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Abstract

An unintended release of liquid CO2 during transport by tanks or pipelines could result
in instantaneous depressurization and rapid phase transition with explosive
evaporation. Under certain conditions, it could lead to a boiling liquid expansion vapor
explosion (BLEVE). This research project is concerned with the safety of CO, transport
and storage facilities. It is a continuation of the prior research in the USN laboratory to
investigate the rapid phase changes and the evolution of the evaporation and blast
waves. Further, to evaluate the hazards that arise during the accidental release of liquid
CO; into the environment. This experimental research expanded former studies to cover
the effect of a diverging cross-sectional geometry on phase transition mechanism and
expansion wave behavior during sudden depressurization. It investigated the effect of
liquid volume fraction on the dynamic characteristics of rarefaction, evaporation, and
blast wave in the existing setup. In addition, the research examined the phase transition

mechanism during the CO; release from the bottom of a rectangular duct.

This research presents a new installation comprising a vertical high-pressure conical-
shaped vessel with a double-membrane release process. A slip-on flange separates the
two membranes, constituting a medium-pressure (MP) section. The experimental rig is
instrumented with pressure transducers, temperature thermocouples, and a high-
speed video camera. The vapor/liquid CO; could be depressurized by increasing or
decreasing the pressure in the MP flange. Operational analyses based on the
experimental results showed that increasing the pressure in the MP section is a more
reliable method to run CO; depressurization tests on this installation. In contrast to
decreasing the pressure in the MP section technique, its operation was more
controllable, ensuring instantaneous membranes’ rupture without reflecting waves

affecting the evaporation process in the test section.

The dynamic evaporation characteristics were investigated by increasing pressure in the
MP section. The results showed that the evaporation wave velocity increased
downward with decreasing cross-sectional area and increased liquid volume fraction.

The divergent cross-section led to a more significant fluid expansion as the rarefaction

\
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wave propagated toward a smaller area. Simultaneously, the expanded two-phase
mixture propagated toward a constantly increased cross-sectional area. In addition, the
evaporation wave upstream state properties after the isentropic expansion in the
metastable region were resolved by applying the Span-Wanger equation of state.
Comparing the obtained results with former conclusions of CO, decompression from a
constant cross-section rectangular duct demonstrated considerable differences in
rarefaction and evaporation wave velocities. The waves' propagation speed was steady
in the rectangular duct, but their velocities increased as they propagated towards a
diminished cross-sectional area in the conical-shaped vessel. Besides, the liquid in the

conical vessel had attained a higher degree of superheating at the metastable state.

Blastwave effects during CO, depressurization in the conical vessel have been studied
experimentally. Overpressures and multiphase flow evolution have been recorded
during CO: release through a polycarbonate tube with atmospheric conditions. Analysis
of measured peak overpressures and calculated impulse indicated their increase as the
liquid volume fraction increased. The results also demonstrated that the rapid liquid
evaporation has substantially influenced the peak overpressure and impulse positive
phases and durations. Additionally, the study examined the flying fragments' velocities
and their kinetic energies based on the captured high-speed videos. Results also showed
increased fragments' velocity and kinetic energy with increased liquid volume fraction.
Fragment velocity and kinetic energy of about 121 m/s and 205 J, respectively, have
been observed from a test with a liquid volume fraction of 73.6%. Such fragments

involve a significant hazard.

A series of experiments were performed to release saturated liquid and vapor CO; below
the liquid level in a rectangular duct. The study characterized the rarefaction and
evaporation wave pattern and the evolution of the expanded two-phase flow inside the
duct after the diaphragm ruptured at the bottom. Pressure and temperature records
were analyzed simultaneously with high-speed shadowgraph images to gain insight into
the phase transition mechanism. The results were also compared with previous top-

release experiments. During bottom-release tests, the liquid evaporated two times

\
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faster than in the top-release, but it attained a lower degree of superheating due to
instant liquid outflow from the bottom. Shadowgraphs showed that the vapor
expansion had an insignificant influence on the evaporation onset. The flow
measurements and the visualized wave pattern demonstrated a unique evaporation
mechanism during bottom-release experiments. This different fluid expansion
behavior could potentially lead to a container’s catastrophic failure and must be

considered in risk analysis to prevent such accidental hazards.

Key Words:

Phase-transition, BLEVE, Rarefaction wave, Evaporation wave, Blastwave, Divergent

cross-section.
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1 Introduction

mom . 1-013N2dzyR

Carbon capture and storage (CCS) was proposed as a solution to reduce the escalating
CO; emissions in recent years. The goal is to stabilize the atmospheric CO;
concentrations and, in turn, alleviate climate change. CO, transport and storage
processes have been utilized in food and medical industries and oil recovery practices
for many years. Burning fossil fuels and chemical industries contribute significantly to
CO2 emissions, impacting Earth’s temperature. According to the Paris climate
agreement, about 94 Gt of CO; is estimated to be captured and stored by 2050. The
target is to limit the average global temperature increase to 1.5°C [1]. As large
volumes of CO; must be captured and stored in upcoming years, CCS infrastructure
requires progressive improvement and development. After capturing from power
plants and COz-intensive industries, CO; is dehydrated to prevent possible corrosion
problems. Then it is compressed to high pressure and transported as a pressurized
liquid phase. CO; is transported by ship and rail storage tanks or onshore/offshore
pipelines to storage sites. Transportation of large CO; quantities raises safety concerns

over accidental release.

A tank or pipe transporting liquid CO; could fail due to mechanical malfunctioning,
projectile impact, corrosion, or overheating caused by outer fire. An accidental release
from such a tank includes rapid phase change, leading to a massive fluid expansion and
explosion. Such development may result in a highly hazardous incident in certain
situations: boiling liquid expanding vapor explosion (BLEVE) [2]. The term BLEVE has
various definitions in the published literature. For example, Birk et al. [3] defined it as
“A BLEVE is the explosive release of expanding vapor and boiling liquid when a container
holding a pressure liquified gas fails catastrophically.”. Although BLEVE has many
definitions, descriptions of the most important features can be extracted from them.
These include a catastrophic failure of the container filled with pressurized liquified gas;
and a rapid phase change with the eruption of a large volume of superheated liquid and

vapor into the atmosphere [3, 4].
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Although CO; is categorized as a non-flammable or mostly non-poisonous substance, a
CO; BLEVE event involves extremely devastating effects. It generates powerful pressure
waves with high-pressure loads on the vicinity surfaces. Furthermore, the rocketed
fragments following the shattering of the container may have destructive
consequences. Possible health and ecological hazards also arise from releasing sizable
CO, volumes into the surroundings. Primary hazards for nearby humans include

asphyxiation, poisoning at high concentrations, and frostbite injuries [5].

Many BLEVE accidents have occurred in the chemical process industry. Their devastating
effects were demonstrated in the collected data for BLEVE accidents between 1940 and
2005, reported by Abbasi and Abbasi [6]. In these severe events, over a thousand people
died, ten thousand were injured, and the explosions caused extensive property damage.
A few CO; BLEVE accidents have also been described in the literature. Incidents that
took place in Repcelak (Hungary), Worms (Germany), Zhejiang (China), and Satartia

(USA) are presented in the following.

A CO; BLEVE event occurred in 1969 in Repcelak, Hungary. Four cascaded CO; storage
vessels exploded in a domino effect manner, wherein nine people died. All vessels were
shattered into pieces, and one weighing 2.8 tons was found 150 meters away. Another
fragment of one ton flew 250 meters from the explosion site. One vessel had taken off
its base and rocketed into a nearby laboratory. The first vessel with 35 tons of CO; at
1.5 MPa and -30°C burst during filling, and the sequential explosions were likely due to
the fragments' impact. Overfilling was reported as a potential reason caused by level

indicator malfunctioning [6, 7].

An incident of CO; storage tank BLEVE took place in Worms, Germany 1988, leaving
behind three fatalities, eight persons experienced acute frostbites, and the adjacent
buildings collapsed due to powerful pressure loads. The tank capacity was 30 tons at 2
MPa and -20 °C. According to the investigation team, exposure to higher temperatures
with a frozen relief valve and brittle fractures were the reasons for the explosion [8].

Figure 1.1 (a-c) shows the fragments which flew approximately 300 meters away from

N



Osama M. Ibrahim: Accidental release of liquid CO; from transport and storage

the tank’s initial position after its shattering and (d) the scene behind the tank location

after the explosion.
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In 2008 a CO; ship storage tank violently exploded in Yuhang's pool in Zhejiang, China.
The ship was destroyed due to the explosion of 130 m3 CO; at 2.3 MPa and -15 °C. That
caused two death casualties and three injured from fragments hit. In addition, two ships
sunk carrying dangerous chemical substances (sulfuric acid and hydrogen peroxide).
Overfilling and technical defects were potentially the leading causes. It has also been
mentioned that the 16 MnR steel tank (-20-475°C) was inappropriate for operating at

low temperatures [7].

A rupture of the CO; transport pipeline occurred in 2020 at about 1.6 km outside the
village of Satartia, Mississippi. A massive cloud of CO, covered the region, resulting in
the residents' evacuation of the village and around the area. Forty-five people were
driven to the hospital because of asphyxiation and poisoning. The investigation report
pointed out that heavy rains resulted in a landslide all over the pipe's failure location.

And, in turn, led to an excessive axial strain on a pipeline weld [9].
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These accidents show the severity and destructive power of CO, explosions in liquid
storage tanks and pipelines. Therefore, carrying out a required risk assessment and
safety management in constructing and handling CO;tanks and pipes is vital. Thus, this
necessitates deep knowledge of the CO; phase transition mechanisms leading to the
BLEVE incident. Considering these concerns, this research is within the process safety of
CO; transport and storage and studies the processes involved in the BLEVE incidence. Its
primary part intended to provide results and analyses of CO; depressurization from a
newly designed experimental rig that combined a divergent cross-section vessel with
double-membrane rupturing techniques. In particular, it investigated the rapid
evaporation mechanisms, two-phase mixture evolution, and blast wave consequences.
Additionally, it researched the phase transition underlying mechanisms during the

release of liquid CO; from the bottom of a rectangular duct.

MOH CKS&IA 200S00idSE I-yR 402LIS

Most experimental studies on phase transition during CO; depressurization found in the
literature were performed in a constant cross-sectional shock tube type. Over recent
years, the research group for process safety, combustion, and explosions at the
University of South-Eastern Norway has studied rapid phase change in compressed
liguid CO,. Earlier studies used different experimental setups but were primarily
conducted in constant cross-section containers. Consequently, this research project
stood as a continuation of these endeavors, and it sought to expand previous research

with the following objectives:

e Investigate the release mechanisms of liquid CO, from a conical-shaped vessel
using the double-diaphragm bursting technique and evaluate its operation under
these mechanisms.

e Study the effect of the vessel's divergent cross-section on the rarefaction and
evaporation wave velocity. As well as consider the influence of liquid volume
fraction on expansion waves’ behavior.

e Evaluate the effects of blast waves, including overpressure, impulse, and flying

fragments during CO, depressurization in the conical-shaped vessel.
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e Examine the phase transition characteristics and the evolution of expansion and
evaporation waves during the release of liquid CO; from the bottom of a

rectangular duct.

The analyses of the rarefaction, evaporation, and blast waves from different
experimental setups should have been contrasted with the previous tests conducted in
a constant cross-section container. Even though several kinds of research have offered
various analyses on BLEVE, all aspects of CO, BLEVE mechanisms are not fully
understood. Therefore, this study contributes to research on liquid CO, depressurization
by (1) utilizing a high-pressure conical-shaped vessel and employing a double-diaphragm
technique. (2) releasing liquified CO, below the liquid level. The hypothesis that has
been examined was that the divergent cross-sectional area would lead to a significant
fluid expansion and simultaneously avoid choking conditions in the test section. The
conical-shaped vessel was designed to try to obtain a 2D/3D-shaped release, as the
release from this geometry is more like a catastrophic failure of a tank than a 1D release
with a constant area. The experimental setup should clarify whether the phase
transition rate and metastable state following the rarefaction wave are independent of
fluid expansion. Another question is whether the vapor expansion influences the
evaporation mechanism during liquid CO; release at the bottom of a duct. The results
and analysis from this experimental research were reported in three journal articles, a
conference paper, and two conference contributions as extended abstracts. Another
conference paper was intended to model a two-phase mixture's transient flow during
the accidental release of liquid COzin a pipe. This paper appears not to associate directly
with the major thesis research. However, they are linked with a shared central thread.
That is to study the dynamic features of phase transition in different geometries. The
primary goal was to determine whether the constructed model successfully captures

the rapid phase transition.

Moo hazlttyS 27 IKS 1KSaid

This article-based thesis has been divided into two parts. The first part comprises six

chapters, including this introductory chapter. Chapter two introduces the relevant
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theoretical aspects of the research and presents their settings in the related literature.
Selected works of experimental CO; depressurization and modeling have also been
introduced. The third chapter involves the experimental installations and methodology
used for this study. It depicts three setups' equipment, methods used to run the
experiments, and the methods analysis to interpret the results. The fourth section
encapsulates the produced papers, focusing on the research outcomes. Chapter five
describes the main findings' analyses, and discussions were undertaken throughout the
research. Finally, a summary and conclusions are presented in the sixth chapter,
including suggestions for further research. The second part includes published and

submitted journal articles and conference contributions.

(92}



Osama M. Ibrahim: Accidental release of liquid CO, from transport and storage

2 Literature Review and Relevant Theory

This chapter begins by laying out the theoretical perspectives relevant to the research's
areas and reviewing their background in the corresponding literature. Primarily, it
discusses the thermodynamic characteristics of superheated liquids, the phase
transition process, and evaporation wave features. Besides, it considers the violent and
rapid evaporation, the potential to induce a BLEVE, and the consequences following the
catastrophic loss of containment. This section also presents experimental and modeling
research on liquid CO; depressurization: background aspects and significant outcomes.
Selected works exemplify the reviewed literature, but the studied field was not limited

to those.
Hom {dZLISIKSI-ISR filjdziRa

2.1.1 Thermodynamic aspects of superheated liquids

Description of the thermodynamic state is critical in the evaporation process analysis, as the
substances' thermophysical properties change during the phase transition. CO; is transported
and stored in containers as a pressurized liquid phase exceeding its atmospheric boiling
temperature. The dense liquid phase is at thermodynamic equilibrium with the overhead
vapor at saturated temperature and pressure. If such a container depressurizes, the liquid
may expand beyond the saturation line without altering its phase. It temporarily undergoes
isentropic expansion to a superheated state. The increased saturated liquid temperature
above its boiling point at constant pressure can also expand it into superheated [10]. Figure
2.1 shows a LI diagram of CO; liquid expansion from saturated to metastable during
isothermal depressurization. The liquid state after the expansion is described as metastable,
and no phase transition occurs as long as it remains in this state between the saturation and
spinodal curves. Between these two curves, the liquid is in an intermediate energetic state
and sensitive to minor disturbances, which can lead to its vaporization. In Figure 2.1, the initial
state is saturated temperature and pressure at point 1 on the liquid's saturated curve. Point 2
denotes superheated liquid at metastable state. The isentropic liquid expansion (1-2) occurs

rapidly and characterizes the superheat's extent.
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The liquid spinodal curve specifies the thermodynamic stability limit beyond which the
metastable liquid enters the unstable region. Moreover, all the points on the spinodal curve
signify the thermodynamic stability wherein the condition (P /dV) = 0 is satisfied. At the

intersection of the spinodal curve with the isotherm, its slope turns zero.

2.1.2 Degree of superheat (DOS)

DOS characterizes the measure by which the liquid has shifted from saturation to the
metastable state. DOS is typically defined as a difference between the liquid temperature at
the metastable state before the phase change occurs T,,s, and saturated temperature at
metastable state's pressure T4 (p,,..)- Thus, the DOS measures the accessible thermal energy
for vaporization. i.e., a higher DOS signifies more available energy for the boiling process.
Simoes-Moreira [11] estimated the DOS expressed in terms of pressure since the liquid is

expanded by depressurization.
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I1 = AP /Py ; AP = Py — P 9lj0 Hom

where Pg,; is saturated pre-rupture pressure, and B, is metastable limit pressure after the
isentropic expansion. 4P represents DOS' fundamental concept, while I comparatively
assesses the extent of expansion into the metastable zone. Skripov [12] stated that the

isentropic process response to slightly local perturbations is described by isothermal
compressibility (B = —%(GV/GP)T) and isobaric specific heat (cp = T(ds/dT)p). Hence,

at metastable state, the liquid remains stable only if S > 0,and cp > 0 (i.e. (dP/V)r <
0,and (dT/0s)p > 0).

2.1.3 Superheat limit temperature (SLT)

The liquid temperature at the spinodal curve is referred to as the thermodynamic superheat
limit (SLT). Reid [13] defined it as: "The maximum absolute attainable temperature, at some
absolute pressure P, for a superheated liquid is often called the superheat-limit.".
Determination of SLT is essential for secure design and control against explosive evaporation.
Attempts have been made previously, for instance, by Ermakov and Skripov [14] and Blander
et al. [15], to calculate SLT by applying different equations of state (EOS) and spinodal stability
criterion. However, the outcomes created uncertainties because they were not correlated

well with superheated liquid parameters P, V, and T [13].

Results from the thermodynamic stability method present considerable discrepancies when
using different EOSs. Another approach based on energy balance in the initial liquid mass just
before the explosion has been proposed by Salla et al. [16]. This method merely utilized the
substance's properties to calculate the SLT. It indicated that every substance acted depending
on its molecular structure. The analyses compared seven calculating methods on various
substances; for CO,, based on energy balance, the suggested SLT was 7.05°C. Abbasi and
Abbasi [17] offered SLT results from seven cubic EOS applying Maxwell transformation and
SLT criteria. They also compared the calculated figures with the previous experimental results.
For CO,, it has been found that the calculated SLT deviated in a range of 2 to 6 % (Redlich-

Kwong to Soave- Redlich- Kwong EOS) from the experimental result of -6°C at 2,9 MPa.
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2.1.4 Kinetic superheat limit (KSL)

Several attempts have been made to determine the liquid superheat limit empirically. These
include recognized bubble column experiments [18-22], wherein a droplet of immiscible
liquid is heated in a column filled with a liquid with higher density. As the droplet ascends
through the increasingly heated liquid, it explodes at a specified temperature termed kinetic
superheat temperature. Reid [13, 23] and Xie [24] stated that the experimentally observed
superheat limit temperatures constantly were KSL. The kinetic nucleation theory could also
theoretically estimate the liquid superheat limit. It analyzes the liquid metastable state's
thermal fluctuations and the probability of vapor nuclei creation. Based on the Boltzmann
equation for nuclei distribution, vapor formation probability increases exponentially with an

increase in liquid superheating [15, 25].

Hill [26] described the mechanisms of vapor formation during liquid decompression. Because
the density randomly varies continuously on a molecular level of the liquid phase, its
deficiency at some spots leads to nucleus formation. The superheated liquid has the strength
to overcome the surface tension forces, which attempt to suppress nucleus growth to
bubbles. The mechanical equilibrium of a typical vapor bubble is attained only at a critical
radius (W). This equilibrium can occur when the excess pressure inside the bubble equalizes
the surface tension effect. So, this radius is proportional to the surface-tension coefficient (o)
and inversely proportional to the excess pressure (AP):

R, = i_l‘; 9ljo HoH

Formed bubbles with a radius R > R, are most likely to grow, while those with a smaller
radius condensate. At the early stage, the bubble’s nuclei growth is induced by its
movement speed through the surrounding liquid. Then, the process is controlled by
heat transfer from superheated liquid to the bubble interface for vapor formation.
Consequently, the vaporization speed depends on the bubble/liquid interface's

temperature gradient, as Prosperetti and Plesset described [27].
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2.1.5 Equation of state (EOS)

Using EOS to identify the flow thermodynamic properties is essential when obtaining
them by experimental means is challenging. In the CO, phase transition analyses, the
EOS determines the state properties and their relations, particularly in a metastable
state. However, most calculations based on different EOSs are limited to equilibrium
zones and require extrapolation from the saturation state to calculate the variables in
the metastable state. These calculation precisions depend on the EOS application.
Therefore, choosing an EOS that utilizes thermodynamic functions to facilitate

reasonable extrapolation to a metastable state is crucial.

The Span-Wagner EOS (SW-EOS) [28] is considered the most accurate equation to
compute thermodynamic variables for CO; phase transition. It is formulated in
Helmholtz's free energy (HFE) as a function of temperature and molar volume, a(T,v).
All other thermodynamic properties can be expressed in terms of their partial
derivatives. It covers the fluid region from the triple point temperature to 1100 K at
pressures up to 800 MPa. The SW-EOS is worked out based on splitting the
dimensionless HFE into two parts: one considering the ideal-gas behavior and the other
the residual fluid behavior. The HFE dimensionless residual part is expressed as a

function of the reduced value of these independent variables.

Recently, Harvey and Lemmon [29] from NIST have developed a replacement for SW-
EOS to calculate CO; thermodynamical properties. The new equation utilized molecular
calculations for the ideal-gas heat capacity and thermal virial coefficients to enhance
accuracy for the gas phase and improve extrapolation to higher temperatures. The
capability of the EQS has been adjusted to avoid erroneous behavior and challenges in
mixture calculations. Therefore, the authors claimed it has better execution and reduced
time calculation than SW-EOS. However, the calculations in this research are based on
SW-EOS tabulated data [28] and its solution version introduced by Mjaavatten [30]. The
new EOS by Harvey and Lemmon calculations could be explored in future work and

compared with SW-EQOS results.
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2.2.1 Waves configuration

Figure 2.2 displays the configuration of waves and regions that developed during the
depressurization of saturated liquid in a vertical vessel with an outlet on the top. Point
0 indicates the rupture position at time zero. The rupture of a vessel filled with
pressurized liquified gas leads to a rapid pressure decrease. A rarefaction wave
propagates throughout the saturated headspace vapor and then the liquid.
Subsequently, the liquid expands, becomes superheated, and temporarily remains in
the metastable state before evaporation onset. Many authors have previously studied

this phenomenon; for instance, Sim&es-Moreira [11] and Hill [26].
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The phase transition occurs as the evaporation wave propagates through the
superheated liquid. The evaporation wavefront represents a narrow bubbly zone

moving with nearly constant velocity behind the rarefaction wave [31]. Subsequently, a
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large volume of the expanded two-phase mixture bursts out of the vessel owing to the
rapid phase change. A shock wave is simultaneously generated due to the compression
of the surrounding air ahead [32]. This wave propagates upwards to the surrounding
area with supersonic speed, followed by the contact surface that initially was a liquid-

vapor interface [31].

In Figure 2.2, once the vessel ruptures, a rarefaction wave travels into the saturated
liquid with the local speed of sound (ug ). Simultaneously, a shock wave propagates
upward with supersonic velocity (W). Behind the shock, moves the contact surface at
(uc). An evaporation wave follows the expansion fan into the presently superheated
liquid with a velocity (ug). The pressure and the flow velocity are constant in regions B
and C.

