined
space implosion facility is shown in Fig. 1. It consists of a confining
Ch-2 Ch-3 Ch-4 Ch-A Ch-BCh-1

152 mm 305 mm 305 mm 229 mm

76 mm

Data Acquisition System

Confining Tube
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Fig. 1. Schematic of ex
tube mounted on a horizontal I-beam section and an inner tube
(implodable, shown in Fig. 2). The confining tube is made out of
seamless low-carbon steel (SA106-B) pipe with the specifications
from pressure vessel handbook (Buthod, 1983) and has an inner
diameter of 177.8 mm (7 in) with 19 mm (0.75 in) wall thickness.
The overall length of the confining tube is 2.13 m (84 in). The high
frequency dynamic pressure transducers (PCB-113B22) are
installed in the wall of the vessel such that the sensor element is
flush with the inner surface. The dynamic pressure transducers
have a rise time of <1 ls, resolution of 0.14 kPa (0.02 psi) and high
resonant frequency (>500 kHz). The transducers are placed along a
single line axially in the confining tube, and the distance between
the sensors varies between 76 mm (3 in) to 305 mm (12 in)
depending on their axial position (see Fig. 1 for exact locations).
Three sensors are placed in the close vicinity of the center of the
confining tube to exclusively capture the fluid pressure drop with
the collapse progression in the implodable. A data acquisition
system with 200 kHz bandwidth is used to capture the dynamic
pressure history in the confining tube at a sampling rate of 2 MHz.
Additionally, a static sensor is installed to monitor the hydrostatic
gage pressure of the confining tube before the implosion occurs.
The confining tube is inclined at an angle of �2� at one end
manually in order to remove the excess air present in the confining
tube to the maximum extent possible before pressurization.

The implodables used in this study are made out of commer-
cially available aluminum 6061-T6 extruded seamless tubing.
Table 1 gives a brief layout of the experiments conducted in this
study. The diameter of the implodable volume is increased from
31.8 mm (1.25 in) to 50.8 mm (2 in) to 76.2 mm (3 in) to increase
the ratio of implodable diameter (d) to the confining tube diameter
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Fig. 2. Schematic of implodable volume.

Table 2
Ovality parameter and wall eccentricity for all geometries.

Geometry
no.

Ovality parameter (D0)
(%)

Wall eccentricity (N0)
(%)

1 0.04 1.41
2 0.06 0.97
3 0.07 2.21

S. Gupta et al. / International Journal of Solids and Structures 51 (2014) 3996–4014 3999
(D). The unsupported length (l) of the implodables is fixed at
304.8 mm (12 in) and the wall thickness (h) is increased to keep
the critical buckling pressure approximately constant. The increas-
ing implodable diameter allows for a large range of the ratio
between the confining space’s volume and implodable’s volume
(from �30 to 200). A schematic of the mounting fixture for holding
the implodable is shown in Fig. 2. The implodables are sealed on
both ends using solid aluminum end-caps, which utilize circumfer-
ential o-rings for sealing the specimen for underwater experi-
ments. This tube and end-cap assembly is mounted inside the
confining tube using support collets, which ensure concentric
placement of the implodable in the confining tube. The construc-
tion of the three spoke collet is chosen so as to provide minimal
interference to the axial pressure waves and water flow within
the confining tube during the implosion event. The effect of initial
ovality and wall thickness variation on the critical buckling pres-
sure has been widely reported (Kyriakides and Corona, 2007).
Therefore, ovality parameter ðD0 ¼ Dmax � Dminð Þ= Dmax þ Dminð ÞÞ
and wall eccentricity parameter ðN0 ¼ hmax � hminð Þ= hmax þ hminð ÞÞ
are measured for each specimen to quantify the initial imperfec-
tions present in the specimen before experiments and are shown
in Table 2.

The confining tube is filled and pressurized with water using a
hydrostatic pump. The pressurization rate during the experiments
is kept at 0.689 MPa/min (100 psi/min). This ensures a negligible
increase of pressure (�10�5 MPa) during the typical implosion
event (<2 ms). When the implodable reaches the critical buckling
pressure, the implosion occurs and generates an audible noise. This
noise is utilized as a signal to manually shut down the hydrostatic
pump. Due to the relatively small flow rate of the hydrostatic
pump (0.0935 ml/ms), the external water flow during the implo-
sion event from outside in the confining tube can be neglected in
the transient pressure time histories.

3. Computational model

Computational models of the implosion experiments are devel-
oped using the Dynamic System Mechanics Analysis Simulation
(DYSMAS) software, maintained by the Naval Surface Warfare Cen-
ter (NSWC), Indian Head Division. The software is a fluid–structure
interaction (FSI) code that consists of structural solver (ParaDyn), a
Table 1
Layout of the experiments.

Geometry no. Wall thickness (h) Outer diameter (d) Internal volume (V

1 0.89 mm (0.035 in) 31.8 mm (1.25 in) 241 ml
2 1.24 mm (0.049 in) 50.8 mm (2.00 in) 616 ml
3 1.65 mm (0.065 in) 76.2 mm (3.00 in) 1386 ml
fluid solver (GEMINI), and the standard coupler interface. ParaDyn
is an explicit Lagrangian solver suitable for large deformation
dynamic problems. GEMINI is an explicit Eulerian fluid solver with
equation of state (EOS) models for gases, liquids, explosives, and
solids. The standard coupler interface allows the fluid and struc-
tural codes to share the required variables for the fluid structure
interaction problem.

The computational models are developed to (1) capture the
fluid structure interaction between the implodable and the sur-
rounding fluid, (2) predict the pressure time history resulting from
the implosion and, (3) predict the final collapsed shape of the
implodable. The models include the implodable, the air contained
within the implodable, the high pressure water contained between
the implodable and the confining tube, the confining tube itself,
and a small entrapped air bubble along the top edge of the confin-
ing tube.
3.1. Structural model

The structural model, Fig. 3, consists of the implodable, confin-
ing tube and a mechanical indenter. The model is a one-quarter
symmetry model consisting of symmetry planes oriented such that
the model represents one-half of the length and one-half of the cir-
cumference of both tubes. Although the 31.8 mm and 50.8 mm
diameter implodables collapse in a pure mode-2 shape which is
1/8 symmetric, the 76.2 mm implodable only exhibits 1/4 symme-
try collapse and thus 1/4 symmetric models are used for consis-
tency. The indenter is only part of the computational model and
is not present in the actual experiment and is needed to initiate
the collapse at the same pressure as seen in the experiments. The
wall thickness variations and ovality imperfections in the implod-
ables are not accounted for in the numerical model. Therefore the
model is inherently stronger than the actual implodable and must
be numerically initiated to correspond to the experiments.