2.2.2 Evaporation wavefront propagation

The phase transition occurs as the evaporation wave propagates through the superheated
liguid. The phenomenon of propagation of the two-phase/liquid interface during boiling has
been designated with several terms in the literature. Such expressions, for instance, but not
limited, include the "flashing front" used by Das et al. [33], "boiling front" by Reinke et al. [34],
"flashing boundary" by Fairuzov [35], and “evaporation wave” by Hill [26]. This dissertation
uses the terms evaporation wave and -wavefront to refer to the abovementioned
phenomenon. The wavefront represents a narrow zone of bubbles traveling with almost
constant velocity [31]. High-speed photograph observations by Hill [26] showed that the
evaporation wavefront had a thickness of several millimeters. Besides, its leading edge
(upstream layer) is dominated chiefly by tiny bubbles with a minor diameter that could reach
less than 100 um. This region implied rapid evaporation wherein a continuous bubble
generation occurred. The wavefront's tail (downstream layer) is occupied with more giant
continuously breaking bubbles within the fragmentation/acceleration region. Figure 2.3

illustrates the wave front’s layers while propagating through a superheated liquid.

The DOS significantly influences the evaporation wavefront propagation velocity into
the superheated liquid. Watanabe et al. [36] demonstrated that the DOS before

evaporation starts substantially depends on the depressurization rate. The wavefront
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propagation is initiated as the superheated liquid approaches KSL. At low superheat

degrees, the evaporation rate is insufficient for producing severe explosions [37].

Two-phase Mixture <

<«—}— Fragmentation/Acceleration Zone

Constantly growingand

breaking bubbles
Evaporation Wavefront =

=+ Generation Zone
Continuous bubble generation
within Rapid evaporation

J

Superheated Liquid <

Figure 2.3: A drawing of the evaporation wavefront's zones as it moves through a superheated
liquid.

Reid [13, 32] and Stutz and Simdes-Moreira [38] described how the DOS influences
the bubbles' formation, growth, and, subsequently, the blast intensity. At a low or
moderate DOS, heterogeneous nucleation typically originates at the nucleation
sites on the vessel's inner surface (pits and scratches) or/and particle impurities.
As the pressure decreases, more bubble sites are activated, and the existing ones
grow. Then, their speedy collisions, coalescence, and upward movement lead
to powerful boiling developments. The DOS depends on the depressurization rate
and the container's inner surface roughness. When the container has a
smooth surface and a high depressurization rate, there is insufficient time to
initiate heterogeneous nucleation on the wall surface. Consequently, homogeneous

nucleation may originate throughout the liquid bulk.
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Many noticeable studies have been done on evaporation wave features. Grolmes and
Fauske [39] experimented on the evaporation rate during depressurization of
subcooled water, R-11, and methyl alcohol in tubes with 2-50 mm diameters. High-
speed images showed that Marangoni-type surface waves, as the authors called them,
induced the evaporation wave's start. Also, the DOS was inversely proportional to the
tube diameter. Hill [26] and later Reinke et al. [40] characterized the bubble formation
and movement of the propagated wavefront utilizing optical techniques. Besides, they
measured the velocities ahead of and behind the evaporation wavefront. Based on the
flow form and heat transfer characteristics, Wu et al. [41] investigated the evaporation
wave behavior in experiments of water depressurization in a chamber. The study
distinguished between three evaporation stages: bubble production, evaporation

acceleration, and evaporation deceleration stage.

Hio 5Sa0ILII2Y 2T 1KS - [9+9 IyOIRSY

A high-energy content is released when a vessel with pressurized liquified gas ruptures,
leading to explosive evaporation. Such instantaneous phase change typically results in
rapid expansion and powerful pressure loads on the surroundings. A boiling Liquid
Expanding Vapor Explosion ( BLEVE) is one of the most severe mechanical explosions

following a vessel's failure containing liquified gas [42].

Several authors have approached the BLEVE term differently depending on what they
considered essential factors and effects [24]. Birk et al. [3] have emphasized the
importance of a container's catastrophic failure. Whereby the vessel is wholly broken
and rapidly releases its contents. A further detailed description of BLEVE was
introduced by Venart et al. [43, 44] for a choked expanded two-phase mixture during
evaporation. Accordingly, the bubbles were compressed due to the pressure rebuild
and then released their energy during the full container's disintegration. As BLEVE
could originate from flammable and non-flammable liquids, Van der Berg et al. [45]
indicated the ambiguity around the term when the explosion involves a fireball. They
mentioned that the BLEVE definition must not include subsequent ignition and fire
development. The Center for Chemical Process Safety (CCPS) [4] has given a definition
restricted to
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pressure-liquified gases as: "a sudden loss of containment of a pressure-liquified gas
existing above its normal atmospheric boiling point at the moment of failure.". Though
various definitions for BLEVE have been introduced in the literature, most include three
aspects. First, an explosion of the vessel containing a liquid (or liquid and vapor) at a
temperature much higher than its boiling point at atmospheric pressure. Second, a
complete catastrophic loss of containment. Third, substantial amounts of superheated
liguid are suddenly released into the surroundings. The fireball may also be included in

a BLEVE for flammable liquids.

Several attempts have been made to identify the conditions that induce BLEVE. Reid's
superheat limit theory [46, 47] specified the conditions for the BLEVE incident.
Accordingly, the vessel rupture leads to a pressure decrease, and the liquid leaves
behind the saturation line into the saturation dome. It becomes superheated in the
metastable state until it reaches the SLT. BLEVE almost certainly occurs when the liquid
temperature approaches the SLT at the liquid spinodal curve (see Figure 2.1).
Additionally, the liquid should attain a high DOS, prompting homogeneous nucleation in
the liquid bulk.

Investigating the influence of SLT on the BLEVE development, Abbasi and Abbasi [6, 48]
noted that the boiling intensified when SLT approached the spinodal liquid curve. These
results were verified later from experimental observations by Van der Voort et al. [49].
The results showed that as the superheated liquid state approached nearer the spinodal
line, the evaporation wave more rapidly propagated through the entire liquid, and a
large vapor volume instantaneously expanded. However, Birk et al. [3] pointed out that
homogeneous nucleation may not be a strict condition to cause a BLEVE. Zhang et al. [7]
and Bjerketvedt et al. [50] indicated that explosive evaporation could occur without the
liguid temperature reaching the SLT. Aside from the liquid’s thermodynamic state
development, the BLEVE event also depends on the container’s durability. Laurent et
al. [51] stated that If the container's crack following the initial failure proceeds to total
loss of containment and without the liquid reaching SLT, the explosion can be described

as cold BLEVE. Ibarreta et al. [42] and lbrahim [52] emphasized the dependence of the
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BLEVE event on the liquid thermodynamic condition and the container’s strength. They
presented a flow diagram proposed by Birk et al. [53] demonstrating possible paths for
BLEVE occurrence. It included the superheating limit theory. Figure 2.4 shows the flow
diagram created by Birk et al. [53] for potential paths for BLEVEs. It also illustrates BLEVE

consequences if the pressurized liquid is flammable.
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A container carrying pressurized liquified gas could be exposed to harmful conditions
that eventually result in complete tank failure and loss of containment. These conditions
include exposure to higher temperatures, projectile impact, fatigue, or corrosion. The
catastrophic failure of the container is a primary risk, wherein a substantial volume of
multiphase mixture explodes into the surroundings. Such an explosion could, under
certain conditions, be termed a BLEVE. It is among the highly hazardous explosions
because it is characterized by the sudden generation of destructive pressure waves and
dangerous flying fragments [4]. In addition, for CO,, a significant health risk arises from
the ejection of large volumes of the multiphase mixture into the surroundings. It is toxic

at high concentrations (above 5%) and can cause asphyxiation and frostbite injuries.

2.4.1 Overpressure and impulse

During the vessel explosion, the vapor and liquid's internal energy is partially converted
into mechanical energy as it expands to atmospheric pressure. The mechanical energy
release can be divided into (1) a blast wave and (2) propelled fragments that accelerate
into the surroundings when the vessel shatters. Many factors influence the blast wave's
intensity and structure, such as released energy rate, vessel geometry, expanded fluid
properties, and rupture method. The blast waveform, denoted by the transient change
in pressure, depends on the vapor/liquid expansion behavior. If the expansion is rapid,

the waveform has a steep increase in pressure; otherwise, it increases gradually [54].

The peak overpressure and the positive phase impulse are the essential parameters that
describe the strength of the shock wave and estimate its effect on the adjacent
structures and living beings [45]. The positive impulse phase and its duration
characterize the potential damage to the structure. It is calculated by integrating the
pressure-time curve. Birk et al. [3] performed BLEVE experiments in containers with
different levels of liquid propane to demonstrate the effect of liquid content on the
resulting overpressure. The results showed that liquid energy content slightly affected

the generated shock overpressure. Moreover, when the container shattered, intense
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dynamic overpressure on the surfaces was observed due to the energy of the expanded

multiphase flow.

Van der Voort et al. [49]have conducted experiments on 40-liter cylinders filled with
pressure-liquified carbon dioxide to study overpressures during CO; BLEVE. The results
showed good agreement with the inertia-limited prediction model offered by Van den
Berg [55]. The effects of liquid content and the vent size on overpressures were studied
experimentally by Hansen et al. [56]. The results from CO; depressurization in a
rectangular duct were compared with simulations of single-phase gas dynamics in a
confined chamber. They also demonstrated good correspondence. Other models have
also intended to calculate the overpressures during the BLEVE based on the contained

energy in the vessel and energy released during the explosion [55, 57, 58].

2.4.2 The blast released energy

Estimating the transferred energy quantity during the blast is crucial to evaluate the
blast strength and subsequent effects. The expansion energy is the total energy released
during the isentropic expansion and the adiabatic evaporation. It signifies first from the
initial saturated liquid state, then through the superheated (metastable state), and to
the final equilibrium state [4]. The evaporation process is considered to occur
adiabatically in most energy expansion models. Accordingly, the evaporation process is
induced by enthalpy variation between saturated and final equilibrium states. During
the vessel rupture, the multiphase mixture volume originated from the vapor headspace
and rapid liquid evaporation. Therefore, the blast's extent also depends on the liquid's
degree of superheat (DOS), and in turn, on the evaporated liquid fraction. The blast
strength increases as the evaporated liquid fraction increase. The explosion's
maximum possible work can be determined based on the description of the
thermodynamic path or energy function built by initial and final states. Ibarreta and
Biteau [59] and Casal [60] have demonstrated that the models proposed to calculate
the explosion energy during the BLEVE incident can be divided into two approaches:
Calculations based on the assumption that the released explosion energy is mainly

generated due to the vapor
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volume expansion. Other calculations are based only on the liquid's stored energy

released during evaporation.

Crowl [61, 62] has presented calculations for determining the explosion energy of
compressed gas using batch thermodynamic availability (exergy). This is the maximum
potential work to bring the system into equilibrium with its environment. Crowl's
calculation approach seemed similar to the energy released during explosive
evaporation. Ogle et al. [63] have pointed to this analogy and modified Crowl's model
to comply with the BLEVE case. The computation was based on the determination of
thermomechanical exergy. That is the maximum accessible work to undergo the phase

change by expanding from the saturated state to the final equilibrium state.

Prugh [57] has treated the explosion energy as the work done during the isentropic
expansion of the vapor, which is assumed to behave as an ideal gas. The method
calculates vaporized liquid fraction and total vapor volume for the BLEVE case. The
overall exploded vapor volume includes the vapor volume initially being at a saturation
state in the headspace and the vapor portion resulting from the liquid evaporation.
Hansen [56] also applied this method to estimate the energy released during the
expansion of CO; in the rectangular duct. The calculation was implemented using the

vapor mass fraction determined by the Rankine-Hugoniot model.

Methods based mainly on the liquid stored energy in the metastable state assume that
the expansion of the container's vapor is insignificant compared to liquid evaporation
and can be neglected. Besides, these methods consider a high liquid volume fraction in
the container. The energy release is estimated as the adiabatic expansion work during
liguid evaporation. i.e., the change in energy amounts before and after the explosion.
Casal et al. [64] have suggested that the work done to develop overpressure is the
transformed part of the energy stored in superheated liquid, shifting the system to the
final equilibrium state. In this calculating procedure, the superheating energy is

determined as the difference in enthalpies at the superheated liquid and final states.
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Genova et al. [65] suggested a different approach, assuming the expansion energy
primarily originated from liquid evaporation. The model considered the expansion of
liquid evaporation as a thermal incident induced by the excess heat stored in the liquid
instantly before the explosion. The contribution of the vapor in the expansion work is
neglected due to the mentioned earlier assumption of a high liquid filling degree.
Laboureur et al. [66] have evaluated the calculation methods available in the literature
with different experimental results. They utilized results from large-scale experiments
conducted by Johnson et al. [67], mid-scale by Birk et al. [3], and small-scale by Stawczyk
[68]. The minor inaccuracy approximation of overpressure was found to be the model
with an irreversible expansion developed by Casal. It had an average error of 35%
compared to all contrasted measurements. They also mentioned that this model could

be applied to all compared BLEVE conditions and scales.

2.4.3 Vessel Fragmentation (Fragment initial velocity)

During a BLEVE, the pressure vessel shatters and produces fragments that could rapidly
travel a long distance from the explosion source. They are hazardous to surrounding
living beings and structures and may trigger catastrophic secondary accidents. Analyzing
flying fragments and missiles is vital to evaluate the BLEVE effects. Besides, knowing the
consequences and impacts on the nearby structure provides necessary data for better
safety management. As Kang et al. [69] mentioned, calculating the fragment’s kinematic
parameters is crucial for effectively setting protective fragmentation barriers. The
fragments' velocity, trajectory, number, and shape determine their direct effects. Unlike
detonations, BLEVE generates a few fragments but with different shapes, sizes, and
initial velocities. The initial velocity is a critical parameter that characterizes the

fragment's trajectory shape and range.

The energy released in an explosion is the total of the pressure wave's energy, the
fragments' kinetic and potential energy, and the surrounding heating. According to Casal
et al. [70], about 80% of the explosion energy is estimated to contribute to the pressure

wave energy for the fragile vessel fracture, while it is 40% for the ductile fracturing.
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Several techniques were suggested to quantify the fragments' hazard. Birk [71] has
experimented with the risk of shattering a tank filled with pressurized propane. The
results showed that the projectile impact expressed in mass x range (kg:m) increased
with an increase in average liquid temperature before the explosion. Tebikt al. [72]

have estimated fragments' kinematic parameters resulting from cylindrical tanks BLEVE.
They introduced initial acceleration based on the geometry and type of the tank
material. This approach allowed a consistent evaluation of the fragment release angle.
The fragment trajectories were determined depending on the thrust acceleration
coefficients, and fragment ranges probability distributions were presented. They also
stated that fragments with high air resistance and low thrust could impact 15 m height
surfaces and distances of over 200 m. In a series of studies, Baum [73-76] formulated a
calculation procedure for determining the fragment’s initial velocity. The model treated
expanded two-phase mixture strain on the end-cap as like a missile propelled under
the action of a persistent pressure gas jet. Then, the rocketed fragment velocities were
estimated based on the impulse put on the closed inner side of the end cap. Parallel
experiments with pressurized water BLEVE in a horizontal vessel have verified the

model's validity, particularly for the defined maximum end-caps and missile velocities.
Hop . [9+9Y SELISINY Syia IR Y 2RStly3

2.5.1 Release mechanisms in BLEVE experiments

Several experimental works have been performed on laboratory-scale test devices of
shock tube type. They have been extensively used for researching pressure-driven
transient phenomena involving considerable energy transformation due to pressure
change. BLEVE experiments have been run in devices with different geometries, sizes,
number of diaphragms and sections, and release mechanisms. For instance, studies by
Simdes-Moreira [11], Hill [26], Das et al. [33], Ren et al. [77], and Dewangan et al. [78]
have been conducted on vertical test devices to describe the flow properties behind the

incident shock and expansion waves' propagation. Horizontal tubes have also been
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employed in large-scale experiments such as in [79-81]. Most studies applied the one-

membrane burst method and constant cross-sectional vessels.

Constant and diverging cross-sectional ducts have been utilized in Chaves' [82]
experiments of liquids with high specific heat. The study described the boiling process
as a splitting of two expansion waves propagated in a superheated liquid. In addition, it
found that the evaporation wave development during depressurization was a restricted
thermodynamic incident independent of the geometry. Zabelinskii et al. [83] employed
a horizontal shock tube of a variable cross-section between high and low-pressure parts
to burst an explosive mixture diluted with cold hydrogen. The tests intended to study
the effect of a divergent section and the driver diameter on the primary shock-front
shape. They concluded that, unlike the constant cross-sectional device, the variable

cross-section retained wavefront surface inhomogeneities.

Different release mechanisms have been used and established for sudden
depressurization experiments in shock tubes. Thompson et al. [84] have applied a
standard mechanical diaphragm rupturing method in experiments intended to study
expansion waves in a fluid of high heat capacity. An expansion tube, including a
rectangular high-pressure section with opposite walls of optical glass, was used in
decompression tests. A sharp metallic arrow driven by a stretched spring ruptured the
strengthened aluminum diaphragm. The experiments were initiated when an

electromagnet device released the arrow.

Hill [26] employed a glass tube submerged in a liquid-filled jacket while observing
evaporation waves propagating into superheated refrigerants R12 and R114. An
aluminum foil diaphragm set between the tube and low-pressure reservoir was cut using
knife blades triggered by a pneumatic cylinder. Das et al. [33] investigated boiling
development during a column's depressurization of superheated liquid. A four-bladed
cutter was set adjacent to the top of the plastic diaphragm and covered by an air
chamber. When the pressure fell in the air chamber using a vacuum pump, The

diaphragm bulged until it touched the blades and punctured.
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A rupturing mechanism with a moveable disk was introduced by Reinke [34] to study
the explosive evaporation of superheated liquids. A brass sheet diaphragm was installed
on the test section flange and pressed from the top with two flanges different in inner
diameter, one inside the other. The outer flange with the larger inner diameter had a
sharp edge. The inner flange pressed the diaphragm in a smaller circle and could move
up and down. Lifting the mobile flange off resulted in an increase in the diaphragm area
under load. Subsequently, the tension at the circumference increased, leading to the

diaphragm rupturing by the sharp-edged flange.

Dewangan et al. [78] recently presented a different rupturing technique in evaporation
wavefront propagation research. They used a ring-shaped Nichrome heating wire to
heat up and rupture the plastic diaphragm fixed between two flanges. Li et al. [85]
examined the factors influencing the initiation of BLEVE. The experiments were run by
heating dry ice in a cylindrical vessel sealed with a burst disc. The pressure increased as
the dry ice melted until the disc could not withstand the increased pressure load and
ruptured. Stotz et al. [79] constructed a double-diaphragm shock tube to study atomized
liguids and the related combustion processes. It comprised three horizontally connected
tubes with a total length of 12 m. Two aluminum diaphragms separated the driver and
driven sections from the mid-pressure buffer zone. The diaphragms were ruptured

following the rapid pressure drop in the buffer section.

2.5.2 Experimental studies in CO, BLEVE

In recent years, there has been an increasing amount of experimental research on CO;
BLEVE. Quinn et al. [86] have depressurized Sub-cooled and supercritical CO; to explore
the expansion waves of CO; BLEVE. The observations were carried out using a
rectangular expansion tube with double-diaphragm chambers. Schlieren and standard
high-speed photography were used to visualize the expansion and the phase transition
zone during depressurization. The pressure measurements indicated the appearance of
pressure plateaus below the saturation pressure. Indeed, it verified a delay of bubble

nucleation related to the phase change during decompressing. Additionally, the degree
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of superheating (as normalized pressure) increased as the saturation to critical

temperature ratio decreased.

Jamois et al. [87] have developed an experimental setup for researching the scenario of
CO; release resulting from a brittle fracture caused by temperature reduction. The tests
run in a thermally insulated sphere vessel volume of 2 m? attached to a discharge pipe
equipped with a control valve to adjust the depressurization rate. The release could be
achieved at the vessel’s mid-section, either on the vapor or liquid side at the bottom.
Pressure and temperature records, as well as optic ports, were utilized to observe phase
transitions. Analyses of temperature histories indicated a nearly adiabatic process
producing high vertical temperature gradients in the gas phase. Also, the multiphase
pressure plateau was detected at the triple point during CO. gas phase releases.
Experiments on the identical setup have been conducted by Teberikler et al. [88],
Drescher et al. [89], and Vaillant et al. [90]. Records of pressure, fluid mass, and
temperature inside the vessel and at the wall have been analyzed. Then, these
measured parameters were used to evaluate the capability of thermodynamic and

transport models available in LedaFlow and UniSim Design software.

Through controlled BLEVE experiments, Shang et al. [91] investigated the risk of CO;
explosion during fracturing in enhanced coalbed methane recovery technology. The
liquid CO; was heated in a horizontal tube of 1.5 m, and three parameters monitored
the phase change: release opening area, injection level, and blasting pressures. The
results showed maximum explosion intensity at the highest blasting pressure, medium

filling level, and maximum release orifice.

Li et al. [92] carried out CO; explosion experiments to study the container’s resistance
during different rupturing shapes and the intensity of the flying fragments. The tests
were conducted in a cylindrical steel tube diameter of 80 mm and a wall thickness of
5 mm. To control the burst direction, the tubes’ outer surfaces were grooved at a
depth of 4 mm along the height, either with a V or X shape. A steel ball of 1 g was set
into the grooved area to monitor the fragment path and speed. Pressurized CO, was
injected into the tube until its failure. The results showed that the tube with a V-
shaped groove held a higher resistance to the maximum and average bursting
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pressure than that with an X-shaped groove. Besides, a fragment’s initial velocity of

about 272.8 m/s was observed with a flying distance of over 7 m.

Hansen et al. [93] investigated the rapid depressurization of CO, in a high-pressure
duct. The setup comprised a stainless-steel rectangular duct filled with liquid CO; to a
specified level. The sudden release was performed by rupturing a multi-layer
aluminum diaphragm with a pneumatically driven cross-shaped knife. Pressure and
temperature records inside the duct and high-speed Schlieren imaging were used to
analyze the phase transition process. Processed schlieren images demonstrated an
evaporation wave traveling downwards at 30-40 m/s. However, a heterogeneous
nucleation on the wall was observed, descending at 240-260 m/s ahead of the
evaporation wave. Consequently, it reduced the degree of superheat in the current

setup and overshadowed the evaporation wavefront details.

Ciccarelli et al. [94] studied the rapid boiling of CO; in a vertical shock tube. A
transparent polycarbonate tube with aluminum covers was used as a driver section.
The tube was set inside a channel with circulating water and separated from a steel
pipe (driven section) by a thin aluminum diaphragm. The tube was filled with dry ice
and heated until it melted. As the pressure inside the tube rose due to the contents’
expansion, the diaphragm ruptured, leading to depressurization and rapid liquid
boiling. Pressure and temperature histories and high-speed videos were used to
describe the decompression and vaporization developments. The results showed that
rapid evaporation did not influence the early phase of the tube expansion. However, it
was controlled by the vapor expansion, maintaining a high pressure for a prolonged

period.