Both the implodable and the confining tube are modeled with
80 quadrilateral shell elements around half the circumference
and 200 elements along one-half on the length. This results in ele-
ment sizes on the order of 0.6 mm for the implodable and 5 mm for
the confining tube. Although the confining tube consists of larger
elements, it is assumed to be sufficiently rigid due to its thickness
such that deformations are minimal and the larger elements are
acceptable. All structural elements utilize the Hughes-Liu element
formulation with 5 integration points through the thickness of the
elements. The outer surface of the implodable and the inner
surface of the confining tube are modeled with appropriate shell
offsets so as to capture the correct locations of the wetted surfaces.
The steel confining tube is modeled as a linear isotropic material
and the aluminum implodable is modeled with a ‘‘Rate-Dependent
1) V1/Vconfining tube l/d d/h Experimental collapse pressure (Pc)

1/187.5 9.6 35.7 4.14 MPa (600 psi)
1/73.05 6 40.8 3.33 MPa (484 psi)
1/32.47 4 46.2 3.59 MPa (520 psi)
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Fig. 3. Structural model of confining tube and implodable volume.
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Tabular Isotropic Elastic–Plastic’’ material model, although rate
dependency is not considered in the current model.

3.2. Fluid model

The fluid model consists of the air internal to the implodable,
the high pressure water contained within the confining tube, a
small entrained air bubble at the top of the fluid body, and low
pressure air external to the confining tube (see Fig. 4). The initial
entrapped air bubble in the system is included due to the inability
to fully evacuate all of the air from the confining tube in the exper-
iments due to the horizontal orientation. The difference in pres-
sures between the high pressure water and the ambient air
contained within the implodable corresponds to the collapse
pressure observed during the experiments and is unique to each
geometry. Since the hydrostatic pressure recorded during the
experiments is actually the gage pressure and not the absolute
High Pressure 
Water

0.101 MPa
(14.7 psi) Air

Differential 
(Collapse pressure)

High Pressu

Initial 

Fig. 4. Fluid model of air inside the implodable volume, high pressure
pressure in the fluid, the fluid pressure in the simulations corre-
sponds to the observed collapse pressure plus the atmospheric
pressure. By applying atmospheric pressure to the air inside the
implodable, the same net pressure differential (collapse pressure)
is achieved. For all geometries, the same fluid grid is utilized for
consistency. The grid has fluid cell sizes of 0.75 mm in way of
the implodable itself with the cells tapering to 1.5 mm in the radial
direction towards the confining tube, and tapering to 2.5 mm in
the axial direction towards the confining tube end-plates. In order
to accurately capture the relatively small size of the bubble at the
top of the confining tube, the cell size is refined to 0.2 mm at this
location in the vertical direction. The fluid grid has a total of 20.8
million fluid cells. The air is modeled using an adiabatic, isentropic
equation of state and the water is modeled with the compressible
Tillotson equation of state. The sides of the grid that correspond to
symmetry planes have fixed reflecting boundary conditions and
the other sides have free non-reflecting conditions.
re Air

Air Bubble

water inside the confining tube and initial entrapped air bubble.
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3.3. Complete DYSMAS model

In the computational models, the fluid and structural meshes
are coupled through the use of interface element definitions which
define the ‘‘wetted surface’’ of the structure. In the current models,
doubly wetted interface elements are used in which fluid (water/
air) can act on both faces of the shell elements. This is an important
consideration since both the implodable and confining tube inter-
face with both air and water. As these interface elements move
through the fluid domain during the collapse of the implodable
volume, air cells that are initially contained within the implodable
body can transition to water cells. The indenter is not included in
the fluid structure interaction definition as the collapse has been
initiated prior to the fully coupled run.

3.4. Loading/collapse initiation

In the computational models, the hydrostatic loading and sub-
sequent collapse initiation are comprised of a two step process
which occurs in an uncoupled preload simulation for computa-
tional efficiency. In the first step of the preload process, the cylin-
drical shell is hydrostatically loaded to the collapse pressure (gage
pressure) observed in the respective experiments through a
dynamic relaxation procedure in which the pressures are applied
to the segment faces defining the water side surfaces of the implo-
dable and confining tube. Once the dynamic relaxation phase con-
verged, the cylindrical shell is squeezed upon by a radially inward
moving indenter at a velocity of 60 cm/s. During this indentation
phase, the position of the implodable’s wall in way of the indenter
is monitored until the wall separates from the indenter, which
indicates the initiation of the collapse. At this point in time, the
simulation is terminated and a file containing the relevant struc-
tural quantities (i.e. stresses, position, velocities) is written. This
file is then used as the starting point for the structural component
of the fully coupled DYSMAS simulation. It must be noted that for
the fully coupled run, the mechanical pressures applied in the pre-
load model are removed since the hydrostatic load is applied
through coupling with the fluid domain in the coupled simulation.
This process greatly reduces the computational resources needed
to preload and initiate the collapse of the model. Although the
same process could be applied in a fully coupled run, the computa-
tional time (cpu hours) would be greatly increased due to the fluid
domain cost which is not required during this phase of the model
loading.
Table 3
Properties of the confining tube material and water.

Parameter Value

qf (density of water) 998.85 kg/m3

K (bulk modulus of water) 2.149 GPa
c (wave speed in water) 1467 m/s
R (inner radius of the tube) 88.9 mm

(7.00 in)
E (elastic modulus of the tube material, SA106-B

steel)
210 GPa

m (Poisson’s ratio) 0.29
h (thickness of tube wall) 19 mm (0.75 in)
L (length of the tube) 2.13 m (84 in)
4. Results and discussion

4.1. Experimental results

The pressure profiles generated from the implosion of cylindri-
cal shells inside the confining tube are captured for the experi-
ments conducted on 31.8 mm, 50.8 mm and 76.2 mm outer
diameter implodable volumes. These pressure histories are ana-
lyzed in detail in order to understand the mechanics of deforma-
tion of the implodables during the collapse. In subsequent
sections, the analytical approaches in conjunction with experimen-
tally observed pressure histories are utilized to predict the fluid
motion inside the confining tube during the implosion. The energy
redistribution of the initial hydrostatic potential energy is also dis-
cussed to distinguish between a rapid and a slow buckling process.

4.1.1. Evolution of pressure waves inside the confining tube
Underwater buckling of an implodable generates sudden

dynamic deformation in the implodable walls, causing rapid
motion and decrease in dynamic pressure in the surrounding fluid.
This dynamic pressure drop causes development of low pressure
waves. Similarly in the case of the implosion inside a confining
tube, low pressure waves are emitted from the center of the implo-
dable (or the center of the confining tube). These low pressure
waves travel outwards in both axial directions towards the ends
of the confining tube. Such pressure waves travel at a coupled pres-
sure wave speed, which has been widely studied in water hammer
theory. Early studies by Korteweg (1878) and Joukowsky (1900)
have shown that the radial oscillation of a fluid filled tube is cou-
pled with the longitudinal (axial) motion of the fluid and the cou-
pled longitudinal pressure wave speed ðcf Þ in the fluid is given by

cf ¼
cffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2KR
Eh

q ð1Þ

where the parameters are listed in Table 3.
Recent investigation by Tijsseling (2007) estimated the coupled

longitudinal pressure wave speed ðcf Þ in a fluid filled thick walled
tube, which is given by

cf ¼ qf
1
K
þ 2

E
R
h

1� m2

1þ h=2R

� �
þ 1þ h=R

2þ h=R
þ m

� �� �� ��1=2

ð2Þ

For the case of the confining tube geometry chosen in this
study, both Korteweg’s and Tijsseling’s theory predict that the cou-
pled longitudinal pressure wave speed to be 1395 m/s. As the inner
diameter of the confining tube (177.8 mm) and the unsupported
length of the implodable (304.8 mm) are of the same order, the
nature of the pressure waves in the vicinity of the implodable is
approximately radial. Therefore, for the experimental determina-
tion of the pressure wave speed near the specimen, a spherical
pressure wave front emission from the central part of the imploda-
ble is assumed as shown in Fig. 5(a). The path difference for the
arrival of the pressure wave at each nearby transducer location
was calculated by geometry as shown in Fig. 5(b).

In Fig. 5(b), points B and C represent the location of transducers
ch-B and ch-C in the confining tube. The pressure wave front is
generated from point A of the implodable wall surface and reaches
points B and M simultaneously. Therefore, in order to reach pointC,
the pressure wave needs to travel distanceMC, which can be calcu-
lated as,

MC ¼ AC � AM ¼ 1
2
ðD� dÞ

� �2

þ l2
1

" #1=2

� 1
2
ðD� dÞ ð3Þ

Table 4 shows the values of path difference ðMCÞ between ch-B
and ch-C for different geometries. The larger diameter implodable
has greater path differences (relatively closer to l1), which suggests
an axial approximation near implodable is more accurate for larger
implodables.

The path differences between the transducers away from the
implodable (i.e. Ch-1 to 4, Ch-5 to 8) was taken as their axial
locations’ difference as the radial nature of pressure waves can
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Table 4
Path difference (MC) between ch-B and C for all geometries.

Geometry no. Outer diameter (d) l1 MC

1 31.8 mm (1.25 in) 76.2 mm (3.00 in) 32.5 mm (1.28 in)
2 50.8 mm (2.00 in) 76.2 mm (3.00 in) 35.7 mm (1.41 in)
3 76.2 mm (3.00 in) 76.2 mm (3.00 in) 40.8 mm (1.61 in)
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be neglected beyond the implodable location (assuming the wave
becomes planar after traveling two diameters away from the cen-
ter). Using these path differences, the wave speed inside the con-
fining tube is calculated by estimating the time difference
between the arrivals of pressure wave front at each respective
transducer location and is shown in Fig. 5(c). As it can be seen from
Fig. 5(c), the speed is in good agreement (�5% error) with the
Korteweg and Tijsseling predictions. It is important to note during
this analysis the wave speed should be estimated before any
reflected wave from the end-plates arrive at the transducer loca-
tions. Therefore, pressure wave velocity is estimated in the central
half axial length of the confining tube, which receives reflections
only after 0.7 ms duration.

4.1.2. Pressure history comparison
The pressure profiles observed in the confining tube for differ-

ent geometries are shown in Fig. 6. Note that the pressure profiles
observed in the implosion experiments exhibited symmetry, as the
implodables are placed at the center of the confining tube. Time
t = 0 is arbitrarily chosen prior to any dynamic pressure variations
observed in the experiments. Each figure shows three pressure
traces: (1) ch-B, which shows the pressure history at the center
of the confining tube, (2) ch-6, which shows the pressure halfway
between the implodable and the end-plate, and (3) ch-8, which
shows the pressure history at the far end of the confining tube
(end-plate). The ch-8 transducer is placed at center of the end plate
whereas ch-B and 6 are flush mounted in the inner walls.

The theoretical critical buckling pressure calculated for the
nominal dimensions of the geometry 1 using von-Mises theory is
3.72 MPa (540 psi) (Timoshenko and Gere, 1963; Von Mises,
1929), while during experiments the collapse occurs at 4.14 MPa
(600 psi). Such critical pressure variation can be attributed to small
difference in the mean wall thickness of the commercially received
tube specimens from the nominal value.
As shown in Fig. 6, the initial decrease in the pressure at ch-B
corresponds to the beginning of the collapse process. The buckling
of the specimen occurs in mode-2 shape (two lobes) for geometry 1
and 2, while geometry 3 exhibits a single indentation only (this
will be discussed later in Section 4.2). The buckling begins at the
mid-span of the specimen, while the remaining specimen stays
stationary. The initial buckling causes a local change in the volume
of the specimen at the center. At the critical buckling pressure,
there is some excess volume of water present in the confining tube
with respect to atmospheric pressure conditions, which maintains
the hydrostatic pressure inside. This ‘‘excess compressible water’’
has two components: (1) actual compressible water present at
high pressure and (2) the elastic expansion of the confining tube
causing increased volume of water inside. If initial volume of the
implodable ðVimplodable iÞ is assumed to be negligible as compared
to confining tube volume ðVimplodable i � pR2LÞ, the volume of excess
compressible water ðVexcess waterÞ can be estimated as following,

Vwater i ¼ pR2L 1þ PcR
2hE

5� 4mð Þ
� �

� Vimplodable i ð4Þ
Vexcess water ¼ Vwater i 1þ Pc

K

� �
� pR2L� Vimplodable i

	 


� pR2L
R

2hE
5� 4mð Þ þ 1

K

� �
Pc ð5Þ

where Vwater i= the initial volume of water at the critical buckling
pressure ðPcÞ.