Tosse et al. [95] have conducted experiments depressurizing liquid CO; in a transparent
polycarbonate tube to analyze the phase change and evaporation wave progression. A
two-layer Mylar sheet was employed as a membrane ruptured by a needle driven by a
pneumatic linear actuator. In a series of tests, the diaphragm was placed on the tube’s
top and bottom in another series. The high-speed videos from top releases showed an

evaporation wave moving downwards with a velocity of up to 30 m/s. The interface
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vapor/two-phase mixture was also observed to accelerate outwards. The liquid side
releases demonstrated that it evaporated as it flowed downwards from the tube vent
with a significantly higher velocity than the evaporation wavefront speed inside the

tube.

Bjerketvedt et al. [50] have conducted small-scale experiments on CO, BLEVE in
cylindrical plastic tubes filled with dry ice. The test tube was sealed with two flanges
utilizing a pneumatic cylinder. A phase change from solid to liquid occurred when the
dry ice was heated, and the pressure developed to saturated. Then, the pressure was
increased until the tube exploded. Analyzing pressure, temperature, and high-speed
video recordings, they concluded that a violent boiling might proceed without reaching
the spinodal temperature point. The experimental results indicated that the shock
waves resulted from the vapor expansion before rupture. However, the numerical
simulations employing Random Choice Method (RCM) demonstrated that the liquid

evaporation had increased blast wave duration.

2.5.3 Modeling of CO, depressurization

Several models have been proposed to predict state properties and simulate the
transient two-phase flow during pure or CO,-rich mixture depressurization in ducts or
pipes. Some of these are presented here to exemplify their application in different fields.
Brown et al. [96] have extended the AUSM+-up (Advection Upstream Splitting Method)
scheme to resolve two-phase flow in ducts with cross-sectional area change. The
scheme simulated saturated two-phase CO; and CO;-mixture in a shock tube test with
rapid change in the cross-sectional area and demonstrated adequate robustness.

Besides, the scheme computed both the reflected and transmitted shocks appropriately.

Log et al. [97] also modeled CO; two-phase flow in a discontinuous area duct, developing
Harten-Lax-van Leer Contact (HLLC) approximate Riemann solver. The principal
approach was discretizing the non-conservative term separately (termed HLLC+S) or
including the non-conservative term in the Riemann solver (termed HLLCS). The

evaluation has been done for a two-phase flow using a homogeneous equilibrium model
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(HEM) combined with the Peng—Robinson equation of state. The methods were

uniformly correct and more robust than those presented for non-resonant flow.

Relevant analogies of instability during the evaporation phase transition with that in
deflagration gas explosion have been drawn in several studies [82, 84, 98-102]. Whereby
the evaporation wave is considered a discontinuity in the flow field. As the evaporation
wavefront propagates in a thin discrete region, it is demonstrated as a jump in flow
properties up and downstream of the wavefront. Hansen et al. [93] researched the
Rankine-Hugoniot relation across evaporation wavefront in superheated CO;. The
evaporation wave was processed as a jump between two states, superheated liquid and
two-phase equilibrium at adiabatic conditions. The model demonstrated excellent

gualitative agreement with experimental measurements from three different setups.

Many models have been suggested to predict state properties during pure or CO,-rich
mixtures depressurization in pipes. Munkejord et al. [81, 103] have employed HEM to
capture the phase transition features during a pipe's CO2 and CO;-rich mixture
decompression. The studies focused on decompression-wave velocity for its significance
in the ductile fracture of pipelines. The model was validated by comparing its results
with measurements from large-scale experiments. The tests were executed in a pipe
length of 61.67 m with high-resolution pressure and temperature recordings. The model
agreed well with the decompression-wave velocity in single and two-phase flows.
Additionally, the impurities substantially affected the pressure plateau, an essential
measure for evaluating running-ductile fracture. Pressure plateaus were increased

drastically for the CO-rich mixtures.

Elshahomi et al. [104] used CFD ANSYS Fluent to develop a CO; decompression model.
The objective was to predict state properties during the condensation phase transition.
To determine the thermodynamic state properties of CO, mixtures, GERG-2008 EOS was
integrated into the model using User Defined Functions (UDF). The results
demonstrated fair accordance with previous shock tube experimental data. Munkejord
et al. [105, 106] have studied the influence of impurities and the initial temperature on

wave velocity during CO,-rich mixture decompression. Two models were developed: the
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homogeneous equilibrium model (HEM) and the two-fluid model (TFM). They were
formulated using the multi-stage centered scheme (MUSTA), Soave-Redlich-Kwon, and
Peng-Robinson EOS to calculate the thermodynamical properties. The results were
compared with measurements from shock tube tests and showed a slight improvement

in TFM predictions compared to HEM.

Botros et al. [80] formulated different models based on three equations of state: GERG-
2008, Peng-Robinson, and BWRS. The aim was to examine the capability of each model
in predicting the state properties during CO. depressurization. They have also
performed shock tube experiments on pure CO; and compared the results with models'
estimations. Results illustrated that GERG-2008 matched well with experimental data,
but the discrepancies enhanced as the temperature decreased. Brown et al. [107] have
introduced a homogeneous relaxation model (HRM) to simulate the decompression of
liquid CO; during pipe rupturing. The model was coupled with cubic EOS to describe the
thermodynamic properties. Parallel, it was implemented by combining a semi-discrete
Finite Volume Method and HLL (high-level language) approximate Riemann solver. The
predictions were contrasted against experimental data from a CO; pipeline rupture for
model validation. Outcomes showed a reasonable agreement with the data from the

rupturing CO; pipeline.

The literature survey of the previous experimental and analytical studies demonstrated
limited experimental data and analyses associated with the phase transition
mechanisms during (1) the sudden release of liquid CO; from a container with a
divergent cross-sectional area and (2) the release of CO, below the liquid level.
Therefore, this experimental investigation seeks to quantify and gain better insight into

explosive evaporation and its consequences by addressing these research gaps.
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3 Experimental setup and methodology

The results and analyses presented in this thesis are based on the experiments
performed on three setups. This chapter describes the research configurations and
methods. Setup 1 is a double-membrane conical-shaped vessel installation for studying
the release mechanism and the expansion wave behavior during liquid CO;
depressurization. Setup 2 is a modified structure of Setup 1 to characterize the blast
effects. A rectangular duct with the outlet pointing downwards represents a test section
in Setup 3. It is intended to describe the phase transition mechanisms inside the duct as

the liquid CO; is released from the bottom.
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Most research in the published literature on the depressurization of liquified CO, was
carried out in vessels with constant cross-sectional area, primarily using the one-
membrane burst method. Unlike previous studies, the present work focuses on a
divergent cross-sectional area and a double-diaphragm rupturing method. The double-
membrane conical rig (see Figures 3.1 and 3.2) was designed for small-scale experiments
investigating the sudden release of liquified CO; and the related rapid phase transition

processes. It was a custom-made apparatus of a shock tube structure.

The double-membrane design comprised a high-pressure (HP) conical vessel and a
medium-pressure (MP) slip-on flange. Two aluminum diaphragm sets with different
thicknesses were used in this setup. One set was placed between the HP vessel and the
MP flange. The other separated the MP flange from another slip-on flange on the top
and opened to an atmospheric chamber. Besides, the conical vessel was fixed on t-slot
framing aluminum construction and fastened with the two slip-on flanges and

diaphragms by eight bolts.

The expanded mixture was released into an atmospheric chamber during CO;
depressurization. It was an extension of aluminum bars above the test section covered

with polycarbonate sheets on all six faces. Besides, it had a volume of 0.338 m3 and a
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one-side vent on the top. The polycarbonate sheets facilitated recording high-speed

motion pictures for the flow evolution inside the chamber.

An auxiliary installation comprising a rectangular duct with a glass window was utilized
as a level gauge to determine the liquid height in the solid walls HP vessel. The HP vessel
and MP flange were filled separately from two industrial-graded gaseous and liquid CO;
cylinders. One line supplied the vessel and the rectangular duct, and the other
connected to the MP flange. The gaseous cylinder was outfitted with a regulator and a
control valve, while the liquid CO; cylinder had a dip tube and two control valves. A

photograph of the double-diaphragm conical arrangement is shown in Figure 3.1.
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3.1.1 HP and MP sections

The HP vessel consisted of a stainless steel AISI 316 conical part and slip-on flange. The
conical-shaped segment was welded to the flange to carry the diaphragm gaskets under
load. The vessel had a volume of 480-10° mm?3 and a height of 383 mm. Its upper opening
diameter was 90.7 mm, while the bottom diameter was 9.37 mm. The tapered bottom
was reinforced with a cubic base to avoid excessive strain due to expansion waves
propagating downwards. Also, the vessel had a wall thickness of 18,67 mm, an
inclination of 4°, and an inner surface with an average roughness (Ra) of 3.2 um. It had
a bottom inflow opening and outflow on the top. The vessel's sidewalls had twelve
threaded holes, six for pressure sensors and another six on the opposite side for
temperature sensors. Figure 3.2 shows the HP conical vessel and slip-on flanges shape

and dimensions (a), and an image of the HP vessel fastened with the flanges (b).
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The MP slip-on flange was fabricated from stainless steel ASME B 16.5 with a middle
cylindrical section volume of 510-10° mm3. Additionally, it had an inlet/outlet opening
equipped with a 1/2-inch flexible metallic hose attached to a pneumatic three-way
valve. The hose enabled the mobilization of the slip-on flange for the diaphragm
replacement. Two additional openings were machined to fit pressure and temperature
sensors. The flange's upper and bottom surfaces had O-ring grooves to seal the
diaphragms firmly. Another slip-on flange was placed on the top of the MP flange to

press the MP diaphragm tightly. It was open to a chamber with atmospheric conditions.

3.1.2 Diaphragm description

Two diaphragm sets were firmly fastened between flanges to seal and separate the
zones filled with CO; at different pressures. The diaphragm material and thickness are
crucial features in shock tube functionality. In CO; depressurization experiments,
aluminum has been used due to its quick crack propagation. The diaphragms were cut
from blank aluminum sheets from Alfer Aluminum in circular shapes with three different
thicknesses: 0.3, 0.5, and 0.8 mm. Depending on the operational conditions, the
required diaphragm set was determined by an empirical procedure through a series of
tests. The results demonstrated that the appropriate total thickness for the HP
diaphragm should be 1.5-1.6 mm, while for the MP diaphragm, the thickness should be
1.4-1.5 mm. The diaphragm was set between two gaskets, categories of Tesnit BA-GL
and Centurion, to seal the HP and MP sections firmly. The gaskets were made of glass,
aramid fibers, and nitrile binders, certified for use with CO; at high pressure and

temperature.

3.1.3 CO; supply and filling procedure

The high-pressure conical vessel and medium-pressure flange were separately filled
from two industrial-graded cylinders containing gaseous and liquid CO,, respectively.
The gaseous cylinder was equipped with a regulator and a control valve, while the liquid
CO: cylinder had a dip tube and two control valves. The liquid volume fraction (LVF) was

a crucial parameter for BLEVE analyses and can be calculated knowing the liquid level in
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the conical vessel. As the conical vessel has a non-transparent wall, an auxiliary
installation of a high-pressure rectangular duct with a glass window was employed as a
level gauge. A pipe network connected the level gauge through four pneumatic valves.
The first valve regulated the CO; flow from supply cylinders to the conical vessel's inlet.
The second valve adjusted the flow between the conical vessel and the rectangular duct.
The third and fourth valves controlled the vessel and duct outlet flow linked to a

regulator and control valve before the CO; discharge.

3.1.4 Instrumentation

Four pressure transducers (Kulite XTM-190-2000G) were used to measure the pressure
change inside the HP vessel. They were fitted on the vessel wall with distances between
them 100, 100, and 50 mm from top to bottom. They have a pressure range of 0-14 MPa

and a natural frequency of 410 kHz.

The pressure inside the MP flange was recorded using one sensor (Kulite XTM-190-
1000G). it has an operating range of 0-7 MPa and the same natural frequency of 410
kHz. A (Kulite XTM-190-100G) sensor measured the overpressure after the release of
CO; into the chamber. Besides, it was mounted in the middle of the vertical chamber's
steel beam. It has a measuring pressure range of 0-0.7 MPa with a natural frequency of
95 kHz. All pressure transducers have a piezoresistive sensor as a sensing element and
an accuracy of about £1%. An illustration of the setup showing all the described parts is

presented in Figure 3.3.

Three K-type thermocouple temperature sensors were utilized to determine the
temperature variations in the HP vessel during CO, decompression. They were installed
on the opposite side of the pressure transducers. The thermocouples had a bead
diameter of around 0.1 mm and a measuring accuracy of +1 K. The distance between
two adjacent transducers was 150 and 100 mm from the bottom to the top. In addition,
the data acquisition system (DAQ) included three HBM Quantum modules. Two HBM
MX410 modules were used for pressure measurements and triggering, and one MX440B

module was used for temperature measurements.
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The modules transferred the sensors' recorded data through a hub to a computer.

The development of the expanded mixture in the atmospheric chamber was captured
using a Photron Fastcam SA-1 high-speed camera. The emergence and the evolution of
multiphase release were captured with a sample rate of 5400 frames per second.
Additionally, the chamber was illuminated from two opposite sides with three LED

panels (one 80 W and two 38 W).

3.1.5 Release mechanisms

The experiments were carried out using two different opening methods. In turn, these
methods resulted in different diaphragms' rupturing sequences. The diaphragms were
ruptured by increasing or decreasing the pressure in the MP flange. Besides, the increase
or decrease in the pressure was achieved by controlling the three-way valve for rapid
pressure build-up or release from the MP flange. Figure 3.4 shows a drawing of the
diaphragm rupture stages by increasing (a) and decreasing (b) the pressure in the MP

section during CO; depressurization in the double-membrane arrangement.

The MP diaphragm ruptured when the pressure was increased in the MP flange,
separating the MP and atmospheric flanges. Subsequently, the pressure inside the MP
flange volume dropped rapidly to atmospheric. As a result, the HP diaphragm separating

the MP flange and the HP vessel ruptured because of the increased pressure difference.

As the pressure decreased in the MP flange, the pressure rapidly reduced to
atmospheric in the MP section. Consequently, the HP diaphragm ruptured. Then, the
pressure built up again in the MP flange, and the MP diaphragm burst as the pressure

difference between its sides increased.
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3.1.6 Experimental procedure

The experiments were conducted under the following conditions: the pressure inside
the HP vessel ranged between 5.2 and 6.1 MPa, while the pressure in the MP flange was
2.5-2.9 MPa. The atmospheric chamber, HP vessel, and MP flange had identical initial

temperatures varying between 16 and 23°C throughout the experimental campaigns.

The HP vessel was flushed three times with the gaseous CO; at 1 MPa before filling. The
conical vessel and the rectangular duct were filled instantaneously with liquid CO; to a
selected level pointed on the duct's glass window. Besides, the MP flange was mainly
loaded with pressurized CO; gas. Then, the fluid inside the HP vessel was separated from
the rectangular duct by closing the connecting control valve. Before the experiment
started, a period of about 7 minutes was necessary for the liquid level to stabilize and

reach liquid/vapor equilibrium in the test section.

The experiments were initiated by concurrently triggering the 3-way valve, the DAQ

system, and the high-speed camera. They were prompted by a transmitted signal of 5V
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from a Quantum (Composers 9500 series) pulse generator. After the diaphragms were
ruptured by increasing or decreasing the pressure in the MP flange, an expansion wave
traveled through the superheated liquid. Simultaneously, a shock wave propagated
upwards into the chamber, followed by a multiphase mixture. The pressure and
temperature recorded data were saved in appropriate formats and then analyzed in
MATLAB. In addition, the high-speed videos were stored and processed in Photron
FASTCAM Viewer Software and MATLAB.

3.1.7 Determination of expansion waves' velocities

The expansion waves' velocities were determined by a graphical method analyzing the
pressure records at the specified position of each sensor. The pressure-time signals were
drawn on the vessel's height-time scale, whereby each synchronized pressure-time line
was started at the corresponding transducer position. The rarefaction wave trajectory
passed through the location coincided with the first sudden pressure drop, while the
evaporation wavefront corresponded with the second steep pressure drop. As shown in
Figure 3.5, the evaporation wave route passed through the time points of the second

sudden pressure change at a stationary height level.

The plateaus' duration on the initial pressure signals constantly changes along the
vessel’s height. So, a path-time diagram is established since all signals are synchronized.
A close-up graph in Figure 3.5 (c) illustrates the time turning point on the pressure-time
curve. The exact turning time point was found by drawing tangent lines on both sides
of the curve's turn (lines ab). Then, the tangent lines' junction point was linked to the
mid-point of the line connecting the tangency points (line cd). The time turning point
(A) was specified as the intersection of this connecting line with the pressure-time
curve. Then, point (A) moved to a stationary pressure transducer position to indicate

the exact turning point (TP).
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3.1.8 Image processing

The fragments' velocities were calculated by processing the high-speed videos. The
specified methodology is based on visually tracking the flying diaphragm locations along
the chamber height. The velocity calculation started with determining the pixel-to-
height conversion. Two measurements were required to resolve this ratio: pixel
resolution and the chamber or tube dimensions in mm. In addition, video recordings
speed in frames per second was needed to calculate the velocities. Diaphragm trajectory
tracking was implemented at different heights using Photron FASTCAM Viewer
Software. Pictorial schemes were produced by processing the video frames as cropped
images with reduced resolution. For this purpose, the images of the video frames were
transferred to MATLAB to be processed as a chronological sequence of cropped images,

creating height-time plots.

o0H {SidzL) HY Y 2RIFI0I-i2y T21 20SILNSEadNS Y SI-&dIS Y Syld

For more accurate measurements and analysis, the blast wave overpressure should be
determined side-on in the parallel direction of the shock and the released flow.
Therefore, setup 1 was modified by adding a polycarbonate tube above the upper
flange. The tube was the same diameter as the HP vessel opening and the MP flange's
orifice. This design allowed the multiphase mixture to flow in a similar cross-section. The
upper atmospheric flange was modified to avoid leakage between the flange opening
and the tube's end and ensure a tight connection. Its cylindrical upper rim was machined
as the tube could precisely fit in at a depth of 60 mm. Two O-ring grooves were machined

into the flange's inner surface.

The transparent polycarbonate tube has a height of 650 mm and an inner diameter of
90 mm. It is equipped with three pressure transducers, which include Kulite XTM-190-
100G and XTM-190-50G, to measure the blast wave overpressures during the explosion.
The transducer Kulite XTM-190-50G has a pressure measuring range of 0-0.35 MPa and

a natural frequency of 95 kHz. Figure 3.6 shows an illustrative drawing (a) of the setup
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modified parts, a sketch (b) of the tube indicating the distances between transducers

and an image (c) of the upper machined flange with side O-rings.
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The installation was intended for running CO, depressurization experiments on a
rectangular duct pointing downwards. It comprised a rectangular duct fixed to the upper

part of an aluminum structure. The contents were released into an atmospheric

chamber placed directly below the duct. The chamber had dimensions of 0.50 m x 0.59
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m x 0.97 m. It was covered with polycarbonate sheets to enable optical access. It has

two vents on the top and bottom with a total area of about 0.01 m?2.

3.3.1 The HP test section

The test section was a high-pressure rectangular duct made of stainless steel. It had a
total volume of 191 cm3. Besides, the duct had borosilicate glass windows, enabling the
capture of the boiling process inside. The duct opening incorporated a stainless steel
tube height of 130 mm and was welded to a slip-on flange. The flange had an inner
diameter of about 34 mm. Figure 3.7 shows a sketch of the test section with its

dimensions and pressure and temperature sensors’ locations.
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The high-pressure duct was sealed with a diaphragm of eight circular aluminum foil
slices. Each layer had a thickness of about 0.1 mm. Besides, the multi-layer diaphragm

was set between two gaskets made of glass, aramid fibers, and nitrile binder. The
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diaphragm with attached gaskets was tightly pressed at the duct's opening between two

flanges with four bolts to avoid potential leakage.

3.3.2 Control equipment and test procedure

The duct was supplied from industrial-grade gaseous and liquid CO; cylinders outfitted
with control valves, a dip tube for liquid, and a regulator for vapor. The duct was flushed
with vapor CO; at 1 MPa before every experiment. It was then filled with liquid CO; to
the desired level. The test was started about 10 minutes later to stabilize liquid/vapor
equilibrium. A pneumatic cylinder actuator was affixed in the chamber's middle and
precisely aligned with the duct's orifice. A sharp needle was fastened to a rod pneumatic
cylinder actuator to puncture the diaphragm. Figure 3.8 shows a sketch and an image of

the rectangular duct assembly defining its main parts and sensor positions.

HP Rectangular Duct

Diaphragm position

Needle

Pneumatic Actuator

Atmospheric Chamber
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Three Kulite XTM-190-2000G piezoresistive transducers were mounted alongside the
duct sidewall to trace the pressure change during boiling in the duct. The transducers
were positioned 100 mm from each other. Besides, they had a measuring range of 0-
140 bar with a natural frequency of 410 kHz. Two K-type thermocouples were mounted
on the top and bottom of the duct sides to measure the temperature. Overpressure in
the chamber was traced utilizing Kulite XTM-190-1000G and Kulite XTM-190-100G
piezoresistive transducers. They are mounted on the chamber's vertical side at 400 and
700 mm from the diaphragm location level. The data acquisition system (DAQ) consisted
of three HBM Quantum module types, two MX410 and one MX440B, and connected to

a hub. Figure 3.8 shows a photograph of the setup.

A Photron high-speed camera (Fastcam SA-1) captured the evolution of the multiphase
jet emerging in the chamber space after the diaphragm ruptured. Two 80 W and 38 W
LED panels were installed on the chamber's opposite sides to ensure sufficient lighting.
The synchronous triggering of the pneumatic actuator, the DAQ system, and the high-
speed cameras initiated the depressurization tests. A Quantum pulse generator
composer 9500 was used to trigger the devices. The needle completely ruptured the
diaphragm, and a multiphase flashing jet was observed in the chamber. The time
histories of pressure and temperature and the captured high-speed videos were saved

and then analyzed in MATLAB and Photron FASTCAM Viewer Software.