In the rightmost expression in Eq. (5), the first term represents
the elastic expansion of the confining tube and second term is due
to the compressibility of water. For the case of geometry 1, Eq. (5)
shows that there is �109 ml excess compressible water present in
the confining tube and any comparable changes in the volume of
the specimen with respect to 109 ml can decrease the overall
hydrostatic pressure. In the case of geometry 1, it is observed that
there is a rapid decrease of the pressure near the implodable, while
the pressure near the end-plate remains constant. This decrease in
the pressure of the fluid immediately surrounding the specimen is
directly related to the inward velocity at which the shell surface is
moving during the collapse. Therefore, during the buckling process,
a pressure release wave in the surrounding water is emitted
from specimen’s wall. Initially, this wave propagates spherically
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outwards and later axially towards the end-plate at coupled acous-
tic wave velocity causing the pressure to drop in the confining
tube. These pressure release waves propagate the transient pres-
sure disturbances in order to create spatially uniform hydrostatic
pressure in the confining tube. For geometry 1 (see Fig. 5(a)), the
initial pressure release wave emitted at �t = 1.2 ms reaches the
end-plate at approximately t = 1.9 � 2.0 ms. It can be observed that
the time scale of the pressure drop near the specimen (�0.6 ms) is
smaller as compared to the 1/2 time period of the pressure wave
oscillation in the confining tube (�1.5 ms). So, the release wave
front emitted by the geometry 1 is a short wavelength pressure
pulse traveling outwards in the confining tube and it does not
overlap with itself at the center.

It is interesting to see that the pressure drop at the end-plate
(ch-8) is larger than that experienced at the center (ch-B). In the
initial pressure decay region, the pressure at the end-plate almost
reaches zero. This phenomenon is similar to the reflection of a high
pressure wave from a rigid wall in water (virtually incompressible
fluid), where the pressure imparted on the rigid wall is twice the
magnitude of the incident pressure (Taylor, 1963). From the classi-
cal acoustic shock wave theory for water (Taylor, 1963) and assum-
ing rigid reflection of the wave from the end-plate, the pressure
decay rate almost doubles in magnitude in this case and a sharp
pressure drop at the end-plate is observed (the increase in decay
rate at the end-plate is apparent by looking ahead to Fig. 12). It
can also be seen that in the initial collapse process, the release
pressure wave emitted at the center has the strength of almost
75% of the initial hydrostatic pressure; therefore the end-plate
encounters twice the magnitude of the pressure wave (�150%).
As a result, it causes a region of cavitation to develop at the end
plate walls due to the inability of water to sustain tensile (nega-
tive) pressures. The presence of cavitation is indicated by the time
duration of a zero pressure at the end-plate.

After the low pressure wave reflects from the end-plate, the net
velocity of water still remains towards the center, which causes
pressure to increase/maintain at the central region of the confining
tube depending upon geometry. The resultant high-pressure waves
reflect outward and eventually interface with the end-plates, which
until this time had experienced zero pressure, as seen on transduc-
ers ch-1 and ch-8. These high pressure waves are similar to the clas-
sic water hammer wave studied in the opening/closing of valves in
pipelines. In this case, the implosion of the specimen acts as an
opening of a check-valve at the center of the confining tube, which
develops a mean axial flow in the water towards the center. When
the implosion process completes/arrests, the flow of water is
restricted, representing a sudden closing of a check-valve, which is
responsible for a high pressure hammer wave occurrence during
these experiments. According to the water hammer theory, the time
period of the hammer wave is T ¼ 4� ðLength=Wave SpeedÞ (Potter
et al., 2002). Similarly in the case of the confining tube, the duration
of the zero-pressure region can be written as,

Tzero�pressure �
T
2
¼ 2� Half Length of the Confining Tube

Wave Speed in Water

¼ 2� 1:067 m
1395 m=s

¼ 1:530 ms ð6Þ
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After the development of these high pressure waves, the behav-
ior of pressure inside the confining tube stays oscillatory. A sche-
matic of such high/low pressure wave generation is also shown
in Fig. 7. Please note that the local radial flow of water near the
center of the implodable is neglected in Fig. 7 and only the axial
motion of water particles is shown for simplicity.

In the case of geometry 2 and 3, it is observed that the pressure
drop at any location inside the confining tube is slower as com-
pared to geometry 1 and decreases with increasing diameter (see
Fig. 6(b) and (c)). Also in comparison to geometry 1, these geome-
tries exhibit a relatively slower collapse and the collapse process
was observed to lie between highly dynamic and quasi-static. As
a result, the pressure waves have enough time to stabilize within
the confining tube. The pressure near the specimen (ch-8) initially
monotonically decays over time and does not exhibit any hump as
observed in geometry 1.

In all the geometries, the onset of implosion generates low pres-
sure acoustic waves from center. Later, further pressure drop at the
center causes unsteady flow of water towards the implodable. The
mechanism of the movement of water during initial collapse can
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be described as sink and source: (1) the end-plate region acts as
a source of water, (2) the central region acts a sink of water. The
net motion of water towards the implodable during the collapse
process causes high pressure development at the center of the con-
fining tube. This in turns leads to repeated high and low pressure
wave oscillations after collapse finishes.

4.1.3. Wall contact and shock generation
Free field hydrostatic implosion of cylindrical shells have shown

that the contact made between opposing sides at the center of a
collapsing cylinder generates a shorter duration small pressure
spike followed by a longer duration large pressure spike, which
is produced at the instant that contact between the opposing sides
extends the full width of the cylinder (Turner and Ambrico, 2012).
These pressure spikes are locally generated from the implodable’s
surface and decay almost as a spherical wave as a function of 1/r. In
the present study, such pressure spikes are also observed for
geometry 1 (which exhibited full collapse/wall contact during
experiments) and is shown in Fig. 8. At t = 1.99 ms in Fig. 8, a sharp
pressure spike with a rise time of 5 ls is observed at ch-B
n 
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Low Pressure
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rocess in the confining tube.
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indicating the initiation of specimen wall contact. The magnitude
of the pressure spike is approximately 0.82 MPa with the time
duration of 50 ls. The quick depletion of hydrostatic pressure
inside the confining tube during the implosion process is responsi-
ble for inhibiting the generation of a large pressure spike (above
the initial hydrostatic pressure). The large pressure spike would
be a result of the high pressure water rushing with high velocity
against the walls of the implodable. In this case, the drop of hydro-
static pressure slows down the collapse process of the implodable.
Thus, the surrounding low pressure water is incapable of generat-
ing a high pressure spike.
4.1.4. Pressure spatial distribution analysis
In order to better understand the axial pressure changes that

take place, a plot of pressure in the confining tube as a function
of transducer location is generated for different instants of time
in Fig. 9 for all the geometries.

In the case of geometry 1, a local pressure drop at the center of
the confining tube occurs and travels as an acoustic wave axially
towards the end-plate as shown in Fig. 9(a). During the time that
the local pressure at the center decreases towards its minimum,
there is no change in the pressure away from the center. This pres-
sure drop gradually develops almost as a normal distribution and
by time t = 1.8 ms, it reaches the lowest pressure value of
1.1 MPa. At this instant, the implodable reaches the highest wall
velocity relating to the highest decrease in pressure. After this
point, the implodable begins to decelerate and wall contact occurs
leading to a sudden velocity arrest and high deceleration in the
wall movement. As a result, a compressive high pressure wave is
emitted and an increase in pressure is seen at the center. Therefore
a combination of an initial release wave and generation of com-
pressive wave leads to a double valley shaped pressure distribution
(see t = 2.0 ms and 2.1 ms in Fig. 9(a)).

For Geometry 2 and 3, the spatial gradients of pressure are
decreased due to slower pressure decay rates providing enough
time duration for pressure wave oscillation, and hence, an effective
global hydrostatic pressure drop is observed. The rate of pressure
drop at the center is slower for geometry 2 and 3, as compared
to geometry 1, due to slower wall velocity of the implodable vol-
umes (see Fig. 9(b) and (c)). As a result, the pressure release wave
from the center reaches the end-plate at t = 2.1 ms for geometry 2,
while still maintaining high pressure (2.25 MPa, 63% of the buck-
ling pressure) at the center. It is also interesting to note that after
the collapse process, the pressure at the center of the implodable
reaches an approximate constant pressure state and does not
decay further. This implies that the velocity of the implodable
was really small and any pressure disturbances caused by the
implodable can be ignored. The distribution of pressure for
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Fig. 8. Pressure spike observed in
geometry 3 is very similar to geometry 2. The pressure wave evo-
lution is even slower for geometry 3 with respect to geometry 2,
leading to minimal pressure gradients.

4.1.5. Calculation of change in volume of the implodable as a function
of time

Using the pressure histories obtained at different axial loca-
tions, two approaches can be utilized to estimate the change in vol-
ume of the implodable as a function of time (collapse progression):
(1) Mean hydrostatic pressure approach, in which the change in
the mean hydrostatic pressure inside the confining tube is directly
proportional to the change in volume of implodable, (2) Water par-
ticle velocity approach, in which the cumulative inward flow of
water towards the central region of the confining tube represents
the change in volume of implodable.

4.1.5.1. Mean hydrostatic pressure approach. The implosion of cylin-
drical shells in a confined environment generates a local pressure
drop as well as a global hydrostatic pressure drop across the entire
confining tube. This mean hydrostatic pressure can be evaluated by
spatially averaging the pressure at different axial locations and is
plotted in Fig. 10(a). The initial pressure drop represents the collapse
initiation in the specimens and this collapse progresses until the
mean hydrostatic pressure reaches its first minimum value. For each
case, it is evident from Fig. 10(a) that there is residual mean hydro-
static pressure wave present even after the end of collapse (>5 ms).
This is due to: (1) pressure oscillations: elastic recovery and vibra-
tion of the specimen generates mean hydrostatic pressure pulses
in the confining tube, and (2) residual pressure: a minimum critical
pressure is required to progress the deformation of the specimen
(Kyriakides and Babcock, 1981). If the mean pressure reaches below
threshold value, no further deformation can be achieved. This phe-
nomenon is similar to the ‘propagation pressure in pipelines’
reported earlier in the literature (Kyriakides and Babcock, 1981;
Palmer and Martin, 1975; Dyau and Kyriakides, 1993).

In this analysis, the mean hydrostatic pressure is dominantly
responsible for the deformation of the implodable. Also, the implo-
dable is assumed to be in contact with water due to strong cou-
pling between the water velocity and the implodable’s wall
velocity throughout collapse duration.

The inner volume of the confining tube (Vconfining) at a mean
hydrostatic pressure PmðtÞ, and the volume of water (Vwater) at
any time t can be written as,

Vconfining ¼ pR2L 1þ PmðtÞR
2hE

5� 4mð Þ
� �

;

Vwater ¼ Vwater i 1þ ðPc � PmðtÞÞ
K

� �
ð7Þ
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Using Vwater þ Vimplodable ¼ Vconfining ,

Vimplodable ¼ pR2L 1þ PmðtÞR
2hE

5� 4mð Þ
� �� �

� Vwater i 1þ ðPc � PmðtÞÞ
K

� �� �
ð8Þ

The change in the volume of specimen (DVimplodable) can be written as
a function of mean hydrostatic pressure
DVimplodable ¼ Vimplodable i � Vimplodable

¼ Pc � PmðtÞð Þ pR2L
1
K
þ R

2hE
5� 4mð Þ

� �
� Vimplodable i

K

� �
ð9Þ

Using Eq. (9), the decrease in the volume of implodable as a func-
tion of time is plotted in Fig. 10(b). It can be seen that the change
in volume of implodable for geometry 1, 2 and 3 is approximately
96 ml, 76 ml and 71 ml respectively. It is striking that the smallest
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implodable exhibits the largest change in volume during implosion,
while largest implodable exhibits the smallest change in volume.
The reason being is that the extent of deformation (or DVimplodable)
depends upon Vexcess water present in the confining tube rather than
the size of the implodable itself. Since Vexcess water / Pc from Eq. (5),
it implies that the extent of deformation will increase with increas-
ing buckling pressure.

The Vexcess water in the confining tube for geometry 1, 2 and 3
respectively is �109 ml, 87 ml and 91 ml (from Eq. (5)) and it is
represented by the solid symbol in Fig. 10(b). It can be seen that
a higher amount of Vexcess water leads to a higher DVimplodable during
implosion and the difference between Vexcess water present in the
system and DVimplodable for each experiment was approximately
�10–20% of Vexcess water . That there is a finite volume of Vexcess water

present in the system after the collapse of the implodable is
arrested indicates that there is a certain threshold of positive
hydrostatic pressure below which the implosion process cannot
continue. The difference between the Vexcess water and DVimplodable at
the end of the event is discussed by Kyriakides and Babcock as
the ratio of propagation pressure and critical buckling pressure
(Kyriakides and Babcock, 1981). It concludes that the hydrostatic
pressure cannot lead to positive work on the implodable, unless
the mean hydrostatic pressure in the confining tube is larger than
the propagation pressure (pressure required to continue the implo-
sion process).

It is also interesting to note that the ratio of change in volume of
implodable to the initial volume is significantly large for smaller
implodable (�50%). This indicates that the small implodable is
more likely to exhibit contact during implosion and this is consis-
tent with the discussion in Section 4.1.3 that geometry 1 did exhi-
bit wall contact.

4.1.5.2. Water particle velocity approach. The implosion process
occurring at the center of the confining tube can be considered
as a sink of water where a net inward flow of water is generated
during the collapse process. The volume of net flow of water
towards the center is approximately equal to the deformation of
the implodable. Hence, this approach for the calculation of
DVimplodable relies on the estimation of axial particle velocity of
water inside the confining tube using appropriate fluid mechanics
field equations.