3.3.3 Shadowgraph imaging

The shadowgraph technique was applied to visualize the variation in the flow pattern
during the phase transition inside the rectangular duct. This optical technique allows
imaging changes in the refractive index according to the density variation of transparent
media. The variations in the second derivative of the media's density govern the formed
image. When the light rays pass through a test field, they are refracted, leading them to
bend from their initial direction. Consequently, a characteristic lighting pattern is
formed from the refractive deflection of a light ray, creating a light area on the captured

plane, whereby the undeflected rays remain dark.
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Shadowgraph installation incorporated Telecentric TC lenses and high-performance
illuminator LTCLHP, fabricated by OPTO ENGINEERING. The illuminator and TC lenses
were fastened on a metallic slap with clamps. Then, the illuminator was positioned on a
plate attached to aluminum profiles. The illuminator's light beam covered the distance
between pressure transducers P2 and P3 of the duct's height. It was an appropriate area
(about 90 mm) to obtain a sharp image as the sharpness increased with a decrease in
the beam's diameter. The TC lenses were installed on a 3D adjustable laboratory stand
and aligned with the illuminator's focal point. Besides, Fastcam SA-Z high-speed camera
was connected to the TC lenses for photography. An image of the shadowgraph

arrangement is presented in Figure 3.9.
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4 Papers summary

This chapter summarizes the most important results from four published and submitted
papers comprising this research's fundamentals. The complete manuscripts of the

journal articles and conference proceedings are included in Part 2.
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4.1.1 Introduction

Depressurization of liquified CO, during a tank rupture is a major concern regarding the
safe transport and storage of CO,. The failure of a container filled with liquified CO;
could occur under different conditions, resulting in various explosion consequences.
One of the critical issues is the container's rupturing method and position. This study
describes a new experimental assembly wherein a high-pressure (HP) divergent cross-
sectional vessel is sealed with double membranes. The membranes are separated by a
slip-on flange, constituting a medium-pressure (MP) section. This design is intended for
depressurization tests to investigate the waves' interaction with a constant area
reduction in a vessel filled with CO; liquid in different contents. Even though a few
studies have been performed with the double-diaphragm technique, the influence of
rupturing method, i.e., increasing and decreasing the pressure in the MP section, has
not been considered. The primary focus of this work is analyzing rupturing mechanisms
and the resultant wave patterns to evaluate apparatus performance. It compares two
membranes' rupturing techniques: Increasing and decreasing the pressure in the MP

section and their effect on the waves' structures during phase transition.

4.1.2 Results and Discussion

The experimental results were obtained using the setup described in section 3.1. This

setup has three distinctive elements: A HP conical-shaped vessel, a slip-on flange that
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signifies the MP section, and a double diaphragm rupturing technique whereby their
burst could be done by increasing or decreasing the pressure in the MP section. The HP
diaphragm separated the HP vessel from the MP flange, while the MP diaphragm
separated the MP flange from atmospheric conditions. The experiments were
conducted under the following requirements: the HP diaphragm set thickness was 1.5,
and the MP diaphragm was 1.4 mm; Different liquid volume fractions (LVF) were 42 and
52%; the HP vessel's pressure was in the range of 5.2-5.5 MPa, and for MP flange was
2.6-2.8 MPa. The diaphragm rupturing mechanism and the wave patterns were analyzed
based on the pressure histories and the high-speed video recordings of the released flow
in the atmospheric chamber. The pressure measurements were collected from four

positions inside the HP vessel, the MP flange, and the middle of the chamber.

Figure 4.1 compares the effect of increasing and decreasing the pressure in the MP
section on each pressure profile inside the HP vessel for LVF of 52%. As the pressure
decreased in the MP section, the HP diaphragm ruptured because of the growth in the
pressure difference between HP and MP sections. Subsequently, a shock wave moved
upward, reaching the MP diaphragm, and reflected in the MP section. Meanwhile, the
pressure in the MP section increased, leading to the rupture of the MP diaphragm. The
decrease in pressure method is shown with a blue line (Drop. P). The shock wave
reflection and the reflection from the expansion waves at the vessel's bottom as
fluctuations can be observed in the close-up plots (a), (b), (d), (f), (g), and (i) in Figure
4.1.

The increase in the MP section pressure led to the rupture of the MP diaphragm, rapidly
reducing the pressure to atmospheric. The HP diaphragm then burst due to the
increased pressure difference between its sides. The oscillations in enlarged segments
(c), (e), and (h) in Fig. 4.1 were due to the HP diaphragm's bulging after bursting the MP
diaphragm. The increased pressure in the MP section led to the rupture of the MP
diaphragm, rapidly reducing the pressure to atmospheric. The HP diaphragm then burst

due to the increased pressure difference between its sides.
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The oscillations in enlarged segments (c), (e), and (h) in Fig. 4.1 were due to the HP
diaphragm's bulging after bursting the MP diaphragm. The time delay between the
bursting of HP and MP diaphragms was observed to be longer while applying the
pressure decrease method. In this case, the reflected waves from the MP diaphragm
impeded the incident shock progression and contact surface. Also, these reflections
decelerated the pressure rebuild in the MP section. Figure 4.2 displays the MP section's
pressure record and the overpressure at the middle of the chamber. It demonstrates
the influence of two rupturing mechanisms on the duration between the diaphragm
rupturing. The enlarged segments (k) and (j), in Figure 4.2, show the duration between

diaphragm rupturing at the onset of the depressurization process.
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The multiphase flow characteristics were dependent on whether the diaphragm was
removed entirely. As the pressure difference between the diaphragm surfaces
increased, it bulged, weakening the circular edge.
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Consequently, it cracked in one location then the crack propagated further along the
circumference. The circular under-pressure diaphragm part was wholly cut off when the
increasing pressure method was used. In this case, the two-phase mixture was instantly
released into the atmospheric chamber without hindrance. However, after decreasing
the pressure method was applied, the diaphragm was cut circularly, but a small section
was left. Accordingly, the multiphase mixture emerged inside the chamber as a thin jet
increasingly developing to fill the entire outlet orifice. Figure 4.3 illustrates two series of
cropped images from the high-speed video of CO, depressurization by increasing the

pressure in the MP section for LVF of 52%.

The top images' sequence (a) shows the multiphase flow evolution and the flying MP
diaphragm. The bottom series (b) display the multiphase flow development after the HP
diaphragm ruptured. The time step between the frames in each series was 0.56 ms. The
calculated MP diaphragm velocity from the captured videos was 118—123 m/s, while for

HP diaphragm was 127-132 m/s.

4.1.3 Conclusion

The experimental results demonstrated the followings:

= The vessel's rupture mechanism by increasing the pressure in the MP section
showed no reflected compression wave that could cause complexities in the MP
or HP sections.

= Decreasing the MP section pressure resulted in the compression waves being
reflected into the vessel, slowing evaporation wave propagation. This behavior,
in turn, reduced the phase transition rate.

= By increasing the MP section pressure, the rupturing mechanism demonstrated
more reliability and simplicity than decreasing the pressure method. The wave

pattern becomes clearer with fewer reflections into the HP section.
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4.2.1 Introduction

For setup 1, described in section 3.1, the increased MP section is established as a more
controllable rupturing mechanism. This study presents experimental results and
analyses of expansion waves' characteristics during liquid CO, depressurization in a
divergent cross-sectional vessel. It focuses on the velocities of the rarefaction and
evaporation waves and their interactions with conical-shaped geometry at different
liquid volume fractions (LVF). Additionally, it discusses the divergent cross-section effect
on evaporation wave characteristics by contrasting the results with previous results
from tests in duct with a constant area. This research's approaches are analyzing the
velocities along vessel three regions from the pressure records and defining the degree

of superheat during isentropic expansion.

4.2.2 Results and Discussion

Fig. 4.4 illustrates pressure and temperature histories inside the HP vessel during 50 ms
of CO, depressurization. The experiments' temperature was (19-23 °C) in all sections,
while the pressure was 2.6—-2.9 MPa in the MP section, 5.3-5.6 MPa in the HP vessel,
and atmospheric in the chamber. The rupture of the HP diaphragm is indicated by time
0. The LVFs were 0% in graphs (a, d), 62.5% in (b, €), and 96.4% in (c, f). The pressure
sensor (P1-P4) are positioned at 285, 185, 85, and 35 mm from the vessel's bottom, and

the temperature sensors (T1-T3) are 285, 185, and 35 mm.

Figure 4.4 shows that, after the HP diaphragm ruptured, a steep decline in the pressure
was observed to the liquid's metastable state pressure. Except (a) with 0% LVF, this state
is characterized by a steady pressure reduction that sharply decreased when the
evaporation started. The lines' sudden turns signify the phase transition
commencement, where the evaporation wavefront propagated downward, leaving

behind a two-phase mixture moved upwards.
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Chaves [81] and Simdes-Moreira [11] have described analogous observations.

As the rarefaction wave moved through the vapor at about the local sound speed, it
reached the vapor/liquid interface and was partially reflected. This behavior resulted in
a minor pressure increase observed on the P1 lines. The duration of superheated liquid
in a metastable state lengthened as the LVF increased. It can be observed in (b) and (c)
Figure 4.4 that the pressure line profiles shift from a slight decrease (62.5% LVF) to
almost plateaus (96.4% LVF).

A distinct behavior was seen in the bottom pressure line P4, whereby the rapid decline
caused oscillations and a significant pressure increase. The curve P4 amplitudes
increased with increasing the LVF from (a) to (c). This behavior could be due to the
upward movement of the two-phase mixture's part after the sudden drop in the
pressure. As a result, the pressure was rebuilt, then as the two-phase mixture

propagated upwards again, the pressure peaked and gradually decreased.

The rarefaction and evaporation wave velocities were determined graphically by
drawing the synchronized pressure-time signals on the vessel height-time scale. Thus,
the pressure-time curves should start corresponding to the transducer positions. The
detailed method description is given in section 3.1.7. Figure 4.5 exemplifies pressure-
time traces drawn on the vessel height-time scale in 20 ms of liquid CO, depressurization

for LVFs of 35.1, 62.5, and 96.4%.

Table 1 summarizes calculated rarefaction and evaporation wave velocities in the three
vessel's height zones. It can be seen that the evaporation wavefront velocity increased
as it moved toward the vessel bottom. The rarefaction wave velocity is dependent on
the liquid height in the vessel. Its speed increased as it propagated through the
vapor/liquid interface, and afterward, it was affected by the reflections from the vessel's

bottom.
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The influence of divergent cross-section geometry on evaporation wave characteristics
was analyzed by comparing the recent results with the previous experiments in a
rectangular duct with a constant area by Hansen [56]. Figure 4.6 compares the pressure
records during liquid CO, depressurization in the rectangular duct (RD) and the conical
vessel (CV). The RD and CV LVFs were equally 0% in (a), 100% and 62.4% in (b), and 100%
and 96.4% in (c), respectively.
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Pressure sensors were at 31, 81.8, and 132.8 mm from the top of the RD. While in the
CV, they were located at 98, 198, and 298 mm from the top. The pressure profiles show
a more rapid evaporation process in the CV than in the RD. The pressure lines'
fluctuations in the RD in Figure 4.6 (b, c) demonstrate that the two-phase mixture
propagated non-spontaneously. As the expanded two-phase mixture moved toward the

exit, this might imply choked flow due to the exit's small cross-section.

Because the evaporation wave velocity is influenced by the degree of superheating
(DOS), a comparison was drawn between the DOS in RD and CV tests as specified by
Simdes-Moreira [11]. The calculated properties in the metastable state following
isentropic expansion, the calculated velocities, and the pre-ruptured saturated state
properties are shown in Table 4.2. The table compares the tests with LVFs of 100% for
the RD with 96.4% for the CV. Calculations show that the liquid expanded with higher
DOS in the CV tests than in the RD.

¢1-0tS nony ¢KS LNSTIGLIGZISR &1-Gdzil-GSR &G1-0S 1-yR OI-f0dA1-GSR LN2LISIiSE 120 AdzLISIKSI-ISR fljdziR
I-FiS0 SELII-yaizy 2 I Y Siil-iil-otS adl-i5e

Property Rectangular Duct | Conical Vessel
Pre-rupture pressure ty/(Mpa) 5.8 5.4
Saturated State | Temperature ¢/ (K) 294 290.3
Density "/ (kg/m3) 764.4 801.3
Metastable limit pressure t,/ (Mpa) 5.0 4.4
Upstream Density "/ (kg/m?3) 756.7 794.3
Metastable Maximum EW velocity @yi&/(m/s) 38.1 111.6
State Minimum EW velocity @yxy/(m/s) 38.1 37.8
Enthalpy Kw/(kl/kg) 257.6 245.4
DOS 0.14 0.23

4.2.3 Conclusion

= The analysis of rarefaction and evaporation wavefront velocities in the conical
vessel was performed based on the pressure records at three different height

zones. Results demonstrated that the evaporation wavefront velocity increased
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as it propagated downward toward a reduced cross-sectional area. It also
increased with an increase in LVF.
= A considerable difference in the behavior of the rarefaction and evaporation

during CO, depressurization between the rectangular duct and conical vessel:

The rapidly expanded two-phase flow in the RD was choked due to a small exit cross-
section. On the contrary, the two-phase flow in the CV propagated towards a constantly

increased cross-sectional area.

The DOS after the isentropic expansion was higher in the CV experiments than in the

RD, leading to significant differences in the properties of upstream flow.

nto tlLJSH /Y flal wlIgS ogSiNSaadsSa w2y /h.d
SSLNSaaINTI-02y” iy I+ Z2yI01H{KILISR  +534St

4.3.1 Introduction

This research deals with releasing liquid CO, from a double-membrane conical-shaped
installation to a tube with atmospheric conditions. The aim was to characterize the blast
wave consequences following CO; explosive evaporation. It focused on the measured
peak overpressure, corresponding calculated impulse, and fragment velocity.
Furthermore, the overpressures were measured alongside a polycarbonate tube
attached to the top of the double-membrane conical apparatus. The setup description
is given in section 3.2. A high-speed camera was utilized to capture the evolution of
ruptured diaphragms and the released multiphase mixture inside the tube. The
fragments' velocities and resultant kinetic energies were determined based on the

recorded high-speed video analysis.

4.3.2 Results and Discussion

Figure 4.7 illustrates the measured peak overpressure in the tube for LVFs of 15, 35.2,
and 52.7% in graphs (a), (b), and (c), respectively. The overpressures were measured at

180 mm (bottom sensor) and 650 mm (top sensor) from the HP diaphragm position.
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Time zero indicates the rupture of the HP diaphragm. The first peak overpressure is the
blast wave following the MP diaphragm rupture, and the second is after the HP
diaphragm rupture. Graphs (a'), (b'), and (c') are enlarged segments of the second peak

overpressure during 40 ms.

In Figure 4.7 (a'), (b'), and (c'), the leading positive phase comprises two overpressure
peaks. The first peak arose from expanded headspace vapor, while the subsequent
higher peak was produced due to liquid evaporation. Additionally, as the LVF increased,
the time interval between MP and HP diaphragms' ruptures decreased, and measured
peak overpressure increased. Figure 4.8 presents the relationship between the

measured overpressures and the LVFs.
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Figure 4.9 shows the calculated impulse over 40 ms. It demonstrates the explosion
energy portion that could be transferred to the surrounding structures. Graphs aand b
correspond to the impulse calculated from pressure records at the bottom and top
transducers. Figure 4.9 (a) shows that the line with 35.2 % LVF has a higher peak than
52.7% in the first positive phase. However, they crossed each other, and the line with

52.7% peaked higher in the second positive phase.

60



Osama M. Ibrahim: Accidental release of liquid CO; from transport and storage

25 T T
—mm 5% B 52.7%-B
2 ----20%-B ——73.6%-B
15 35.2%-B

Impulse [MPa-ms]

0.5
0
0.5 o
-1 T IO U 2 Lk NG
2.5
| 0%-T -~ 352%-T
i 15%-T e 52,7%-T
15¢ -==-20%-T

Impulse [MPa-ms]
o

O :
o0 O O

1
-—

o

10 20 30 40
Time [ms]

CIiNS mog¥ ¢KS NSadzAll-yl 1Y LdzfaS T2Y hyiSANl-ity3 (KS YSI-aiSR 20SILNSa&dNS NSO2URA 1 (KS
020ii2Y 610 IyR (21 600 27 iKS {050

Opposite behavior was observed in the same figure graph (b), especially lines with 0%
and 15% LVF. The fact that a larger volume of expanded vapor headspace with lower

LVFs and the following rapid expansion of the multiphase mixture may have led to
this behavior.

Fragments velocities were determined by analyzing the high-speed videos that captured
the released multiphase flow and ruptured diaphragms in the tube. The videos were
recorded at 7200 (fps) and a 256 x 1024 pixels resolution. The diaphragm paths were
traced along the tube height with 0.94 mm/pixel. Fig. 4.10 displays a sequence of
cropped images (top) during 10.4 ms CO; depressurization with LVF of 35.2 % and
synchronous pressure histories (bottom). The images show the trajectory of the HP

diaphragm inside the tube, and they have a time step of 0.42 ms.
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The collected fragments were weighed to calculate the propelled diaphragms' kinetic
energy. The results from velocities and kinetic energy calculation are presented in Table
4.3.

RIFLIKNI-TY ¢

LVF, % Weight, g Velocity, m/s Kinetic energy, J
73.6 27.9 121.1 204.9
52.7 28.2 109.3 168.6
35.2 28.5 112.0 177.1
25 28.5 94,6 127.4

As shown in the table above, the fragments' velocities and corresponding kinetic energy
increased with anincrease in LVF. In addition, fragment velocities were computed based
on the formula suggested by Baum [73-76]. The equation offered the correlation
between the fragment velocity and the excess heat stored in the liquid before the
explosion. Comparing the results from Baum's calculation method with those based on
the experiments demonstrates conservative discrepancies. For instance, for the
rupture of a CO; vessel with 52.7% LVF and pre-ruptured conditions 5.58 MPa and 292
K, Baum's equation gave 93.4 m/s, less by 16 m/s than the value shown in Table 4.3.
The obtained fragment velocities and kinetic energies from experimental results show

that these fragments are hazardous.

4.3.3 Conclusion
= Measured overpressure analysis demonstrated that the rapid evaporation
considerably affected the leading overpressure positive phase. The
overpressure's positive phase had two peaks: an early lower peak due to
expanded headspace vapor and a second higher peak resulting from liquid

evaporation.
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= The peak overpressure, the propelled diaphragm's velocity, and the
corresponding kinetic energy increased with increasing LVF.
= A comparison of the calculated velocities based on experiments with Baum's

model for initial fragment velocity showed good agreement.
non IS 5Y wSESI-aS 27 filjiziR /hy, TI2Y UKS 62ii2Y 2F I Rdz0

4.4.1 Introduction

This paper presents experimental results and analyses associated with phase transition
characteristics during liquid CO; depressurization released from the bottom of a
rectangular duct (BR). The motivation was to investigate the effects of bottom release
(i.e., initial liquid at release area) on the behavior of rarefaction and evaporation waves
inside a duct. A possible scenario of CO, BLEVE is a total catastrophic failure of a
container ruptured below the liquid level. Therefore, the underlying phase transition
processes should be considered. The experiments were conducted in a rectangular duct
with the outlet pointing downwards. The soft aluminum diaphragm that sealed the HP
section was ruptured by an arrow activated with a pneumatic actuator. Details about
the setup are described in section 3.3. The analysis of phase transition characteristics
was realized based on the pressure and temperature histories inside the duct. Besides,
the shadowgraph technique captured the wave pattern inside the duct after rupturing.

The results were contrasted with previous top-release tests (TR) in the same duct.

4.4.2 Results and Discussion

Figure 4.11 shows pressure histories inside the duct during 35 ms of CO; liquid
depressurization. Time 0 indicates the diaphragm rupture, and sensors (P1-P3) were
arranged from top to bottom. The pre-ruptured pressure was 5.8-5.9 MPa. Figure 4.11
graphs (a-d) show that after the first pressure drop, the pressure profiles changed from
steadily decreasing in (a) to about plateau in (d) as the LVF increased. This implies that

the fluid stays in the metastable state for a longer period.
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After the diaphragm rupturing, a slight decrease in pressure was observed, which
signifies the first liquid and vapor expansion whereby the rarefaction wave propagated
upward. Then the pressure gradually decreased, and the evaporation started. A steep
decline in pressure with fluctuations characterized the expanded two-phase flow

outwards.

The differences in the flow’s dynamic characteristics between the bottom (BR) and top
(TR) releases were identified by comparing the current results with previous TR tests in
the same duct described by Hansen [56]. Figure 4.12 compares pressure histories inside
the duct during TR (a and b) and BR (d and e) experiments. The (a and d) LVFs were 0,

and (b and e) were 68.4, and 66%, respectively. Graphs (c and f) are corresponding close-

ups of 3 ms.
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The graphs in Figure 4.12 show that during CO; depressurization, the pressure
decreased more rapidly in BR tests than in TR. For P3 to drop to 2 MPa, it required about
26 msin the TR test, while it was 13.7 ms in the BR tests. In addition, the DOS was higher
in the TR tests than in the BR. The lesser DOS in the BR tests compared to the TR
experiment is likely due to the large volume of the liquid rapidly flowing out of the duct

after rupturing.

Figure 4.13 illustrates a sequence of images processed from shadowgraph video frames
and corresponding pressure histories during 4.5 ms of CO; liquid release from the
bottom of a rectangular duct for LVFs of 35 and 58%. The time step between two images

is 0.1 ms.

The frames demonstrated the start of the boiling process at the liquid/vapor interface
as a dark region of shadowgraphs expanded downwards. The expanded vapor rapidly
moved into the liquid, forming a bubbly mixture propagating downwards. The two-
phase mixture layer was also extended due to the bubbles developing by heterogeneous

nucleation on the duct's wall. It gradually increased to cover the whole duct's volume.

As shown in Figure 4.13, the liquid/vapor interface developed into a two-phase
mixture/vapor and was kept at an approximately constant level. Then the interface
disintegrated, and the two-phase mixture traveled upward until it occupied the entire
duct. This behavior is different from the evaporation mechanism during TR tests. The
initial liquid/vapor interface moved upwards following the shock wave in TR

experiments.
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4.4.3 Conclusion
The experimental results demonstrated significant differences between the top-release

and bottom-release tests in the evaporation mechanism and the flow characteristics:

= During BR tests, the evaporation rate inside the duct was faster, by a factor of
two, compared to TR tests.

= The liquid expansion in BR tests attained a lower degree of superheat (DOS) than
in the TR experiments.

= The shadowgraphs showed that during the boiling of liquid CO>, the liquid/vapor
interface continued at a nearly constant level until it broke up. In the BR tests,

the vapor had an insignificant effect on the early stages of the boiling process.

70



Osama M. Ibrahim: Accidental release of liquid CO, from transport and storage

5 Discussion

This chapter considers the research results and their implications, providing
explanations and referring to contradictions to the previous research. It is divided into
discussion parts according to the questions reflected in the summarized papers in

section 4.

pim wSES1-4S Y'SOKIyRAY Iy I- 02yi01-frak ILISR (535St

The first part of the experimental work focused on the diaphragm rupturing mechanism.
Characteristically, conducting the shock tube explosion tests with an instant release of
exploded multiphase flow from the high-pressure test section is preferable. At the same
time, the diaphragm rupture should be fast with a complete opening of the outlet cross-
section. In addition, the two-phase mixture flow inside the vessel toward the exit should
not be choked. Simultaneously, the exploded multiphase mixture into the atmosphere
should not be disturbed by obstacles. During instantaneous depressurization, the liquid
attains a degree of superheating due to rapid expansion. A higher expansion rate could
also be considered as the rarefaction wave propagates through the liquid with area
reduction in the vessel. Analyses of features such as overpressures, positive impulse,
and multiphase mixture velocity and development depend on high-quality acquisition
data and high-speed video recordings. This setup design is a proposed solution to the
requests raised after evaluating the previous experimental works (for instance, Hansen
[56]), especially for CO; release investigating two-phase mixture propagating in
increased cross-sectional area and monitoring multiphase mixture movement without

obstacles.

From the preceding, it is clear the necessity for a rupturing method that entirely
removes the diaphragm from the release vent and, at the same time, avoids techniques
using instruments above the test section, such as a pneumatically driven knife. Also, it
should avoid complicated procedures with sensitive parts that can be damaged during
the explosion test, such as electrical wires and heating devices. It has been found that a

double-diaphragm method is controllable, simple, and satisfies the abovementioned
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requirements. However, during liquified CO, decompression, the double-membrane
rupturing sequence affects the expansion wave pattern and evaporation rate.
Therefore, by increasing or decreasing the pressure between the diaphragms
considering the wave pattern in each application, the diaphragm's rupturing sequence

became crucial.

The results of the diaphragm rupturing mechanism indicated that the change in the MP
section pressure initially resulted in the diaphragm bulging and weakening the circular
edge. Subsequently, the diaphragm layers began to rift at one point, and then the crack
rapidly propagated on the circumference. The crack propagation speed depended on
how fast the pressure difference between the diaphragm surfaces increased. When the
pressure decreased in the MP section by decreasing pressure method, the crack
propagation speed slowed due to the time taken for the pressure to reach the
atmospheric one. As a result, the diaphragm was not fully circularly cut, but it opened

and held with a small part to the remaining frame.

Analysis of the conical vessel experimental results showed that complicated wave
patterns were created when decreasing the pressure method was used. In this case, the
HP diaphragm ruptured first, leading to the reflection of the waves into the vessel.
Additionally, this process had a prolonged period between the diaphragms rupturing
and, even though the diaphragms were opened, not utterly removed. All these factors

decelerated the evaporation wave propagation and reduced the phase transition rate.

In comparison, increasing the pressure between diaphragms led to the MP diaphragm
rupture, followed by the HP diaphragm, and there were no reflection waves into the HP
vessel. Also, the duration between the rupturing diaphragms was much less, about 28

times, and the diaphragms were wholly cut off.

On the question of how the change in MP section volume affects the experimental
results, the study found that increasing the pressure in the MP section led first to the
MP diaphragm rupturing. As a result, the MP section pressure rapidly dropped close to

atmospheric pressure, followed by the HP diaphragm rupture. If so, it is thought that
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the MP section volume has a minor effect on the subsequent process. However, when
the pressure decreased in the MP section, the HP diaphragm ruptured, and the fluid
expanded into the MP section before the MP diaphragm ruptured. In this case, the
expansion process in the HP vessel depends on the MP section volume. The extended
duration between HP and MP diaphragms’ rupturing could affect the expansion wave
behavior if the MP section volume is increased. Despite the change in the MP section
volume, the time between diaphragms’ rupturing is constantly higher when decreasing
MP section pressure except when the opening orifice has an identical diameter as the

flange's top outlet.
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Based on the pressure records inside the HP vessel with constant area reduction, the
rarefaction and evaporation wave velocities were calculated in the three vessel's height
sections. The results showed increased evaporation wavefront velocity as it propagated
downwards, i.e., as the cross-sectional area diminished. Also, as the liquid volume
fraction (LVF) increased. The highest calculated velocity was 111.6 m/s at the vessel's
bottom for LVF of 96.4%. These results differ from the previous experimental results
from CO; depressurization in a constant cross-sectional area duct (Hansen [56]),

Wherein the rarefaction and evaporation wave velocities were found to be steady along

the duct's height.

The most interesting finding was observed from the pressure history at the vessel's
bottom. Figure 5.1 (a) shows the pressure transducer histories (P1-P4 top to bottom)
inside the divergent cross-sectional area HP vessel during CO; depressurization for LVF
of 96.4%. Graph (b) compares the bottom pressure transducer records for LVFs of 0,

62.5, and 96.4%.

The graphs in Figure 5.1 show that the P4 lines have distinct signal routes with
oscillations followed by a significant pressure rise. The increase in pressure observed in

the P4 after the primary evaporation wave had passed was most likely due to
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overexpansion. This effect is quite dramatic when the expansion waves interact with
area reduction in a vessel. As the pressure at the P4 region runs to the trough, the
rarefaction wave reflects, and the two-phase mixture flows upwards. The low pressure
at the vessel's bottom has drawn the heavy two-phase mixture back downwards at
relatively high velocities. Once it stagnates at the bottom, the pressure increases again
(Figure 5.1). Then it decreases due to another rarefaction wave, and lighter gas follows

the heavier one.
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As mentioned above, the rarefaction wave velocity increases with an increase in LVF.
Thus, its reflection from the vessel's bottom intensifies with higher liquid content. At the

same time, with increased LVF, an extended period of superheated liquid remains in the
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metastable state before evaporation occurs. The interaction of the reflected rarefaction
waves with the propagated evaporation wave can be seen from the oscillations in P4
after the rarefaction wave, A, and after the evaporation wavefront propagation, B in

Figure 5.2 (a, b).
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P4 pressure records indicate faster evaporation at the vessel's bottom for LVF of 96.4%

than for 62.5%. That is evident from the pressure drop duration on P4 lines in Figure 5.2,
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and this may have accounted for the difference between 62.5 and 96,4% LVF in pressure

rise amplitudes after the evaporation wave has passed.
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A series of experiments were carried out in setup 2 (section 2.2), wherein the blast wave
overpressures were measured at the top and bottom alongside a polycarbonate tube
parallel to the generated waves and the released multiphase mixture. Results from
measured peak overpressure showed two overpressure peaks in the leading positive
phase. The initial peak corresponded to the headspace vapor expansion, while the
following was from the expansion caused by the liquid evaporation. Interestingly, the
second peak increased in height and duration with an increase in LVF, demonstrating
that the rapid phase change significantly influenced the overpressure's positive phase.
Also, the results indicate rapid phase transition in the conical-shaped vessel since the
expanded two-phase mixture propagated in a constantly increased cross-sectional area.
Therefore, it can be assumed that the explosion energy from this geometry is produced
from the headspace vapor expansion and primarily from the liquid's stored energy

released during evaporation.

The experimental results were used to validate a blast wave model of phase change
during CO, depressurization in a conical-shaped vessel. The model is built of CFD
simulations involving conservation equations for two immiscible fluids. The basis for
calculation is the Classical Nucleation Theory, focusing on the rate at which the number
of critical-size bubbles per volume is produced. The phase transition mass rate (the
source term in the two-fluid equation set) is modeled using the production rate of
critical bubbles. The liquid state properties and the relationship between internal energy
and the pressure were computed using stiffened gas equation of state. The equation set
is solved using the Flux Limiter Centered Scheme (FLIC) and Newton-Rhapson iterative
solver. The simulations were performed for LVFs of 35 and 73% in 2D axis symmetry,
and the geometry's center axis signifies the vessel's center axis. The simulation of blast
overpressure for the bottom sensor (270 mm from the HP diaphragm) is overestimated

because the modeled phase transition rate was too rapid. This inconsistency may be
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because the influence of preceding nucleation at the wall was not considered. This
explanation seems possible since the vessel's inner surface roughness average (Ra) was
3.2 um. The simulation showed a closer blast overpressure for LVF of 35 % to the
experimental results than for 73 %. It may be that the headspace vapor expansion drives
the blast from the vessel with LVF of 35 %. However, for the LVF of 73 %, the blast wave

originated mainly from liquid evaporation.

This study calculated the propelled diaphragms' velocities and kinetic energy based on
the high-speed videos' analysis. Additionally, it compared these calculations with
diaphragm velocity estimations based on the model for initial fragment velocity
suggested by Baum [73-76] and modified later by Genova et al. [65]. The proposed

model includes the following equations:

0.5
2'kq'Qex H
v = (;l_f) 9ljo pim
Qex =My - Cp ) (Trupt_ Tb) = (VV P pl) ) Cp ) (Trupt_ Tb) 91j0 poH

where m; is the fragment mass [kg], Q. is the excess heat stored in the liquid before
the explosion [J], and k, is the fraction of the excess heat transformed into the
fragment kinetic energy. (), is the pre-ruptured liquid's specific heat at constant
pressure [kJ/kgK], Tryp is superheated liquid temperature [K], T} is the liquid boiling
temperature at atmospheric pressure [K]. V;, is the vessel volume [m3]. ¢ is liquid

volume fraction. p; is the Liquid density at the superheated state [kg/m3].

The diaphragm velocity calculations were done by image processing of high-speed
videos. The videos were captured at 7200 fps and a resolution of 256x1024 pixels. The
height-to-pixel conversion was 0.94 mm/pixel. Figure 5.3 illustrates a sequence of
images during the HP diaphragm rupturing through the tube and synchronously
measured overpressure on the top and bottom of the tube (180 and 650 mm from the
HP diaphragm). The duration between images is 0.42 ms, and the dashed line signifies

the propelled diaphragm trajectory.
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The calculation results showed increased diaphragms' velocity and kinetic energy as the
LVF increased. Baum’s model calculations demonstrated lower fragments' velocities
with a difference of (15-23 m/s) from the experiments. A possible explanation for this
might be the proposed value of the excess heat fraction (k,;) by Genova et al. [65] (1.26
- 103 as the best-fit coefficient). Besides, it could also be the computation of the excess
heat stored in the liquid before the explosion. This computation depended on the pre-
ruptured CO; saturated state properties, determined from SW-EOS and NIST tabulated
data. The fragment velocity calculations from experimental results suggest a recent
value of k, to be 1.73- 107, According to the JRC European Commission’s Science and
Knowledge Service report [108], fragments are considered hazardous to incapacitation
if their kinetic energy exceeds 80 J (80Joule-rule). Also, the report presents a fragment
velocity-mass diagram of three models’ curves, including the (80Joule-rule) to describe
different fatality prospects. Based on this analysis, the fragments' velocities and kinetic
energies from the experiments (shown in Table 4.3) demonstrate that these fragments

imply great danger.
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Experiments carried out on Setup 3 (section 2.3) investigated the expansion and
evaporation mechanisms inside a rectangular duct during the release of liquid CO; from
the bottom. Comparing the experimental analyses with the previous results from
experiments with top releases revealed a significant difference in evaporation
mechanisms. The pressure histories demonstrated a faster pressure decrease during
bottom release. It implies faster evaporation since the duct had less liquid volume to

evaporate due to the liquid mass outflow from the bottom.

Analysis of the shadowgraph images displayed a flattened vapor/two-phase interface
developed from the initial vapor/liquid interface after the evaporation onset. The
expanded vapor penetrated this interface into the liquid, forming a bubble layer that
expanded downwards. In this region, heterogeneous nucleation also contributed to an
increased two-phase mixture. Simultaneously, a two-phase mixture descended from the

duct's top due to the condensation resulting from the rarefaction wave propagation
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through the vapor phase. Figure 5.4 shows pressure records (5.8 - 5.2 MPa) drawn on
the duct height scale during 4.5 ms of liquified CO, depressurization for LVF of 35%. And
including the corresponding shadowgraph images' sequence. The apparent inclines
indicate waves' paths that follow the defined time points at the fixed pressure sensors'
positions. Further evidence for the observed condensation was given from the vapor
quality calculations based on the Span-Wagner EOS; it showed that the expanded fluid
after the isentropic expansion had a vapor quality of 0.93. So, the evaporation
mechanism during bottom release differs from top-release tests, wherein the
liquid/vapor contact surface and two-phase mixture propagated upwards following

expanded vapor ahead.
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6 Summary and Conclusion

The presented work offers data and analysis concerning phase transition mechanisms
and blast wave consequences during CO; depressurization in a vessel with a divergent
cross-sectional area. In addition, the thesis discusses evaporation characteristics
during CO; release from the bottom of a rectangular duct. The research's motivation
was that the mechanisms of the rapid phase transition during CO, depressurization in
divergent cross-section vessels and below the liquid level are not fully understood. So
far, there have been few published studies on these processes, and the accessible
experimental data are sparse. Therefore, this experimental work was undertaken to
study the fluid expansion resulting from the rapid phase transition and subsequent

generated blast wave as in a BLEVE scenario.

The first part of the experimental work was performed in setup 1 (section 3.1), where a
double-membrane release system was attached at the top of the HP conical-shaped
vessel filled with saturated liquid and vapor CO,. The rupture procedure either increased
or decreased the pressure between the membranes (MP section). The study focused on
the influence of the membranes' rupturing sequence on the wave pattern in the test
section. Analysis of the pressure histories and the high-speed video recordings
demonstrated that increasing the pressure between the membranes precluded the
possibility of complex reflected wave interactions in the test section. It also minimized
the extended duration between membranes rupturing, which was observed in
decreasing the pressure procedure. Furthermore, the ease of control, the complete
removal of the diaphragm, and instantaneous depressurization made the increasing

pressure method a reliable and convenient operating technique.

A series of experiments investigated the dynamic characteristics of the expansion waves
during CO; depressurization in the conical-shaped vessel. The rarefaction and
evaporation wave velocities were determined based on analysis of the pressure records.
The liquid's state properties in the metastable region following the isentropic expansion
were determined by SW-EOS. The interactions of the expansion wave with the divergent

cross-sectional geometry were described contrasting these analyses with the previous
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conclusions from liquid CO; release in a constant cross-sectional rectangular duct. The
study showed increasing rarefaction and evaporation wave velocities as they
propagated downwards in the conical-shaped vessel and with an increase in liquid
volume fraction. In contrast, these velocities were nearly constant in the rectangular

duct tests.

The evaporation in the conical vessel was much faster than in the rectangular duct. That
is because the two-phase flow behind the evaporation wave was choked, while the two-
phase mixture in the conical vessel propagated through a constantly increased cross-
sectional area. Furthermore, the degree of superheating was higher in the conical vessel
than in the rectangular duct. Accordingly, in the conical-shaped vessel, the liquid's
superheat following the isentropic expansion was high enough to release the contact
surface explosively. It was a more intense eruption than observed in high-speed pictures
from the rectangular duct releases. A significant finding to emerge from this study is the
pressure rise at the vessel's bottom after the evaporation wavefront had passed. This
phenomenon arises due to over-expansion when a portion of the two-phase mixture is

drawn into the low-pressure bottom region.

The experiments carried out in setup 2 (section 3.2) sought to describe the
consequences of the blast wave during liquid CO, depressurization in a divergent cross-
sectional vessel. Measurements of peak overpressure (at the top and bottom of the
polycarbonate tube) and the calculated impulse indicated a significant impact of rapid
phase transition on their leading positive phase. The leading phase had two positive
peaks, first lower and second higher, corresponding to the expanded headspace vapor,
then the rapid evaporation. Besides, the second peak amplitude and duration increased
as the liquid content increased in the vessel. These results suggest that the liquid's
stored energy released during evaporation is the primary source of the blast wave
energy in the presented geometry. Subsequently, it can be argued that this is a CO;

BLEVE. According to the diagram shown in Figure 2.4, it can be described as hot BLEVE.

Calculations based on the analysis of high-speed videos and ruptured diaphragms

demonstrated increased propelled diaphragm velocity and kinetic energy as liquid
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volume fraction increased (up to 121 m/s and about 205 J for LVF of 73%). However,
comparing these diaphragm velocity results with estimations based on the fragment's
initial velocity model [65, 73-76] showed that the model had a lower slight difference in
a range of 15-23 m/s. The study suggests a current value for a fraction of the excess
heat transformed into the fragment kinetic energy to be k, = 1.73- 103. The
experimental data from this study was employed to validate a blast wave model of CO;
depressurization in identical geometry. The model is based on CFD simulations
integrating conservation equations for two immiscible fluids, the Classical Nucleation
Theory and the stiffened gas equation of state. The numerical method involves the
Flux Limiter Centered Scheme (FLIC) and Newton-Rhapson solver. The simulations of
blast overpressure illustrated a higher phase transition rate than the experimental
records. The reason is thought to be that the reducing impact of the wall nucleation at

the earlier stages of expansion was undervalued in the model calculations.

The phase change during release below the liquid level was studied using setup 3
(section 3.3), wherein liquid CO, was released from the bottom of a rectangular duct.
Interpreting the pressure and temperature histories in conjunction with high-speed
shadowgraph images was the basis for analysis. The phase transition characteristics in
these experiments differed from the previous top-release tests. The pressure records
indicated faster evaporation during bottom-release tests than in top-release by a factor
of two. However, during expansion in bottom-release tests, the liquid attained a lower

degree of superheating due to liquid mass outflow from the bottom.

In top-release tests, the liquid-vapor interface propagated upwards following the vapor
outflow as evaporation proceeded. Subsequently, the expanded gas/two-phase flow
was choked at the outlet. Contrary to the top-release results, shadowgraph images
showed that the initial contact surface remained flattened, almost horizontally, for a
relatively extended duration before breaking up. Then, it increasingly developed into a
two-phase mixture, covering the duct's upper section, trailing the expansion wave.

Simultaneously (on the liquid side of the interface), another liquid/two-phase mixture
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interface emerged at the contact surface, propagating downward. This progression

signifies that the evaporation wave developed independently of the vapor expansion.

A homogeneous equilibrium model (HEM) was used to simulate transient CO, two-
phase flow during CO, depressurization in a pipe. The liquid CO, depressurization was
simulated in the middle of the pipe from the saturated pressure of 7.27 to 3.67 MPa.
The structured model included central-upwind-weighted essentially non-oscillatory (CU-
WENO) numerical schemes with a smoothness indicator instead of the limiter function.
Besides, the Span-Wagner EOS calculated the thermodynamic properties. The model
should determine whether employing SW EOS and an integrated CU-WENO scheme
could capture rapid phase transition. The method simulation was able to describe the
pressure, two-phase mixture density, and vapor volume fraction patterns during the
phase transition. It also characterized the dynamics of rarefaction and evaporation

waves and the CU-WENO scheme's convergence.

The current findings offer an enhanced understanding of CO, BLEVE mechanisms and
possible consequences during depressurization in containers with a divergent cross-
sectional area or release below the liquid level. The unique set of experimental data
presented in this thesis can provide a basis for risk analyses that help safely construct
and handle CO; tanks. It can also be utilized to validate or as inputs in the numerical

models studying CO, depressurization in comparable geometry and positions.
wS02Y'Y SyRI-ii2ya 721 TdzidiS &2

e Even though the flow measurements provided significant observations on the
evaporation wavefront propagation in the conical-shaped vessel, the waves'
interaction with the divergent cross-sectional area is not fully revealed. The
difficulty lay in the non-transparent walls of the stainless steel vessel, which
could not enable optical observation inside the vessel. A simulation of waves and
two-phase mixture flow interaction with the divergent cross-sectional area could

offer additional data for phase transition characterization in this geometry.
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The study of releasing liquid CO, from the bottom of a rectangular duct has
focused on the evaporation mechanism inside the test section. However, it
would be interesting to study the phase transitions occurring in the outflowing
flashing liquid jet and its effect on the blast wave intensity. Future research on
the flashing jet would further analyze the explosive evaporation of outflowing
liquid CO; during release from the bottom. Adding pressure sensors at fixed
positions perpendicular to the duct outlet could give insight into shock wave

pressures and impulses.

All the experiments were conducted with saturated CO, at atmospheric
temperature. However, certain CO; storage tanks are maintained at relatively
low temperatures than the atmospheric. Experimenting with controlling liquid
CO; temperature could help explore phase transition mechanisms during the

release of saturated CO; at low temperatures.

The simulation of the pressure inside the conical-shaped vessel illustrated
probable bubble formation on the wall, reducing the superheated liquid's
duration at the metastable state. Future research should therefore utilize refined
inner surface walls to reduce the effect of heterogeneous nucleation on the

phase transition rate.

The diaphragm rupture of a container at a horizontal position filled with liquid
CO, would lead to simultaneous liquid and vapor outflow. Instantaneously, the
inside liquid evaporates while the vapor expands due to faster propagation of
the rarefaction wave in the liquid phase than in the vapor. This would affect the
evaporation wavefront velocity, shape, and subsequent behavior of the
expanded two-phase flow inside the container. Further experimental
investigation of liquid CO, release from a container at a horizontal or an inclined

position close to the horizontal would be recommended.
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Abstract

An unintended release of liquid CO, during its transport results in depressurization with rapid phase transitions, evapo-
ration, and expansion. Such progression may lead to catastrophic container failure with boiling liquid expanding vapor
explosion (BLEVE). Therefore, to design safe CO, transport structures, it is essential to investigate the processes associated
with CO, depressurization. This paper presents a new test rig combining a divergent cross-sectional test vessel with a
double-membrane rupturing system. The rig is designed to study the effect of diverging cross sections on phase transition
rates and wave propagation during liquid CO, depressurization. The apparatus has a high-pressure (HP) conical-shaped
vessel and a medium-pressure slip-on flange section (MPS) that separates two membranes. The main contribution is
examining rupturing methods and subsequent generated waves behavior to evaluate the installation performance.
Pressure histories and high-speed video recordings were utilized to analyze the wave pattern and membrane rupturing
mechanisms by increasing or decreasing the MPS pressure. A comparison of these two techniques demonstrates that
decreasing the MPS pressure requires an extended period between diaphragms rupture and has a lower evaporation
wavefront velocity than increasing the MPS pressure. Increasing the MPS pressure method has better reliability and
simplicity and provides a more controllable operating system. Increasing the MPS pressure avoids a complicated wave
pattern in the test section and prolonged rupturing time.

ArticleHighlights e During liquified CO, decompression, the double-mem-
brane rupturing sequence affects the expansion wave

e The conical vessel with a double membrane shows the pattern and evaporation rate.
wave structure during saturated liquid CO, depressuri- e By decreasing the medium-section pressure, slower
zation. wave propagation and complex reflected waves are-

observed in the test section.

Keywords Liquid CO, depressurization - Double-membrane - Increasing/ - Decreasing pressure method - Evaporation
wave - Rarefaction wave
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1 Introduction

Carbon capture and storage (CCS) technologies have been
developed as an exceptional solution to reduce CO, emis-
sions from fossil fuel utilization, especially CO, emissions
from power plants and industrial processes. The trans-
portation of liquid CO, is a fundamental stage of the CCS
technological processes [1]. The decompression of liqui-
fied CO, from tanks or pipelines is a continuing concern in
terms of the safe transport and storage of CO,. A container
filled with liquified CO, may fail due to projectile impact,
corrosion, or overheating. Under some circumstances, lig-
uid CO, depressurization may lead to rapid phase change
with explosive boiling and the creation of blast waves.
If the container fails catastrophically with a sizable mul-
tiphase mixture rapid outburst to the environment, it can
be characterized as boiling liquid expanding vapor explo-
sion (BLEVE) [2]. In such explosions, serious hazards arise
from generated pressure loads and discharge of consider-
able CO, volume to the surroundings, in addition to dan-
gerous flying fragments [3]. Therefore, there is a need for
profound insights into process safety and risk assessment
to protect against, avoid, and mitigate such devastating
incidence. It is crucial to study the fundamental processes
of rapid phase transition and evaporation, estimate the
strength of the generated pressure waves, and determine
the factors that affect these processes.