The following equations represent the generalized equations of
conservation of mass and momentum used in fluid mechanics,

@q
@t
þ �u � rqþ qðr � �uÞ ¼ 0 ð10Þ

q
@�u
@t
þ u � ru

� �
¼ �rP ð11Þ

where q is the density of the water, P is the pressure in water and �u
represents the flow field of the water in Eulerian coordinates. Using
the pressure-density relationship,

@P
@t
¼ @P

@q

� �
q¼q0

@q
@t

ð12Þ

Eqs. (10) and (11) can be simplified as

1
c2

0

@P
@t
þ �u � rP

� �
þ qðr � �uÞ ¼ 0 ð13Þ

q0
@�u
@t
þ �u � r�u

� �
þrP ¼ 0 ð14Þ

where c0 ¼ ffip @P
@q

	 

q¼q0

is the wave speed in water at atmospheric

pressure and temperature. Although the flow of water at the center

of the confining tube is a combination of inward radial and axial
flow, the axial wave assumption is valid beyond the unsupported

length of the implodable (See ‘dotted’ region in Fig. 11, xj j > l=2).

Therefore the conservation equations can be further written as

1
c2

0

@P
@t
þ u

@P
@x

� �
þ q

@u
@x
¼ 0 ð15Þ

q
@u
@t
þ u

@u
@x

� �
þ @P
@x
¼ 0 ð16Þ

where x is the axis of the confining tube with the center at the ori-
gin and u represents the velocity of water in the x -direction. If the
volumetric flow rate of water crossing boundaries PQ and RS (in
Fig. 11) towards the center is estimated, the accumulation of water
(DVimplodable) can be calculated as a function of time. Please note that
in this approach, the compressibility of water in the central region
is ignored and all the water crossing the boundary PQ and RS is con-
sidered to be preserving its volume.

These governing equations, Eqs. (15) and (16), couple the spatial
distribution and time evolution of pressure (Pðx; tÞ) as well as the
fluid particle velocity (uðx; tÞ). Using the experimentally obtained
pressure histories at different axial locations, a complete descrip-
tion of Pðx; tÞ can be estimated. Hence, the spatial pressure gradient
@P
@x ðx; tÞ and pressure change rate @P

@t ðx; tÞ can be obtained by differ-
entiation of Pðx; tÞ . But, the coupled nature of these equations lead
to high coupling between @P

@t ,
@P
@x, u, @u

@x and @u
@t . This implies that uðx; tÞ

cannot be explicitly calculated from these equations easily. There-
fore, @u

@t is represented in terms of @P
@x,

@P
@t and u by following steps:

q
@u
@t
þ u

@u
@x

� �
þ @P
@x
¼ 0 ð17Þ

)q
@u
@t
þ u � 1

c2
0

@P
@t
þ u

@P
@x

� �� �
þ @P
@x
¼ 0 ðUsing Eq:ð15ÞÞ ð18Þ

)q
@u
@t
þ @P
@x

1� u2

c2
0

� �
� u

c2
0

@P
@t
¼ 0 ð19Þ

As the water particle velocity is very small as compared to the wave
speed in water during the implosion process (u � 25–50 m/s
) u=c0 �1), Eq. (19) can be rewritten as,

) q
@u
@t
¼ u

c2
0

@P
@t
� @P
@x

ð20Þ

The plot of @P
@x and @P

@t obtained at different times as a function of axial
location is shown in Fig. 12.

The spatial pressure gradient ð@P
@xÞ exhibits the highest value of

7 MPa/m for the case of geometry 1, while other geometries exhibit
relatively smaller @P

@x of 2.5 MPa/m and 1.9 MPa/m for geometry 2
and 3 respectively. The pressure gradients for geometry 1 develop
quickly and propagate as a wave towards the ends of the confining
tube, while the other two geometries exhibit slow development,
leading to reflections from the ends.

Similar to @P
@x, the pressure decay rate @P

@t

� �
at the center also

exhibits the highest value of 9 GPa/s for geometry 1, while both
geometry 2 and 3 show @P

@t of �3 GPa/s and 2.5 GPa/s. The slow @P
@t

for geometry 2 and 3 is a direct indication of slow collapse progres-
sion. At the end-plates, the maximum @P

@t was �13 GPa/s, 5 GPa/s
and 4 GPa/s for geometry 1, 2 and 3 respectively, which is almost
twice the magnitude encountered in each case at the center indi-
cating rigid reflection of pressure wave at the end-plates discussed
in Section 4.1.2 (Taylor, 1963).

Using the following initial conditions (Eq. (21)) for Eq. (20), the
water velocity uðx; tÞ at different axial locations as a function of
time can be obtained by iteratively solving for u in Eq. (18) using
a finite difference scheme.

uðx; t ¼ 0Þ ¼ 0; Pðx; t ¼ 0Þ ¼ Pc ð21Þ
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This approach for estimating uðx; tÞ is simple, as it only utilizes
initial conditions of the problem and no boundary conditions are
required at the end-plates. It eliminates the issue of characteriz-
ing the complex boundary condition present at the end-plate
(stress-free boundary condition after cavitation, zero-velocity
rigid boundary condition otherwise). The time histories of water
velocity for the three geometries at different axial locations are
plotted in Fig. 13. This figure shows the maximum water velocity
(PQ/RS, From Fig. 11) achieved for geometry 1 is 2.2 m/s (at
1.85 ms), while it is 1.69 m/s (at 2.9 ms) for geometry 2 and
1.32 m/s (at 3.37 ms) for geometry 3. The total volumetric flow
rate of water accumulated in PQRS region or DVimplodable can be
written as
DVimplodableðtÞ �
Z t

0
uPQj j þ uRSj jð Þ � p

4
ðD2 � d2Þ

h i
dt ð22Þ

where uPQj jand uRSj j represent the magnitude of water velocity at
location PQ and RS respectively. The plot of DVimplodable as a function
of time is shown in Fig. 14. It can be seen that the estimation of
DVimplodable from water velocity approach is similar to mean
hydrostatic pressure approach as shown in Fig. 10(b).

4.1.6. Transient collapse model for predicting complete deformation
history of cylindrical shells

During the progression of the collapse of a cylindrical shell prior
to wall contact, there is a specific mode associated with an initial
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given geometry. This collapse mode primarily defines the deforma-
tion of the shell during collapse process (note that the high order
non-volume preserving vibration modes have been ignored).
Hence, the extent of collapse (DVimplodable) in cylindrical shells can
be expressed as a function of the deformation at a single point
ðr1; h1; z1Þ (the mid-point in this case) on the shell uniquely for a
specific geometry.