Attempts to specify the conditions promoting a BLEVE
incident have been proposed in the published literature.
Reid’s superheat limit theory [4, 5] suggested the factors
that produce BLEVE. According to this theory, a liquid
crossing the saturation line after the decrease in pressure
becomes superheated in the metastable state. It remains
in this state between saturation and spinodal curves
until it reaches the superheated limit temperature(SLT).
BLEVE is more likely to occur whenever the liquid tem-
perature exceeds the SLT and approaches the spinodal
line. Depending on the depressurization rate, the liquid
attains a high degree of superheating (DOS). In addition,
evaporation must be rapid and induced by homogeneous
nucleation in the liquid bulk. However, other studies have
mentioned that explosive evaporation could occur even
when the liquid temperature has not exceeded the SLT
[6, 71. When a liquid CO, depressurizes, a rarefaction wave
propagates through the liquid, followed by an evaporation
wave. The two-phase mixture formed behind the evapora-
tion wave flows toward the atmospheric pressure side. As
a result, it compresses the gas ahead and, in certain con-
ditions, produces a shock wave. The vapor/liquid contact
surface moves behind the shock wave into the surround-
ings [8, 9].
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Different types of shock tubes have established their
capability and effectiveness in small-scale experiments to
measure the properties related to analogous phenomena.
Such devices are used to study pressure-driven transient
phenomena that involve considerable energy transforma-
tion due to pressure change. Several experimental studies
aiming to describe the front propagating behind the inci-
dent shock or evaporation waves have been carried out
on vertical laboratory-scale test devices with various fluids
[10-14]. Several tests have been performed on larger hori-
zontal tubes and pipes [15-17]. Almost all of these studies
were conducted in constant cross-sectional vessels and
mainly used the one-membrane burst method. This paper
emphasizes experiments that include decompression from
the top of vertical containers, divergent cross-sectional
vessels, and double-diaphragm bursting mechanisms.

Chaves [18] performed experiments on two ducts
with a constant and diverging cross-section to study the
evaporation wave evolution during the depressurization
of liquids with high specific heat. The study found that the
splitting of the expansion wave is a restricted thermody-
namic incident and is not dependent on the geometry.
Zabelinskii et al. [19] tested the leading shock front shape
in a gas (explosive mixture diluted with cold hydrogen)
employing a horizontal shock tube with a conical passage
between high and low-pressure parts. According to the
study’s outcome, the diverging cross-sectional passage-
way resulted in the retention of heterogeneities on the
wavefront surface.

Various diaphragm rupturing methods have been
developed and introduced to examine sudden decom-
pression procedures in shock tubes. Hill [10] implemented
a typical rupture method using knife blades prompted by
a pneumatic cylinder to cut aluminum foil diaphragm sets
between low- and high-pressure reservoirs. In the study
on boiling development during the depressurization of
superheated liquid in a column, Das et al. [13] employed
a four-bladed cutter placed adjacent to and over a plastic
diaphragm and covered by an air chamber. The diaphragm
swells to touch the blades and is punctured when the
pressure falls due to a vacuum pump in the air chamber.
A remarkable study on explosive vaporization of super-
heated liquids was introduced by Reinke [20]: the move-
able flange method. A brass sheet was pressed between
the flanges from the bottom side and the two-ring flange
from the top. The outer flange had a sharp edge, and the
diaphragm was fixed to the next bottom flange. An inner
ring, which could move up and down, pressed the dia-
phragm in a smaller circle. Lifting the mobile flange’s ring
increased the force on the diaphragm surface due to the
increased area under load, and subsequently, the dia-
phragm ruptured.
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Recently, a different method presented by Dewangan
et al. [14] applied a Nichrome heating wire to heat and
rupture the plastic diaphragm fixed between two flanges.
Li et al. [21] questioned which factors influenced the
promotion of boiling liquid expanding vapor explosion
(BLEVE) by heating dry ice in a cylindrical vessel sealed
with a burst disk. The container’s pressure increased as the
dry ice liquefied and evaporated until the point where the
disk exploded. Stotz et al. [16] demonstrated a double-
diaphragm shock tube to investigate atomized liquids and
the associated combustion processes. The 12-m long hori-
zontal installation consisted of three tubular parts: driver,
driven, and buffer zones. The two diaphragms ruptured
by the pressure quickly decreasing in the buffer section.

Over recent years, the depressurization of liquified
CO,, the associated evaporation, and the developed
pressure waves have been studied at the University of
South-Eastern Norway (USN). Wei Ke [22] conducted
experiments on BLEVE by using cylindrical plastic tubes
filled with dry ice. The pressure rose by heating the test
tube. Then, the pressure was vented with the help of a
pneumatic piston. The tube exploded when it could not
withstand the increasing pressure, and CO, splashed
out. The progression of the evaporation waves during
the decompression of liquid CO, was analyzed by Tosse
et al. [23]. A transparent polycarbonate tube was utilized
as a high-pressure unit, and Mylar sheets were utilized as
a membrane ruptured by a pneumatically driven needle.
Hansen et al. [24] broadly studied the rapid depressuriza-
tion of CO, utilizing three different vertical apparatuses,
two of which were described above. The third setup
consisted of a stainless steel rectangular duct filled with
liquid CO, to a specified level. Sudden decompression
was performed by rupturing the aluminum diaphragm
with a pneumatically driven cross-shaped knife.

One major issue in the previous CO, depressuriza-
tion experiments was that the two-phase flow behind
the evaporation wave was not instantaneously released
from the test section. This is because the ducts’ constant
cross-sectional area, especially with more minor open-
ing exits, did not allow the prompt release of the rap-
idly expanded two-phase mixture. In turn, the analysis
of the evaporation process was complicated, and there
may have been shock attenuation effects. In addition,
the decompression in the previous test sections was per-
formed by rupturing the diaphragms with an actuated
knife or needle, which was fixed above the test duct. This
arrangement disturbed the exploded multiphase flow
and subsequently imprecisely captured its behavior. As
a continuation of this research activity, this project seeks
to expand prior research by providing results and analy-
sis of expansion wave dynamics in a new vessel design.

The present work focuses on a divergent cross-sec-
tional area, as opposed to previous work. The divergent
cross-section will significantly enhance fluid expansion
as the rarefaction wave propagates toward a smaller
area. The experimental setup should identify whether
the phase transfer rate and the metastable state follow-
ing the rarefaction wave are independent of fluid expan-
sion (the degree of superheating). This setup has three
characteristic features. The vessel test section has a con-
ical-shaped body (i.e., divergent cross section). The test
section is sealed by a double-membrane, where a slip-on
flange positioned between the two membranes consti-
tutes a medium-pressure section (MPS). The rupturing
of membranes could either be achieved by increasing or
decreasing the pressure in the MPS. Although few types
of research with rapid phase transition have been car-
ried out on double-membrane apparatus, the difference
in rupturing mechanisms by increasing and decreasing
the MPS has not been discussed. This paper compares
these two methods of rupturing membranes and how
the rupture mechanism influences the waves. The focus
here is on the rupture stages, the wave pattern, and the
device performance.

2 Design description
of the double-membrane test rig

The double-membrane conical rig is designed to carry out
small-scale experiments to investigate the sudden release
of liquified CO, and the associated underlying processes
of rapid phase transition. It is a modified apparatus of
shock tube type. The existing double-membrane system
consists of two pressurized CO, sections: a high-pressure
conical vessel (i.e., test section) and a medium-pressure
slip-on flange. The conical vessel is reinforced on the alu-
minum structure and fastened together with the two slip-
on flanges. The two aluminum diaphragms have different
thicknesses. Figure 1 shows a sketch and an image of the

rig.

2.1 High-pressure conical vessel

The conical part of the vessel was made of stainless steel
AlSI 316 and was welded to a slip-on flange (pressure class
1500 Ib) with a full penetrating weld. The flange facilitates
carrying the diaphragm gaskets underneath the load and
firmly attaches the other parts to the vessel. The vessel has
a total height of 383 mm, a volume of 480-10® mm?, and
solid sidewalls with a thickness of 18.67 mm. The vessel
wall is inclined at an angle of 4° and has an inner surface
with an average roughness (Ra) of 3.2 um. The conical
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Fig. 1 Schematic drawing of the double-diaphragm conical arrangement, its main dimensions, and a magnified MPS sketch on the left-
hand side. An image of the conical vessel fastened with the two flanges on the right-hand side

vessel's upper orifice has a diameter of 90.7 mm. The ves-
sel has a flat surface circular bottom (diameter 9.37 mm) to
avoid excessively high stress that could arise from evapo-
ration waves that descend just after the diaphragm rup-
tures. The tapered vessel bottom was strengthened with
a cube-shaped block from the same material with a side
of 70 mm. There are two openings for CO,. Inflow in the
bottom and outflow from the top of the vessel’s wall, and
each opening equipped with 4" NPT fittings. Additionally,
there are 12 threaded holes, six for pressure sensors on
one vessel's side and the other six for temperature sensors
on the opposite side. The distance between the sensors’
holes is 50 mm.

2.2 Medium-pressure section

A slip-on flange is utilized as a medium-pressure section
installed above the vessel. The MPS has a cylindrical cross
section with a diameter of 90 mm, a depth of 80 mm, and
a volume of 510-10°> mm3. The slip-on flange is fabricated
from stainless steel ASME B 16.5 (pressure class 1500 Ibs). It
is modified by drilling an inlet/outlet opening through its
thick-disk sidewall. Additionally, two additional openings
were drilled for fitting pressure and temperature sensors.
O-ring grooves were machined to guarantee tight seal-
ing. The inlet/outlet opening is equipped with a 2" NPT
fitting and connected to a pneumatic three-way valve by
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a 4" flexible metal hose that facilitates the slip-on flange’s
movement to replace the diaphragm. This arrangement
enabled a controlled pressure relief unit. Another slip-
on flange is positioned on the top of the MPS flange and
opens to atmospheric conditions. This flange is used to
keep the diaphragm pressed between the two flanges. The
pressurized sections, the diaphragms, and the second slip-
on flange are tightly held together by eight bolts. Figure 1
is a diagram of the double-diaphragm conical arrange-
ment with a magnified MPS schematic, its main dimen-
sions, and sensor positions used in the experimental setup
on the left-hand side. Figure 1 also includes an image of
the conical vessel fastened with the two flanges on the
right-hand side.

2.3 Diaphragm material and employment

Two thin diaphragm sets are tightly attached to separate the
high-pressure conical vessel from the MPS flange bottom
opening (high-Pressure diaphragm / HP diaphragm) and the
MPS flange top opening from the surrounding atmosphere
(medium-Pressure diaphragm / MP diaphragm). The dia-
phragmiis critical in shock tube employment, so the material
and thickness are central features to consider. Aluminum has
proven its compatibility in shock tube CO, tests due to fast
crack propagation, and aluminum does not create small and
diverse fragments during rupturing.
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The diaphragms were designed as circular pieces cut
from blank, natural smooth aluminum sheets. In addition,
the sheets have different thicknesses and were manu-
factured by Alfer Aluminium (manufacturer art. number:
4001116382741). Three plate thicknesses of 0.3, 0.5, and
0.8 mm were used to form diaphragm sets. An empirical
method was applied to determine the optimal combina-
tion of thicknesses for the operating conditions (pressure
difference between HPS, MPS, and atmospheric pressure
section). A series of tests were conducted for this purpose.
The tests demonstrated that the best thickness combina-
tion for the diaphragm separating the conical vessel from
the MPS flange (HP diaphragm) is 1.5-1.6 mm. For the dia-
phragm between the MPS and atmospheric flanges (MP
diaphragm), 1.4-1.5 mm is best. Two gaskets are applied to
each diaphragm to prevent any leaks from the membrane.
The gasket types are Tesnit BA-GL and Centurion. Both are
made of glass, aramid fibers, and nitrile binder. The gaskets
are approved for use with CO,, pressure up to 30 MPa, and
temperatures up to 450 °C.

3 Diaphragms rupturing methods and wave
patterns

In this double membrane arrangement, the diaphragms
rupture either by increasing or decreasing the pressure in
the medium-pressure section. Therefore, the pneumatic
three-way valve has a prime role in controlling the swift
pressure build-up or release in the MPS. Increasing or
decreasing the pressure in the MPS occurs by triggering
the three-way control valve, adjusting the opening-clos-
ing duration, and regulating the necessary amount of CO,
entering or evacuating from the MPS.

P2T2,02,h2 U2

P2.T2,p2,h2 02 Diaphragm

+P "%L/
— Bt —

P2.T2,02,h2 02

(@)

3.1 Diaphragm rupture induced by increasing
the pressure in MPS

Anincrease in the MPS pressure higher than the bursting
pressure (the maximum pressure that the diaphragm can
withstand) results in the upper diaphragm rupture, which
first separates the two flanges. By opening the first dia-
phragm, pressure in the flange section falls to atmospheric
in milliseconds. Then, the second diaphragm ruptures fol-
lowing the increased pressure difference. Figure 2a shows
the shape of the conical vessel and the two slip-on flanges
fastened to the top of the vessel. Additionally, the steps of
diaphragm rupture occur by increasing the pressure in the
MPS during the decompression of gaseous and liquid CO,.

When the MP diaphragm ruptures, and due to the
sudden air compression in the section with atmospheric
pressure, a shock wave is generated and propagates
outward in the chamber’s space. Simultaneously, a rar-
efaction wave travels downward until it hits the second
diaphragm, and then the wave is reflected upwards. Rup-
ture of the diaphragm separating the conical vessel from
the mid-section flange generates a second shock wave
that propagates through the MPS toward the chamber
space, followed by the vapor/liquid interface. A rarefac-
tion wave moves downward through the liquid to the
vessel’s bottom side, while an evaporation wave travels
behind it in the downward direction. Figure 3a shows
a graphical representation of the wave pattern in the
depressurization sections of liquified CO, from the coni-
cal vessel caused by increasing the pressure in the MPS.

3.2 Diaphragm rupture prompted by decreasing
the pressure in the MPS

When the pressure promptly falls to atmospheric pres-
sure in the MPS, the diaphragm separating the conical

Py.T2,02,h2 U2

Diaphragm
P2,T2,p2,hz2 12

P2.T2 02,02 0

NS NN\

Fig.2 Schematic drawing of the structure and stages of diaphragm rupture during the depressurization of liquified CO, from the conical

vessel. Increasing a and decreasing b the pressure in MPS
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Fig.3 lllustrative graph of wave patterns in the vertical y-axis of
the conical vessel during liquified CO, depressurization caused by
increasing pressure in the MPS (a), and decreasing (b) the pressure
in the MPS: 1- first shock wave; 2-first rarefaction wave (Fan); 3-first
rarefaction wave (fan) reflection; 4-s shock wave; 5-contact surface;

vessel from the mid-flange ruptures first due to its failure
to withstand the higher pressure difference. Then, the
diaphragm between the flanges ruptures following the
continuous higher difference in pressure. Figure 2 (b)
shows the stages of diaphragm rupture in the double-
membrane scheme by decreasing the MPS pressure and
during CO, depressurization in the conical vessel.

6-s rarefaction wave (fan); 7-evaporation wave; 8-s rarefaction wave
(fan) reflection; 9-bottom evaporation waves reflection; 10-first
shock wave reflection; 11-contact surface reflection; 12-first shock
wave reflection’s bottom reflection; 13- bottom wave reflection

Once the diaphragm placed between the vessel and
the flange ruptures, a shock wave is formed and moves
upward in the MPS. Concurrently, a rarefaction wave
emerges and travels down through the liquid CO,, fol-
lowed by an evaporation wave. The shock wave and the
contact surface propagating behind it hit the upper
diaphragm and are then reflected downward. Conse-
quently, the rupturing of the HP diaphragm generates
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Fig.4 Graphical illustration of the constituent components of the experimental installation
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a new shock wave that propagates outward toward the
chamber’s space together with the vapor-liquid con-
tact surface moving behind it. Figure 3b illustrates the
waves' pattern for the decreasing pressure method dur-
ing the depressurization of the liquified CO, in the coni-
cal vessel.

4 Experimental setup and procedure

The experimental system consists of three components.
(1) the conical vessel and its accessories in the double-
membrane composition; (2) the auxiliary rectangular
duct installation; and (3) the control, supply, and data
acquisition systems. The double-diaphragm configura-
tion is fixed on an aluminum structure. Above it, there is
an atmospheric chamber with a volume of 0.338 m3. The
chamber’s space is covered by polycarbonate sheets on
all six faces, with a vent from one side on the top. Fig-
ure 4 shows a sketch of the experimental setup.

Industrial-grade two cylinders gaseous and liquid CO,
supply the HP and MP sections separately. One line sup-
plies the conical vessel and the rectangular duct, and the
second line connects to the medium-pressure flange. The
gaseous cylinder is equipped with a regulator and a con-
trol valve, while the cylinder that supplies liquid CO, is
equipped with a dip-tube and two control valves.

One of the vital parameters to know in the conical ves-
sel experiments is the volume liquid fraction (LVF). An aux-
iliary structure is constructed to observe the liquid height
in the opaque conical vessel. This structure includes a
high-pressure rectangular duct with a glass window con-
nected by a pipe net to the HP vessel, and CO, is supplied
to the cylinders through four pneumatic valves. The first
valve connects the CO, cylinders to the conical vessel inlet,
and the second controls the flow between the conical ves-
sel and the rectangular duct. The other two valves control
the CO, flow to the conical vessel and duct outlet pipe,
which is connected to a regulator and control valve before
CO, exhaust. Before filling, the vessel is flushed two or
three times with pressurized CO, gas at 10 bars. The MPS
is primarily filled with CO, gas until the pressure reaches
26-28 bar, which is approximately half the pressure in the
conical vessel (approximately 52-56 bar). The conical sec-
tion is filled with liquid CO, to a selected level by viewing
the rectangular duct’s liquid height. It takes 5-7 min to sta-
bilize the liquid level and obtain liquid/vapor equilibrium
in the conical vessel. Then, the conical vessel is discon-
nected from the rectangular duct by closing the control
valve between the vessel and the duct.

Four Kulite (XTM-190-2000G) pressure transducers are
mounted on the vessel wall. The distances between these
transducers are 50, 100, and 100 mm from the bottom.

Besides, these transducers have a pressure range of
0-70 bar and a natural frequency of 410 kHz. A sensor of
the same type is attached to the MPS wall to measure the
MPS pressure. A Kulite (XTM-190-100G) sensor is mounted
in the middle of the vertical chamber’s side to measure the
overpressure after diaphragm rupture. This sensor has a
pressure range of 0-3.5 bar, measuring the overpressure
up to 7 bars, and has a natural frequency of 95 kHz. Both
transducer types have a piezoresistive sensor as a sensing
element and accuracy of approximately + 1%. To deter-
mine the temperature variations in the vessel during CO,
decompression, three K-type thermocouple temperature
sensors were installed on the vessel wall. These tempera-
ture sensors are on the side opposite the pressure trans-
ducers. The spacing between two adjacent transducers
was 150 and 100 mm measured from the bottom to the
top. A Photron Fastcam SA-1 high-speed camera, which
has a sample rate of 5000 frames per second, captures the
emergence and evolution of multiphase release after dia-
phragm rupture. The illumination system installed on the
chamber’s opposite sides consists of three LED panels (CE
& RoHS, one 80 W, and two 38 W).

5 Results and discussion

A series of tests were conducted by opening then closing
the three-way valve for various time durations. The times
were 0.3,0.5,0.8, 1, and 1.5 s. The objective was to draw
a comparison between the rupture methods. In addi-
tion, two sets of diaphragm thickness combinations (MP/
HP diaphragms), 1.5/1.6 and 1.4/1.5 mm, and different
liquid volume fractions (LVFs), 42 and 52%, were used.
The experiments were carried out under identical initial
conditions in the chamber where the temperature and
pressure were atmospheric (T=19-23 °C and P approxi-
mately 0.1 MPa), and the same atmospheric temperature
range was maintained in the vessel and MPS. However,
the pressure inside the conical vessel was 5.2-5.5 MPa,
and the pressure in the MPS was 2.6-2.8 MPa.

5.1 Comparison of rupturing methods

Figure 5 shows the pressure readings in the conical ves-
sel for i) increasing and ii) decreasing the MPS pressure.
The conditions for the two diaphragms to rupture when
decreasing the MPS pressure were the following: dia-
phragm thickness combination 1.4/1.5, 52% LVF, and
valve opening/closing duration of 0.8 s. When the HP-
diaphragm ruptured, i.e., a decrease in MPS pressure,
a primary shock wave propagated upward followed
by the contact surface. When the shock wave reached
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the MP diaphragm, the wave was reflected, resulting
in an increased pressure difference. This pressure dif-
ference consequently caused the MP-diaphragm to
rupture. The reflection of the first shock wave is shown
in the enlarged sectors a, b, d, f, g, and i in Fig. 5 (the
blue curves). The fluctuations that were observed on
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the MPS pressure fall lines can also be explained as the
effect of the reflections of the compression waves hitting
the MP diaphragm and the reflections of the expansion
waves propagating downwards through the liquid. In the
enlarged sectors ¢, e, and h in Fig. 5, the first pressure
drop is due to increasing the pressure in the lines, and
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by increasing (Incr. P line) and decreasing the pressure (Drop. P line)in the MPS

the following oscillations are due to HP diaphragm bulge
after MP diaphragm rupturing.

The pressure histories were drawn with reference to
the vessel height to clarify the effect of the mentioned
wave reflections on the rarefaction and evaporation
wave propagation inside the vessel. Every synchronized
pressure—time line starts at the corresponding trans-
ducer location, as shown in Fig. 6. The pressure-time
lines’ first and second pressure drop trajectories corre-
spond to the rarefaction and evaporation wave paths,
respectively. On the decreasing pressure in the MPS
lines, the observed slight fluctuations on the second
plateaus were caused by the reflected waves from the
MPS. This process slows evaporation wave propaga-
tion, as seen from the comparison of the plateau time
durations in Fig. 6. The evaporation wavefront velocities
were calculated along two height regions (185-85 mm)
and (85-35 mm), as shown in Fig. 6. The results indicate
that for increasing pressure in the MPS method, the
evaporation wavefront propagated with a mean veloc-
ity of 59.98 £ 0.4 m/s, while for the decreasing pressure
method, the wave’s mean velocity was 39.92+2.56 m/s.

Figure 7 illustrates the pressure change in the MPS
(Pmps) and overpressure generated in the chamber space
(Pcys) during CO, decompression from the conical ves-
sel after the pressure surged in the MPS (Incr. P line), and
the pressure fell (Drop. P line). Overpressure was meas-
ured, appointing atmospheric pressure as the reference
pressure.

The time duration between diaphragm ruptures in the
bursting method when increasing the MPS pressure is
shorter than that when decreasing the pressure. A possi-
ble explanation is that in the former technique, due to the
extended pressure variation between the HP diaphragm
sides, only this diaphragm needs to burst as the MP dia-
phragm is already ruptured by a sudden MPS pressure
increase. However, in the latter technique, rupturing both

diaphragms is required. Two reflection waves are propa-
gated in the opposite direction of the incident shock and
contact surface. Subsequently, the travel of these waves
through the MPS slowed down, as shown in magnified
parts (j) and (k) in Fig. 7. The time duration between the
pressure drop in the MPS and the HP diaphragm rupture
is 200.5 ms for the increasing pressure test and 5740 ms
for the decreasing pressure test.

The effect of reflected compression waves and encoun-
tered reflection of the expansion waves when decreasing
the MPS pressure slowed the diaphragm rupture. It also
weakened the intensity of the generated shock wave
after the MP diaphragm ruptured. This behavior can be
observed from the overpressure peaks in Fig. 7, which
were 12 kPa after the MP diaphragm ruptured by decreas-
ing the MPS pressure. Furthermore, they were 33 and
29 kPa after the MP and HP diaphragms ruptured, respec-
tively, when increasing the MPS pressure.

When increasing the pressure in the MPS, the MP dia-
phragm ruptures before the HP diaphragm. Then, the MPS
gas expands rapidly close to atmospheric pressure before
the HP diaphragm rupture initiates the depressurization
process inside the HP vessel. The volume of the MPS is
thought to have an insignificant effect on the consequent
process. When lowering the pressure in the MPS, the bot-
tom diaphragm will rupture and cause an expansion of
fluid from the HP vessel into the MPS before the top dia-
phragm ruptures. In this case, the state in the HP vessel
will depend on the MPS volume. Moreover, an increase in
the MPS volume results in a prolonged time between dia-
phragm rupture and subsequently influences the expan-
sion wave behavior. Regardless of the MPS volume, the
duration between diaphragm rupture is still higher for the
decreasing MPS pressure technique than for the increasing
MPS pressure technique unless the vented opening has
the same diameter for both methods.
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Fig.8 The left and middle images show circular tracks on the
bulged diaphragm circumference after the HP diaphragms were
ruptured by MPS pressure relief. The right image shows the remain-

5.2 Rupturing mechanism

The diaphragm rupture mechanism depends on consider-
ations such as the pressure required for prompt rupturing,
the time duration of the gas entering or leaving the MPS,
and the diaphragm disk layer durability and hardness.
However, to regulate these factors, it is essential to com-
pletely open the diaphragm area under load and prevent
multiphase flow disturbance. Regardless of the rupturing
method, the bursting mechanism was initiated when the
diaphragm layers began bulging due to CO, filling. Sub-
sequently, the circular cross-sectional edge weakens due
to the maximum strain applied. By increasing the pres-
sure difference between its surfaces, the diaphragm starts
to crack in one spot along the circumference and then
stretches to remove the entire underloaded cross-section
in the case of increasing the pressure in the MPS. In the
case of pressure decrease in MPS, a cut is made circularly
while leaving a small portion on one side. The images in
Fig. 8 show the crack trajectory on the loaded diaphragm
circumference after rupturing by decreasing pressure

ing ring after the bulged loaded section was entirely removed by
the HP diaphragm rupturing when increasing MPS pressure

in the MPS. Furthermore, the residual ring after the dia-
phragm loaded area was removed because of increased
pressure in the MPS. This rupturing mechanism empha-
sizes that diaphragm bursting does not occurimmediately
[25], making the multiphase flow start as a jet and grow
until it occupies the vessel orifice cross section.

Figure 9 shows cropped images from the high-speed
video captured during the experiment with LVF of 52%
and 1.5/1.6 diaphragm sets. It shows the development
of the multiphase flow and rocketed diaphragm parts
after bursting due to the increasing pressure in the MPS.
The top series illustrates the MP diaphragm rupture and
release from the MPS, whereas the bottom series displays
the HP diaphragm rupture and the release from the HP
vessel.

As the upper diaphragm bursts first by increasing the
MPS pressure and its cross-section under the increased
pressure is entirely broken and opened, there is a free
path for the upcoming shock wave and multiphase
flow. No reflection occurs. This implies that the reflected

Fig. 9 High-speed images of the evolution of multiphase flow and the ruptured diaphragm fragments after diaphragm bursting. The time

step between two images was 0.56 ms in both sequences
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compression wave does not influence the processes inside
the conical vessel.

The velocity of the ruptured diaphragms in the cham-
ber is estimated by processing the high-speed videos.
The designated approach was to visually track the
rocketed diaphragm positions upward after rupturing
for 860 mm (the inner vertical distance in the chamber
space).

All videos were recorded within 1.79 s at 5400 frames
per second (fps) and a resolution of 576 x 1024 pixels.
Trajectory tracking was performed with a 0.91 mm/
px pixel height conversion. Calculating the veloc-
ity of the ruptured slices from the MP diaphragm
gives 118-123 m/s, and for the HP diaphragm, it gives
127-132 m/s. As shown in Fig. 9, the ruptured diaphragm
fragments, indicated by small arrows on the upper image
sequence, proceed with nearly identical velocity as the
multiphase flow proceeds. The time step between the
pictures on each line is 0.56 ms, and the time between
the upper and lower image sequences is 1.68 ms.

6 Conclusions

A double-diaphragm vertical conical rig for studying
decompression of liquified CO, from a diverging cross-
sectional vessel is described. The paper also highlights
the characteristic features of the test setup. This setup
includes a slip-on flange as a medium-pressure section,
and the method of rupturing the diaphragms is either a
pressure increase or decrease in the medium-pressure
section (MPS). A series of experiments were carried out
on this setup to compare its performance when applying
the two diaphragm rupturing methods.

This paper focuses on the sequence and mechanism of
diaphragm rupturing and the generated wave pattern. The
conditions included different liquid volume fractions in the
conical vessel, different three-way valve opening/closing
durations (this valve controls the entry or evacuation of
gas in the MPS), and different diaphragm thicknesses.

The experimental results indicate that the rupture
caused by increasing the MPS pressure has no reflected
compression wave complications in the MPS or test ves-
sel. This is because the MP diaphragm ruptures firstly, the
underloaded diaphragm sections are entirely removed.
When the pressure in the MPS decreases, the compression
waves are reflected back into the vessel, which slows evap-
oration wave propagation. This evaporation wave slow-
ing, in turn, reduces the phase transition rate. Furthermore,
the time between diaphragm bursting when increasing
the MPS pressure is shorter than that when decreas-
ing the pressure. In addition, increasing the pressure in
the MPS offers more operating simplicity and reliability.

These operational analyses suggest that increasing the
MPS pressure is a more feasible technique to conduct CO,
depressurization tests on this installation for the condi-
tions compared.

Finally, a potential weakness to consider is that the
pressure drop in the MPS was performed by evacuating
the gas from the MPS through a 2" opening. The evacu-
ation rate could be too slow to attain a higher pressure
difference between the vessel and the MPS. The lim-
ited dimensions of the slip-on flange used as the MPS
excluded a larger opening.
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Safe transport of pressurized CO3 requires a profound knowledge of the processes’ effect during the phase
transition on catastrophic failure of a tanker filled with liquid CO,. This study presents experimental results and
analyses associated with the characteristics of expansion waves during depressurization of liquified CO2 in a
divergent cross-section vessel. It explores the rarefaction and evaporation waves velocities analyzed in different
three vessel’s regions based on the pressure records. Results showed that the evaporation wave velocity increased
downward with decreasing cross-section and increased liquid volume fraction. Also, the upstream state prop-
erties after the isentropic expansion in the metastable region were determined. The results were compared with
previously achieved outcomes of CO, decompression from a constant cross-section rectangular duct.
Comparisons indicated significant differences in the wave pattern. So, expansion waves velocities varying in
different vessel regions while they were nearly constant for the duct. The evaporation wave velocities were
nearly identical for the duct and the upper conical vessel’s regions. But their divergence increased as the
evaporation wave propagated downwards. Furthermore, the downstream two-phase flow in the conical vessel
propagated in an increased cross-section toward the exit. In comparison, there was non-spontaneous two-phase
propagation behind the evaporation wave due to the small exit cross-section in the rectangular duct. Addi-
tionally, during the isentropic expansion, the degree of superheat was higher for the conical vessel than the duct,

resulting in significant discrepancies in the upstream flow properties.

1. Introduction

Climate change and global warming are now affecting almost every
part of the world due to the augmented greenhouse consequences. The
CO;, emissions from human activities are the primary cause, whereby the
burning of fossil fuels like gas, oil and coal are significant contributors.
To achieve the Paris climate agreement goal of keeping the rising tem-
perature below 1.5 °C, around 94 Gt CO, is projected to be captured and
stored by 2050 [1]. Carbon capture and storage (CCS) systems have
become a pivotal solution to create carbon-neutral sound technologies.
There are other supplemented techniques utilized to ease CO, reduction
and capturing. These include gasification, conventional combustion,
fuel cells, and fuel efficiency enhancement. For instance, upgrading
lignite by flotation enhances its heat content and reduces CO3 releases
during combustion [2,3].

Transport of a large amount of captured CO, as a part of carbon

* Corresponding author.

capture and storage systems (CCS), necessitates a deep understanding of
associated hazards. Serious safety concerns emerge from an unexpected
failure of a tank carrying pressurized-liquified CO, caused by external
fire overheating, mechanical failure, or corrosion. The rapid release of
CO; from such a container could lead to an explosive boiling and
vaporization and may be described as a boiling liquid expanding vapour
explosion (BLEVE). The suddenly freed energy from depressurization
initiates strong pressure waves. That potentially promote devastating
effects caused by missiles from container fragmentation. Additionally, a
considerable amount of CO2 discharges to the surroundings.

BLEVEs tend to occur as an outsized volume of liquid and vapour
expanded in a short time (milliseconds). Consequently, the container
walls cannot withstand the grown stress resulting in an explosion [4,5].
Initially, the pressurized liquified CO is at equilibrium with the vapour
phase above it and has a temperature higher than its atmospheric boiling
point. Its temperature can far surpass its boiling point at a specified
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pressure. When the pressure drops rapidly, the liquid’s state changes to
superheated. The superheated liquid temperature would lay at any point
in the metastable liquid region between the saturation and spinodal
curves. However, the condition (dP/dV)r = 0 is satisfied along the spi-
nodal lines. This line signifies a limit temperature for the thermody-
namic degree of superheating (SLT), and the liquid is unstable beyond it.
The degree of superheat depends upon the depressurization rate, which,
in turn, influences the bubbles’ forming and developing mechanisms
[6]. In general, at a low/medium degree of superheat, heterogeneous
nucleation starts at the wall’s surface or on particle impurities. The
bubbles develop gradually in size resulting in a violent boiling process.
During rapid depressurization and smooth wall’s surface, homogeneous
nucleation could occur in the liquid bulk. Moreover, the degree of su-
perheat is high, which causes an intense spurt of multiple-phase flow
[71.

Several models have suggested that explosion occurs when the liquid
that entering the saturation dome becomes superheated. The earliest
attempts made by Reid [7] to set the conditions under which BLEVE
could arise mentioned that the liquid’s temperature should reach the
superheat limit temperature (SLT). Thus, the temperature should
approach the spinodal curve, and the vapour’s expansion occurs
promptly due to the evaporation throughout the whole liquid [8].
Additionally, depressurization must be very rapid so that there is not
enough time for heterogeneous nucleation to start on the container’s
walls. Conversely, other experimental studies denoted that it is not
strictly necessary for BLEVE incidence to occur that the liquid temper-
ature surpasses the SLT [9,10]. Explosive vaporization of CO, could also
occur before it reaches SLT as CO; changes to the solid phase at atmo-
spheric pressure by originating nuclei which promote liquid flashing
[6]. Abbasi and Abbasi [11] reported results from previous experiments
where SLT for CO, at 2.9 MPa was —6 °C.

When a rapid decompression of pressurized liquified COy occurs
inside a vertical vessel with smooth walls, the superheated liquid in the
metastable region attains a high degree of superheating. The homoge-
neous nucleation proceeds in the liquid bulk during the evaporation
process, and the liquid suddenly liberates its stored internal energy. The
evaporation process initiates in a part of the liquid, and heat amount is
extracted from it. So, the liquid’s temperature and vapour pressure drop.
The liquid temperature keeps dropping until it reaches boiling temper-
ature. Simultaneously, the vapour pressure reduces towards atmo-
spheric pressure. The rapid phase change with expanded vapour’s
volume results in multiple-phase bursting out of the vessel, and subse-
quently, generates a shock wave due to compression of the surrounding
air [7]. This wave propagates upwards to the surrounding area with
supersonic speed, followed by a primarily created vapour-liquid contact
surface. As a subsequent response to the pressure drop, a rarefaction
wave propagates with sonic speed downwards inside the vessel, fol-
lowed by an evaporation wave. The evaporation wave could exemplify a
limited zone where the phase transitions occur and travelling with
almost constant velocity [12]. The propagation of the evaporation wave
into a metastable liquid depends on superheat degree, and it is poten-
tially promoted when the temperature approaches the superheat limit.
When the superheat degree is low, the subsequent evaporation rate is
insufficient to generate a severe explosion [13]. Noticeable studies on
evaporation waves features have been done by Hill [14] and later Reinke
et al. [15]. They characterized the bubble formation and movement of
the propagated boiling front (photographically). Besides, they measured
the velocities ahead of and behind the evaporation wavefront.

The difficulties of full-scale experiments involving phase transition
and explosion to provide typical results necessitate numerical models
computation. Published literature describes several models to estimate
the two-phase flow properties behind the evaporation or condensation
waves and the multi-phase flow behind the shock waves. The issued
studies described either the two-phase flow dynamics or the shock wave
and thermodynamic properties [16-19].

A model describing the phase transition process identifies flow
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thermodynamic properties by including an equation of state (EOS). Its
function is to determine the state properties and the relation between
them in the metastable region. Most EOS calculations are restricted to
the equilibrium regions and need to extrapolate from the saturation
properties to compute metastable state variables. Various EOSs have
been used in depressurization and phase change models for different
substances. However, Span-Wagner EOS (SW-EOS) [20] claimed to be
the most accurate equation for CO, phase transition models. It is used in
several types of research, for instance, by Giljarhus et al. [21] and
Hansen [22]. SW-EOS has many solution versions, and this work uses the
version presented by Mjaavatten [23]. SW-EOS is explicit in the Helm-
holtz free energy, whereby the thermodynamic properties are calculated
as a function of temperature and molar volume.

Although some publications describe experimental work on CO,
depressurization, very few of them have utilized a double-diaphragm
rupturing mechanism with high-pressure or divergent cross-section
vessels. Therefore, this study’s originality provides new data and anal-
ysis of the evaporation characteristics during CO2 decompression from a
double-diaphragm conical rig compared with constant area containers.
It focuses on two features: First, the rarefaction and evaporation waves’
velocities, and waves propagation interaction during the phase transi-
tion. Second, the influence of the divergent cross-section on evaporation
wave characteristics by drawing a comparison with previous results
from constant cross-section tests.

2. Description of experimental arrangements and procedure

Small-scale experiments were carried out on a vertical double-
diaphragm conical rig. This installation shows similarities with a
shock tube. The main conical rig assembly is stainless steel (AISI 316)
and comprises three parts, a conical vessel and two slip-on flanges. The
conical vessel functions as a high-pressure section (HPS), while the
middle flange operated as a medium-pressure section (MPS). The addi-
tional upper flange opens to an atmospheric chamber. It also holds the
diaphragm that separates the MPS and atmospheric conditions under
load. The conical vessel was securely fixed on the t-slot framing
aluminium construction and tightly fastened with the flanges and di-
aphragms by eight bolts. The conical vessel has a volume of 480-10°
mm? and an inside height of 383 mm. It has solid steel walls with an
inclination of 4°, a thickness of 18,67 mm, and an inner surface
roughness average of 3.2. The vessel has a bottom diameter of 9.37 mm
and is strengthened with a cubic base to hold possible excess strain due
to expansion waves propagating through the liquid to the bottom. It has
two openings for inflow on the bottom and outflow on the top. Twelve
holes for sensors are drilled on the vessel’s sidewalls. There are six holes
for pressure sensors on one side and six for temperature sensors on the
opposite side.

The medium-pressure slip-on flange has a cylindrical middle-section
with a diameter of 90.3 mm, a height of 80 mm, and a volume of
510-10% mm?. Also, It has ¥ ¢ inlet/outlet opening fitted with a flexible
metallic hose and connected to a three-way valve. Its function is to fill or
evacuate the vapour CO in/from the medium-pressure section (MPS).
Besides, the slip-on flange is sealed with O-rings on both sides to ensure
firmly pressing of the diaphragms, and in turn, to avoid any potential
leaks. Fig. 1 illustrates schematic drawing (a) with a close-up of the
conical vessel and an image (b) of the experimental set-up.

There are two aluminium diaphragm sets tightly fixed between
flanges. One set between the high-pressure conical vessel (HPS) and
MPS. Another diaphragm is set between the MPS and the atmospheric
flange. The diaphragms are cut from Alfer aluminium blank sheets with
three different thicknesses 0.3, 0.5, and 0.8 mm. Based on the results
from a series of implemented tests, the diaphragms’ combination was
designated to be 1.4-1.5 mm for medium-pressure diaphragm (MP) and
1.5-1.6 mm for high-pressure one (HP). Gaskets made mainly of glass,
aramid fibres, and nitrile binder were added to the diaphragms’ two
sides to seal the MPS properly. They were compactly pressed between
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Fig. 1. (a) Set-up schematic drawing including an enlarged segment of the conical vessel details. (b) Installation image showing the conical rig and an auxil-

iary equipment.

the flanges.

The conical vessel (HPS) and medium-pressure flange (MPS) were
separately filled from two industrial graded gaseous and liquid CO,
cylinders until the pressure reached 5.2-5.6 and 2.6-2.8 MPa, respec-
tively. Because the conical vessel’s walls were untransparent, an addi-
tional rectangular duct with a glass window was used as a level gauge.
The conical vessel and the rectangular duct connected through a control
valve, and they were filled simultaneously to determine the liquid level.
The MP diaphragm ruptured following an increase in the MPS pressure
by opening the three-way valve. It was triggered through its connection
with Quantum pulse generator composers 9500. Subsequently, the MPS
pressure swiftly fell to the atmospheric, and the HP diaphragm ruptured
due to the growth of pressure difference. The pressure inside the HP
vessel was recorded using four Kulite XTM-190-2000G transducers
attached on one side of the vessel wall. For temperature recording, three
K-type thermocouples were fixed on the opposite sidewall. The same
type of transducer is mounted on the MPS' cylindrical section to record
the MPS pressure. Likewise, a Kulite XTM-190-100G measured the
overpressure generated after diaphragms’ rupturing in the atmospheric
chamber covered from all sides with polycarbonate sheets. These

transparent sheets allowed to capture multi-phase development by high-
speed camera Photron Fastcam SA-1. Also, to illuminate the chamber
space with three 80 and 38 W LED panels. Besides a high-speed camera,
the three-way valve and the data acquisition system were triggered
concurrently by the Quantum generating unit.

3. Experimental results and discussion

A series of experiments were conducted for the following liquid
volume fractions (LVF): 96.4, 83, 73, 62.5, 52, 35.1, and 0%. The initial
conditions were the same for all tests with atmospheric temperature in
the three sections (19-23°C). While it was 2.6-2.9 in the MPS and
5.3-5.6 MPa in the conical vessel, the chamber pressure was atmo-
spheric (0.1 MPa).

3.1. Features of explosive evaporation from the conical vessel
Fig. 2 shows the variation in pressure sensors records over a 50 ms

period of CO2 depressurization. The LVF for (a) was 0, (b) 62.5, and (c)
96.4%. Correspondingly, the temperature change (d), (e), and (f). The
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Fig. 2. Graphs from the pressure and temperature sensors’ records P1-P4 and T1-T3 (top to bottom) during 50 ms of CO, decompression. For LVF 0% (a, d), 62.5%

(b, €), and 96.4% (c, f).
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pressure sensors (P1-P4) are positioned at 285, 185, 85, and 35 mm
from top to bottom, and the temperature sensors (T1-T3) at 285,185 and
35 mm. Time O indicates the diaphragm rupture and the first pressure
drop.

From the data in Fig. 2, when the HP diaphragm ruptured, the
pressure fell sharply to temporary metastable liquid pressure. It is about
4.7 for (b) and 4.5 MPa for (c). Subsequently, it either declined steadily
(b) or plateaued (c) until the liquid superheated and entered into the
metastable state then started to evaporate. This behaviour was not
observed in (a) as the LVF was 0%. The turns of the second rapid pres-
sure drop corresponding to the onset of change in the density. Also,
indicate a locus of the propagated front where a significant part of phase
transition followed behind it. Similar behaviour has been reported by
Chaves [24] and later by Simoes-Moreira [25]. The pressure steeply fell
until it reached between 0.3 and 1 MPa and then gradually decreased to
atmospheric. Tiny fluctuations were observed during the latter pressure
decrease on lines P1-P3. However, a characteristic development was
observed in the bottom pressure transducer P4 signals. It had different
record trails with intense oscillations followed by a considerable in-
crease in pressure. As seen in Fig. 2 (a,b, and c), the pressure curve P4
amplitudes increase with increasing the LVF from (a) to (c). The pressure
rise depends on the liquid fraction that these reflected waves pass
through. So, the pressure curve peaked at 1.1 for (a), 2.9 for (b), and 3.7
MPa for (c). And at the time about 14, 17.6 and 20.4 ms respectively.
Unsurprisingly, the temperature decreases during the evaporation pro-
cess with increasing LVF. The readings from the top temperature sensor
for 0-96.4% LVF show a decrease in about 35 °C after 45 ms (see above
Fig. 2 (d,e, and f)). The observed pressure change in the P4 curve could
be attributed to the expansion wave reflection on the vessel bottom.
Which essentially affected the nearest transducer (P4). The compression
is most likely caused by the rapid increase of vapour volume above the
pressure transducer site. It might also be the damping effect of hetero-
geneous nucleation and the consequence of multiple reflections of the
rarefaction wave from the vessel’s bottom. The latter is explained in the
next section.

The rarefaction wave propagated downwards through the vapour
phase at the sound speed of the gas. A part of this wave reflected on the
vapour/liquid contact surface and directed back into the vapour phase.
Subsequently, a slight pressure rise (0.01-0.07 MPa) due to the
compression observed on the P1-lines in (b and c) Fig. 2. As the LVF
increased in the vessel, the liquid prolonged its state as superheated.
Subsequently, the pressure indicated a nearly steady profile. For
example, this trend can be seen on P2 lines with plateaus for 96.4% LVF
and a slight decline for 62.5% LVF (see Fig. 3 below).
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Fig. 3. Pressure transducers readings on vessel height-axis during 20 ms of
depressurization of liquid CO». For LVF of 35.1% in (a), 62.5% in (b) and 96.4%
in (c). The liquid height in the vessel was 134.1, 239.4 and 369.2 mm, corre-
spondingly. The graph also shows the trajectories of rarefaction waves (RWT)
and evaporation waves (EWT).
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3.2. Dynamic characteristics of the expansion waves

The pressure-time readings were drawn on vessel height versus time
scale to measure the characteristic velocities of expansion waves.
Wherein the synchronized pressure-time lines begin at the correspond-
ing transducer position and the initial pressure value. Fig. 3 illustrates
pressure records on vessel height scale during 25 ms of liquified CO,
depressurization. For LVF of 35.1, 62.5, and 96.4%.