DVimplodable tð Þ ¼ f �U r1; h1; z1; tð Þ
� �

ð23Þ

This deformation model is generally a nonlinear function for a
specific geometry hence it is numerically evaluated in this study
for all the geometries. A dynamic buckling simulation of the
implodables (without fluid) chosen in this study was performed
using DYSMAS and the internal volume of the implodables was
estimated as a function of mid-point displacement. A typical defor-
mation model calculated is shown in Fig. 15(a), in which DVimplodable

for all the geometries used in this study is expressed as a function
of mid-point displacement. It is noted from Fig. 15(a) that for both
31.8 mm and 50.8 mm OD, the initial change in volume can be
approximately represented as a quadratic function of mid-point
displacement. It is interesting to note that the DVimplodable observed
for 50.8 mm OD has a very similar trend as the 31.8 mm OD up to
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Fig. 14. DVimplodable as a function of time for all geometries from water velocity
approach.
�16 mm displacement. As DVimplodable has been shown to be esti-
mated by both mean hydrostatic pressure approach and water par-
ticle velocity approach, the mid-point deformation of the
implodable can be back calculated using this deformation model
( �U r1; h1; z1; tð Þ ¼ f�1 DVimplodable tð Þ

� �
). This model is further used to

predict the time evolution of mid-point velocity of the implodable
and is shown in Fig. 15(b). It is clear that the maximum velocity
achieved during implosion is largest for geometry 1 (�25 m/s).
Geometry 1 also exhibits the largest accelerations, which is charac-
teristic of sudden collapse of a structure. On the contrary, geometry
2 exhibits a smaller maximum velocity of 12 m/s and �5 times
slower accelerations. Hence, it can be inferred that the implosion
of larger geometries in a confining space is a slow process and
the velocities achieved in such cases are much smaller as compared
to a free-field natural implosion.

It should be noted that the transient deformation model for
geometry 3 is not discussed here because it did not exhibit the evo-
lution of mode-2 collapse and just an indentation was observed
during the confined tube implosion experiments.

4.1.7. Redistribution of energy in the confining tube
In the implosion experiments conducted inside a confining

tube, the total energy of the whole system, i.e. confining
tube + water + implodable + air inside implodable, should be
constant during the collapse process because the system is isolated
and there is no flow of energy from outside in the system. There-
fore, the energy balance between the initial state (prior to the
onset of implosion) and at any time t ¼ t1 can be written as,

Et¼0 ¼ Et¼t1 þ Eloss ð24Þ

Econfining


t¼0 þ Ewaterjt¼0 ¼ Econfining


t¼t1
þ Ewater jt¼t1

þ Eimplodable


t¼t1
þ Eairjt¼t1

þ Eloss ð25Þ

It can be noted in Eq. (25) that the initial energy terms for the
implodable and the air have been omitted because at the onset of
the implosion process, there is no significant deformation in the
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implodable causing no change in these energies. Different energies
present in the water and structure can be estimated as follows:

� The energy in the confining tube
Econfining


t¼t1
¼ 1

2
rhhehh þ rxxexxð ÞVconfining shell

¼ pR3Pm t1ð Þ2L
Eh

5
4
� m

� �
ð26Þ
where rxx = axial stress; exx = axial strain; rhh = hoop stress;
ehh = hoop strain; Vconfining shell = volume of confining tube
material.
� The energy in the water
Ewater jt¼t1
¼ Potential Energy ðP:E:waterÞþKinetic Energy ðK:E:waterÞ

P:E:water jt¼t1
¼pR2LPm t1ð Þ2

2K
; K:E:water jt¼t1

¼qpR2L
2

u2
rmsðt1Þ

ð27Þ
where urmsðt1Þ = root mean square velocity inside the confining

tube = 1
L

R L=2
�L=2 u2ðx; t1Þdx

h i1=2

� The energy absorbed in elasto-plastic deformation of imploda-
ble: This energy is taken to be the strain energy absorbed
through elasto-plastic deformation of the implodable’s walls
during collapse. This strain energy of the cylinder walls is
output explicitly from the DYSMAS simulation throughout time
and it is estimated by the volume integration of the strain
energy per unit volume. A detailed discussion of the calculation
of the strain energy in the walls of an implodable during
collapse is provided by Chamberlin and Guzas (2012). Eimplodable

calculated from DYSMAS was investigated as a function of
mid-point displacement and the calculations of mid-point
displacement shown in Section 4.1.6 was used to track the
Eimplodable as a function of time.
� The energy present in air
Eairjt¼t1
¼ PatmVc

specimen i air

V1�c
specimen air t1ð Þ � V1�c

specimen i air

1� c

" #

ð28Þ
Vspecimen i air = volume of air inside specimen before implosion
t ¼ t1

Vspecimen air t1ð Þ ¼ volume of air inside specimen at time
Patm = atmospheric pressure = 0.101 MPa
c = adiabatic index for air = 1.4
� Although the confining space in the tube is highly energy effi-

cient, energy losses are present in the system and these include
viscous losses, phase change/cavitation energy loss, and fric-
tional losses in the implodable at wall contact and at end caps
of implodable.
The plot of all these energies as a function of time for geometries 1
and 2 is shown in Fig. 16. It is evident from Fig. 16 that the initial
hydrostatic potential energy decays rapidly during the implosion
process. A major part of initial hydrostatic potential energy in
water transforms into the work done in the elasto-plastic deforma-
tion of the implodable and the kinetic energy of the water. The
rapid collapse of geometry 1 leads to large movement of water
causing high kinetic energy in the water (� 90 J), while the slow
collapse of geometry 2 leads to small kinetic energy in the water
(� 42 J). Still in both of the cases, it was seen that a significant por-
tion of the initial hydrostatic potential energy transforms into the
elasto-plastic deformation of the implodable. In these experiments,
the energy going into the adiabatic compression of the air inside
the implodable and the elastic energy contribution from the con-
fining tube as shown in Fig. 16 is found to be very small as com-
pared to other energies. The calculation of Eloss using Eq. (25) also
shows that there is relatively small energy loss (7–13%) at the
end of the implosion process.

With the combination of velocity of the implodable and the
energy redistribution, it can be established that there are two types
of implosions that could occur within a confining tube: (1) rapid
implosion and (2) slow/partial implosion. Rapid implosion occurs
when the energy available in the confining environment is much
larger as compared to plastic dissipation energy of a completely
collapsed implodable. These implosions are characterized by rapid
energy transfer from surrounding water to the implodable, which
also leads to significant transfer of energy into kinetic energy of
water (�50%). On the contrary, slow implosion occurs when the
energy available in the confining environment is smaller than the
plastic dissipation energy of a collapsed implodable. In this case,
most of the potential energy available transfers into plastic dissipa-
tion in the implodable leading to negligible transfer into kinetic
energy of water (<20%). With this approach, a new deformation
model can be formulated where the deformation of the implodable
for slow implosion can be approximated by the energy balance
between the loss of hydrostatic potential energy and the gain in
total deformation energy (elastic and plastic) of the implodable.
This methodology holds accurate until the kinetic energy gained
during implosion is not negligible as compared to initial
hydrostatic potential energy.

4.2. Comparison of computational results

The computational models that have been developed for each of
the respective implodable geometries are correlated to the exper-
imental results utilizing available experimental data, specifically
the pressure time histories and final collapsed shapes of the
specimens. Additionally, based on acceptable correlation between
the experimental data and simulation results, further observations
are made consisting of the pressure fields in the full fluid domain
and the collapse progression of the implodables.
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Comparisons of the experimental and computational pressure
histories for the centerline gage (ch-B) and the end cap gage
(ch-8) are provided in Fig. 17. From these figures it is seen that
at both the centerline and the end cap locations there is good
agreement between the simulations and the experiments. Specif-
ically the computational models accurately predict both the rate
of pressure drop during the implosion as well as the magnitude
of the drop. Furthermore, the simulations are able to predict
the onset, and time duration, of cavitation occurring at the end
caps of the confining tube as indicated by the zero pressure
region in the ch-8 figures. The models also predict the develop-
ment of a pressure pulse occurring at the end caps subsequent
to the cavitation development, although in the simulation results
the pressure pulse does occur at slightly different points in time
as compared to the corresponding experiment with the
31.8 mm and the 50.8 mm showing a delayed pressure develop-
ment and the 76.2 mm simulation predicting an earlier develop-
ment. Similar levels of correlation are seen for all pressure gage
comparisons (ch-2 to 4, ch-A) and are omitted for brevity in the
current discussion.
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Fig. 18 shows the comparison of collapsed shapes between the
experiments and the simulations. From the side-view figure compar-
ison, it is seen that the computational models are able to accurately
capture the mode shape of the collapse but the extents of the col-
lapse progression for computational simulations are slightly smaller
as compared to the experimental results. This is because of the later
effects (>10 ms) of the pressurization (due to the pump running for a
finite amount of time after the implosion), which leads to minor
additional collapse of the implodable during experiments.

Specifically, the models predict a mode-2 collapse for all models
with the 31.8 mm geometry collapse progressing nearly the full
length of the implodable, which agrees well with the experimental
results. By comparison the 50.8 mm geometry does not fully
collapse in the simulation and the collapse is arrested prior to
the opposing walls impacting each other. Finally, although the
76.2 mm implodable does initially begin to collapse, due to the
effects of the hydrostatic pressure, the collapse only begins on
one side of the implodable and is arrested prior to the opposite side
obtaining any inward motion. This is likely due to a sufficiently
rapid drop in surrounding pressure that the driving force of the
implosion is quickly removed. Similar one side collapse for
76.2 mm was observed in experimental results.
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Cross sectional views of the final collapsed shape for each
implodable are also provided in Fig. 18 which show the relative
progression inward of the centerline of the volumes.

In order to verify the predictions of analytical models proposed
in Section 4.1.5.1, a comparison between analytically and numeri-
cally evaluated DVimplodable is performed. It is seen that the value of
DVimplodable from numerical simulations is �92 ml and 70 ml for
geometry 1 and 2 respectively, while analytical calculations predict
�96 ml (4% difference) and 76 ml (8.5% difference) for the corre-
sponding geometries. Hence, it can be concluded that the proposed
analytical approaches can accurately predict the extent of defor-
mation in confined implosion processes.

Figs. 19 and 20 show the collapse progression and resulting
fluid field pressure contours for the 50.8 mm implodable simu-
lation. From the structural collapse evolution it is seen that
although the implosion is initiated by indenting the top surface
of the structure, the structural instability quickly causes both
sides to gain radially inward motion as expected. For the case
of both the 50.8 and 76.2 mm implodable this inwards motion
is ultimately arrested prior to the opposing surfaces impacting
at the horizontal plane. From Fig. 20, it is seen that when the
implosion is initiated and the walls begin to move inwards
there is an associated drop in surrounding fluid pressure. This
pressure drop begins at the axial plane of symmetry and then
progresses towards the end cap in a form of a release wave
as water rushes towards the center to fill the void resulting
from the inward motion of the implodable walls. This axial pro-
gression of the pressure drop is also displayed in the time his-
tories in that there is a time delay between the initial pressure
drop at the center gage and the pressure drop at the end cap
gage. Since there is a fixed volume of water within the confin-
ing tube and there is no available reservoir of fluid to maintain
the hydrostatic pressure in the system, there is also a net
decrease in the hydrostatic pressure of the surrounding fluid.
It is this hydrostatic pressure which is required to continue
driving the collapse of the implodable, and when this driving
force drops below a certain critical level the implosion will be
arrested. From the pressure field contours of 5 and 5.5 ms, it
is seen that the net hydrostatic pressure in the fluid body is
approximately less than 0.45 MPa (less than 15% of the initial
collapse pressure of 3.44 MPa).
5. Conclusions

An experimental study along with computational simulations
was conducted to understand the implosion mechanics inside a
confining environment. The key findings of this study are as
follows:

(1) The limited energy present inside the confining tube signif-
icantly influences the implosion process. The normalized
extent of collapse (i.e.DVimplodable=Vimplodable i) is larger for the
small diameter implodable compared to larger implodable
volumes. In each case, the change in volume of the imploda-
ble ðDVimplodableÞ is approximately 80–90% of the excess com-
pressible water present inside the confining tube.

(2) Pressure history inside the confining tube can be described
as (a) a local decrease in pressure near the implodable, gen-
erating a pressure release wave traveling outwards to the
end-plates. (b) The release wave rapidly decreases the pres-
sure at the end-plates to zero-pressure, while the pressure is
maintained at the center. (c) The high pressure wave gener-
ated at the center hits the end-plates leading to high pres-
sure hammer wave.

(3) The pressure gradients and the pressure decay rate decrease
within the confining tube with increasing implodable diam-
eter. In turn, the average axial particle velocity of water
inside the confining tube decreases with increasing diameter
implodable.

(4) The initial potential energy present in the water transforms
into two parts: (a) elasto-plastic work done on the imploda-
ble and (b) kinetic energy in the water. The small diameter
implodable exhibits rapid collapse process, while large
implodable diameters exhibit slower collapse. This results
into higher kinetic energy in water during the implosion of
small implodable diameters as compared to large diameter
implodables.

(5) Computational simulations using coupled Eulerian–Lagrang-
ian approach can accurately predict the pressure histories as
well as the collapse progression of a confined implosion
event. The evolution of implosion process, the resulting fluid
motion, the pressure waves’ generation, and the hammer
wave are distinctly captured in the simulations.
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