The curve’s points where the first and the second pressure sharply
fell represent a trajectory-time for rarefaction wave and evaporation
wavefront. The evaporation wave path passes through the time points of
pressure change at a stationary height level. As seen in Fig. 3, the
evaporation wavefront path is not linear. That is, it propagates with non-
constant velocity. As the LVF increases, its propagation starts to delay.
As a result, the evaporation wavefront speeds up as it propagated
downwards. The rarefaction wave and evaporation wavefront velocities
were analyzed graphically based on the time between the turns in
pressure sensors readings. Tangent lines were drawn for each pressure
reading on the two sides of the curve. Then the tangents’ crossing point
was connected to the centre point on the line linking the tangency
points. This line crossed the curve at a point that allocated the pressure
change time.

The results obtained from velocities calculation in the three vessel’s
height regions are set out in Table 1. The uncertainty in velocities
calculation was due to measurement errors of turning points where the
pressure fell. The calculation errors were estimated to be between +0.4
and + 0.6 m/s for rarefaction waves, +1.3 and + 3.5 m/s for evapora-
tion wavefront. The Mjaavatten version of SW-EOS [23] and tabulated
data from SW-EOS [20] were used to compute the speed of sound based
on the experimental range of saturated CO2 temperatures 19.5-17.2°C.
The average sound speed was 267.2-266.2 m/s. Correspondingly, it was
342.6-370.5 m/s for the liquid phase and 196.6-199.2 m/s for the
vapour phase. It is apparent from this table that the evaporation
wavefront speeds up as it propagated downwards. The highest speed is
in the region between the vessel’s height of 85 and 35 mm.

The Pressure-Time-Height graph and velocity calculations were
plotted on the height-time diagram to clarify the expansion waves
movement and possible reflections interactions. Fig. 4 shows the dif-
ference between rarefaction (RW) and evaporation (EW) waves trajec-
tories and their propagation speed. The LVF for (a) is 62.5% and for (b) is
96.4%. In addition, the grey lines show possible reflections after the RW
hit the vessel bottom. The liquid height in the vessel substantially
influenced those velocities.

After the first pressure drop, the rarefaction wave swiftly pass-
through. Depending on the liquid height in the vessel (or LVF), its ac-
celeration intensifies. (see Table 1). That implies it reached the vessel’s
bottom and reflected faster with increasing LVF. As the LVF increases, a
prolonged time is expected for the liquid to stay in the metastable state.
That leads to many rarefaction wave reflections between the vessel’s
bottom and the propagated evaporation wave, as in Fig. 4. It is also seen
from the fluctuations just after the rarefaction wave passage, Fig. 2 (b
and c¢). From these fluctuations, some rarefaction wave reflection ve-
locities have been approximated between 192 and 222 m/s.

The fluctuations that emerged from wave reflections in this region
were probably comparable to those developed after the evaporation
wave has passed. P4 pressure records, Fig. 2 (b and ¢), required 2.31 ms
to drop from 4.01 to 0.83 MPa, and 1.87 ms from 4.08 to 0.89 MPa, for
62.5% and 96.4% LVF, respectively. These numbers explain the
disparity in the pressure rise amplitudes after the evaporation wave has
passed between 62.5 and 96,4% LVF. The rapid evaporation due to the
pressure fall to very low, relative to metastable state one, about 0.9 MPa,
indicates a sizeable two-phase volume downstream travelling upwards.
Simultaneously, as the pressure P4 run to the trough, a part of an up-
wards moving two-phase flow changes direction towards the bottom.
Subsequently, the pressure increases again and peaks before the two-
phase travelling upwards. Then the pressure continues its fall to the
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Table 1

Results in Engineering 12 (2021) 100304

Calculated velocities for rarefaction wave and evaporation wavefront in the conical vessel’s three regions.

Liquid Height (mm) Cross-section (mm?) LVF (%) Rarefaction Wave Velocity RWV/(m/s) Evaporation Wave Velocity EWV/(m/s)
Height region (mm)
285-185 185-85 85-35 Average 285-185 185-85 85-35
134.1 277.5 35,1 199.4 291.6 249.1 246.7 - 37.6 88.9
239.4 880.4 62.5 244.3 293.2 245.3 260.9 46.3 47.6 107.1
369.2 2093.9 96,4 300 320 240 286.7 37.8 42.7 111.6
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atmospheric pressure.

The thermodynamic state after the HP diaphragm rupture is traced
by isentropic expansion. From the pre-ruptured saturated liquid to the
superheated liquid in the metastable state. The thermodynamic prop-
erties in the metastable state were determined by applying the Mjaa-
vatten version SW-EOS [23]. Fig. 5 presents pressure-specific volume P-v
(a) and pressure-temperature P-T (b) phase diagrams. Wherein the
former, an isentropic expansion performed by SW-EOS is presented on
the P-v plane. In the latter, a possible path through the states is plotted
based on experimental data, LVF of 96.4%.

The isentrope from 5.36 to 4.4 MPa is shown as a line connected
states 0 to 1, Fig. 4 (a). The density correspondingly decreased to about
7 kg- m>. Besides, the calculated speed of sound at the metastable

boundary at point 1 was 341.3 m s. Fig. 5, (b) shows a similar expansion
on the possible track line in the P-T graph. On the continuous states’
development, point 2 denotes the conditions immediately after the
second pressure drop. But not at the vessel’s exit. The expansion rate
(Rexp) was determined from the density decrease during the isentropic
expansion and the wave velocity at the metastable limit. The estimated
Rexp was 2389.1 kg-m?s.

3.3. Comparison with CO2 depressurization results from a constant cross-
section test device

According to Reinke [26] and Chaves [24], contrary to the current
study results, the test device geometry does not influence the
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Fig. 5. (a) Pressure-specific volume phase diagram shows an isentropic expansion from saturated liquid state 0 to metastable state 1. (b) Pressure-temperature phase
diagram displaying potential trajectory through the experimental states data P4 in Fig. 2-c.
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evaporation wave movement and velocity. However, in the Reinke
et al. study [15], the boiling front velocity was observed in different
diameter tubes inserted into the test tube. They noticed that the front
movement is affected by the tube wall. Subsequently, the velocity
increased slightly with the decrease in tubes’ diameter. But they
mentioned that there was no significant effect of the cross-section area
on the front velocity. At this juncture, the above velocity calculations
are partly agreed with this observation. However, as stated earlier, the
evaporation wave propagation speeded up considerably downwards
(see Table 1). The different results from the mentioned studies were
probably due to the decompression of other substances than CO2
(Perfluoro-n-hexane, butane. propane, Refrigerant-134a, and water).
It is also possible dissimilar details in the test device geometry.

Comparing the above-calculated velocities and those obtained from
CO depressurization in constant cross-section in previous research in-
dicates notable differences in evaporation wave behaviour. In their
studies, Hansen [19] and Tosse [27] described an evaporation wave
propagated at a nearly constant velocity between 20 and 42 m/s.
Whereas in the conical vessel, it travels at a higher speed in varied re-
gions. Particularly in the zone close to the bottom (107,1-111.6 m/s),
see Table 1.

3.3.1. Comparison of pressure profiles

The pressure records shown in Fig. 2 (b and c) were compared to
those achieved by Hansen [21] To capture detailed differences. COy
depressurization was conducted on a rectangular duct with a constant
cross-section for 0 and 100% LVF. (the 100% is a possible visual height
which corresponds to 68% of the duct’s volume). Fig. 6 compares the
pressure histories in the rectangular duct (D) and the conical vessel (CV).
The corresponding contrasted LVF are both 0% in (a), 100% and 62.4%
in (b), and 100% and 96.4% in (c). Pressure sensors were positioned on
the upper part of the rectangular duct at 31, 81.8, and 132.8 mm from
the top. In comparison, they sited at 98, 198, and 298 mm on the conical
vessel from the top. The conical vessel has an extra 59 mm in inner
height compared to the rectangular duct.

The pressure drop required more time in the rectangular duct during
the evaporation process than the conical vessel. As seen in Fig. 6 (b, c),
the additional time was about 21 ms to approach atmospheric pressure.
It signifies that the two-phase flow downstream in the rectangular duct
was not moving spontaneously. Instead, it probably choked or was
disturbed due to a small cross-section in the exit for expanded two-phase
flow. On the other hand, the two-phase flow in the conical vessel was
propagating in a gradually increasing cross-section towards the exit.

The data in Fig. 6 shows considerable fluctuations in the rectangular
duct’s pressure lines. In contrast, no such pattern is related to the
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pressure records from the conical vessel upper part. There are two likely
explanations for the former behaviour. First, the rapid expansion of
vapour/liquid phases develops a sizable two-phase flow, which is
temporarily trapped before its exit from the duct. Besides, the bubbles’
size growth caused by heterogeneous nucleation represses the evapo-
ration process continuation. With the help of high-speed video re-
cordings, Hansen [24] observed heterogeneous wall nucleation in front
of the evaporation wave. He mentioned that it led to the reduction in the
degree of superheat in the rectangular duct set-up. After the first drop in
pressure and initiation of the rarefaction wave, the liquid in the conical
vessel had remained longer in the metastable state than in the duct
before the evaporation wave started its propagation. This difference is
between the first and the start of the second pressure drop (see Fig. 8
below).

3.3.2. Clarifications about initial conditions

The pre-rupture pressure in the conical vessel experiments varied
from those conducted in the rectangular duct. However, the conical
vessel is a part of an arrangement that has a double-diaphragm rupturing
mechanism. The medium-pressure diaphragm ruptured first due to
increased pressure in the medium section. As a result, the high-pressure
(HP) diaphragm bulged. Subsequently, the pressure inside the conical
vessel became unsteady and reduced. Then it stabilized again before the
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Fig. 7. Pressure signals recorded in the experiments shown in Fig. 6 (c),
including 350 ms before the HP-diaphragm ruptured in the rectangular duct
and conical vessel. The close-up section shows the pressure response to the MP-
diaphragm rupturing in the conical rig.
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HP-diaphragm has ruptured. The difference in pre-ruptured pressure
between the two devices is about 0.36 MPa. Pressure records from the
experiments displayed above in Fig. 6 (c) are compressed to cover 350
ms before the HP-diaphragm ruptures. It is illustrated in Fig. 7 for both
rectangular duct and conical vessel. The graph contains an enlarged
segment showing the MP-diaphragm rupturing at about 313 ms before
the HP-diaphragm ruptured. The initial temperature was 292.7 K. After
the MP-diaphragm rupturing in the conical vessel, the observed tem-
perature change was minimal, about 3 K.

3.3.3. Comparison of expansion flow characteristics

The evaporation wave speed mostly depends on the degree of
superheating (DOS) [14]. Which is defined as the maximum expansion
in the metastable region and expressed by Simoes-Moreira [25] as
(Ps —Pp)/Ps . Where P; is saturated pre-rupture pressure, and P is
metastable limit pressure after the isentropic expansion (at state 1 in
Fig. 5 (a)).

Fig. 8 represents enlarged segments comparing the pressure profiles
shown in Fig. 6 during 10 ms of liquified CO, decompression in the
conical vessel and the rectangular duct. The LVFs were 0% in (a), 62.5
and 100% in (b), 96.4 and 100% in (c), correspondingly.

For the duct’s experiments with 100% LVF, the pressures dropped
during isentropic expansion from 5.84 to 5.50 MPa. The correspond-
ing DOS was about 0.14. On the other hand, during isentropic
expansion in the conical vessel experiments (62.5 and 96.4% LVF), the

Results in Engineering 12 (2021) 100304

pressures fell from 5.36 to 4.40 MPa and 5.28 to 4.05 MPa. The
resultant DOS were 0.18 and 0.23, respectively. Other experimental
results done by Hansen [28] on the rectangular duct demonstrated
much lower DOS (0.11). It is noticeable from these numbers that the
DOS was higher in the experiments conducted in the conical vessel
than those in the duct. Moreover, this also explains why the evapo-
ration wave velocities were higher in the conical vessel than in the
duct. Table 2 below compares the pre-ruptured saturated state and
calculated properties for supersaturated liquid after isentropic
expansion in the metastable region.

This table is quite revealing in several ways. First, the differences in
upstream properties between the conical vessel and the rectangular
duct were caused by the variation in DOS at the metastable state. There
is a difference in the DOS of about 0.09 between the vessel and duct.
This variation could have led to the mentioned disparity of the other
properties (density and enthalpy). Second, the difference between
calculated evaporation wave velocities grew as the conical vessel’s
cross-section decreasing. The difference was 73.5 m/s in the region
close to the bottom and 0.3 m/s at the upper zone. The velocity is
nearly constant for the rectangular duct. Third, since the evaporation
wave velocity increased downward and the cross-section upward in the
conical vessel, further discrepancies are expected to detect in down-
stream properties.
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Fig. 8. Comparison of Pressure sensors readings over 10 ms of CO2 depressurization from the rectangular duct and the conical vessel. (a) for 0%, (b) for 100 and 62,

5%, and (c) for 100 and 96.4% LVF.

Table 2

Pre-ruptured at the saturated state and calculated metastable upstream properties. The experiments were performed in the rectangular duct (100% LVF) and conical

vessel (96.4% LVF).

Property

Rectangular Duct Conical Vessel

Saturated State Pre-rupture pressure Py/ (Mpa)
Temperature T/ (K)

Density o/ (kg/m>)

Upstream Metastable State
Density g/ (kg/m>)

Maximum EW velocity Vie/ (m/s)

Minimum EW velocity vp{ (m/s)
Enthalpy hy (kJ/kg)
DOS

Metastable limit pressure Py/ (Mpa)

5.8 5.4
204 290.3
764.4 801.3
5.0 4.4
756.7 794.3
38.1 111.6
38.1 37.8
257.6 245.4

0.14 0.23
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4. Conclusion

Laboratory-scale experiments were conducted in a double-
diaphragm installation that comprises a divergent cross-section vessel
as a high-pressure section. The rarefaction and evaporation wavefront
velocities were analyzed in three vessel’s regions lengthwise based on
the pressure histories. Results indicated that the evaporation wavefront
velocity increased with decreased cross-section area and increasing
liquid volume fraction (LVF). The calculated highest and lowest veloc-
ities were 111.6 and 37.8 m/s in the region close to the vessel’s bottom
and upper region, respectively, for 96.4% LVF. Besides, the thermody-
namic properties of superheated CO, in the metastable state were
determined utilizing the Span-Wagner equation of state. The obtained
results were compared with previous experimental results from COy
depressurization in a vertical rectangular duct.

There are notable differences in expansion wave features in the two
cases. First, the duct’s exit cross-section did not allow instantaneous
passage of rapidly expanded two-phase flow. In comparison, it moved in
an increased cross-section towards the exit in the conical vessel. Second,
the evaporation wave velocity was steady in the constant cross-section
devices. In contrast, it increased in the conical vessel as the cross-
section area shrank. Third, significant disparities in the upstream
properties were caused by corresponded variation in the degree of
superheating during the isentropic expansion in the metastable region.
These differences are anticipated to influence downstream properties
significantly.
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Abstract

This paper presents experimental results of the rapid phase transition of liquid CO. released from
the bottom of a small rectangular duct (BR). The aim is to consider the factors influencing the
phase transitions and the release rate if the rupture area is below the liquid level. The tests were
initiated by rupturing the diaphragm separating the test section from an atmospheric chamber.
Pressure and temperature measurements were used to analyze the phase transition. Also, a high-
speed shadowgraph technique was used to visualize the waves. The results were compared with
earlier top-release tests (TR) where the rupture area was above the liquid level. The duct's outlet
gas/two-phase flow was choked in the TR tests. Test results showed a different behavior for the
BR. The shadowgraph images demonstrated that when the liquid/two-phase flowed out, the
liquid/vapor interface remained nearly fixed until it broke up. This behavior indicates that the
headspace vapor had little influence on the initial evaporation in the BR tests. The results from the
current BR tests indicated a lower degree of superheating than in the TR tests, and the evaporation

rate was typically two times faster.

Keywords

Bottom release, Rarefaction wave, Evaporation wave, Phase transition, Two-phase flow.

Article Highlights
= The release below the liquid CO: level shows a distinct expansion wave structure
= Faster evaporation during bottom-release tests than in top release

= Shadowgraphs show the liquid/vapor interface's evolution during bottom-release tests



1. Introduction

Catastrophic failure of a pressurized CO> vessel may lead to boiling liquid expanding vapor
explosion (BLEVE). Overfilling, overheating, flying fragments, fatigue, or corrosion may cause
such events. The consequences include damaging blast waves, hazardous flying fragments, and
the discharge of fluids into the surroundings [1]. It is crucial in designing and operating CO-
infrastructure to understand the processes involved in the accidental release of liquified CO>. This

knowledge is required to predict, control, and prevent potential hazards.

An example of such a BLEVE event is the CO; accident in Repcelak, Hungary, in 1969. The
accident was caused by overfilling a vessel containing 35 tons of CO; at 1.5 MPa, and -30A. That
vessel ruptured, creating a flying fragment that hit and burst another vessel under the liquid level.
That vessel was pulled from its foundation and rocketed to a process laboratory distance away.
Nine persons died due to the explosion's consequences [2].

When the vessel ruptures below the liguid level, the expansion wave propagates upwards through
the liquid and vapor, as shown on the right side of Fig. 1. As a result, the liquid is directly pushed
out into the surroundings. Due to the fast phase transition, a shock wave is generated in the air
outside the vessel. Vaporation occurs at the same time inside and outside the vessel. The
vaporization process inside the vessel is mainly influenced by the vapor headspace expansion
followed by its condensation. The expanded vapor condenses due to the expansion wave from the
rupture vent and expansion wave reflection on the vessel's top. When the vessel ruptures, the

outflowing liquid instantly evaporates [3].

When a vessel ruptures above the liquid level, the vapor pressure in the vessel rapidly decreases.
Simultaneously, a rarefaction wave propagates downwards through the vapor headspace and the
liquid. As the vapor expands, its temperature decreases and may partly condense and freeze.
Moreover, during the expansion wave propagation, the liquid temperature rises above its
atmospheric pressure boiling point and becomes superheated. It remains temporarily in a
metastable state before the phase transition occurs. The evaporation wavefront propagates as a thin
zone of tiny bubbles. The required latent heat for vaporization is acquired from the superheated
liquid [4]. Subsequently, an expanded two-phase mixture propagates downstream of the
wavefront, and the remaining liquid's vapor pressure and temperature decrease. If the latent heat
provided by the liquid's sensible heat cannot evaporate the whole liquid, the residual liquid portion



is released as a flashing jet outside [5]. The drawing in Fig. 1 shows the differences in the structure
between top-side and bottom-side releases.
Shock wave

Vapor jet \

— Rupture position

Expansion wave

=
7

Flashing liquid jet

Rupture position
_/Shock wave

Fig. 1: Schematic drawing showing the release of pressurized liquified gas from a vessel during
rupturing from the top (left) and the bottom (right).

High-speed filming is well suited to studying the characteristics of the expansion waves during the
release of superheated liquids. Hansen et al. [6] examined the phase transition during the
depressurization of liquid CO2 in a rectangular duct from the vessel's top. A series of schlieren
images demonstrated the early stages of rarefaction and evaporation wave propagation.
Accordingly, the evaporation wave propagated downward at 30-40 m/s. The evaporation
wavefront velocities at different container inclination positions have been experimentally studied
by Dewangan et al. [7]. The tests were conducted in transparent tubes, length of 0.5 m, filled with
water. The tube was sealed with a plastic diaphragm and submerged in a constantly heated liquid
container with transparent walls. The results showed an intricate relationship between evaporation
wavefront velocity and tube inclination angle. As the angle inclination increased in the 5-304, the
wavefront velocity increased due to the vapor phase’s faster movement. An insignificant wavefront
velocity change was observed in a range of 30-45A. However, inclination between 45 and 90A
gradually increased the wavefront velocity. Other optical techniques were also utilized in several
studies. The high-speed photographs that illustrated the evaporation wave structure and determined
its velocity were utilized in studies such as Sim»es-Moreira [8], Reinke [2], and Hill [9].

So far, there has been little discussion about the phase transition mechanisms during the release
below the liquid level in a container. Venart et al. [10] discussed the effect of the liquid content on
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the evolution of a vessel's explosion due to overheating. If the temperatures rise in a vessel filled
to the medium level, the walls could rupture at the vapor headspace with an elastically propagating
crack. As the crack stretches below the liquid level, the vessel containment rapidly fails, releasing
the contents into the surroundings. Consequently, the contents' expansion follows an isentropic
flash evaporation. The resulting blast effects were found to be more severe in the BLEVE events
with higher filling levels. TRsse et al. [11] examined the evaporation wave and contact surface
structure development in a vertical polycarbonate tube during liquid CO2 decompression. The
paper compared wave structures during two tube membrane bursting regimes: on the top (vapor
side) and bottom (liquid side). When the tube membrane burst on top, an evaporation wave was
observed to propagate into the liquid with a velocity of 20-30 m/s while the contact surface
vapor/two-phase mixture propagated upward. However, when the membrane burst on the bottom,
the interface vapor/two-phase mixture was accelerated downward as evaporation proceeded at the
two-phase mixture/liquid surface. Also, the liquid evaporated on the bottom side, but the flowing
outwards velocity was much greater than the evaporation wave propagation inside the tube.

Shang et al. [12] recently performed experiments with explosive evaporation in a cube vessel of
17 dm? to evaluate the rupture position impact on the explosion intensity. In a series of tests, the
vessel with pressurized water was ruptured above, below the liquid level, or at the vapor/liquid
interface. Analyses of the pressure measurements demonstrated that the rupture disc location
significantly influenced the expansion of the two-phase flow out and inside the vessel. A rupture
in the gas phase promoted explosive evaporation of the liquid with substantial two-phase outflow.
The two-phase outflow decreased in size when the rupture disc was located at the gas-liquid
interface. However, the pressure considerably rebounded. When the rupture was below the liquid
level, the liquid phase had not expanded enough; it had become insufficiently superheated to cause

significant pressure rebound.

Few experimental studies have been carried out on liquid CO2 depressurization by rupturing the
container below the liquid level. Hence, the present study demonstrates novel physical aspects of
phase transition during CO> release below the liquid level. This work focuses on the rarefaction
and evaporation wave characteristics inside a rectangular duct with the outlet pointing downwards.
The experimental results should clarify whether the release rate and the behavior of expansion

waves during bottom release differs from previously reported results from top-release tests [15].



2. Setup and experimental procedure

The test setup was assembled to perform lab-scale experiments for studying rapid phase transition
during the release of liquefied CO> to atmospheric pressure. Fig. 2 illustrates the main components
of the experimental installation. The setup includes a rectangular duct fixed to the upper part of an
aluminum structure. It is a high-pressure vessel made of stainless steel with a total volume of 191
cm?®. The duct has opposite-side borosilicate glass windows, facilitating optical access. The duct's
orifice is opened to the atmospheric chamber at the bottom of the aluminum structure with
dimensions 0.50 x 0.59 x 0.97 m®. The chamber space is covered from all sides with polycarbonate
sheets. It has two vents on the top and bottom with a total area of about 0.01 m?2. The test section
is sealed with a multi-layer diaphragm consisting of eight circular aluminum foil pieces with a
total thickness of about 0.8 mm. Two gaskets, primarily fabricated of glass, aramid fibers, and
nitrile binder, were attached to both sides of the diaphragm to prevent possible leaks. The
diaphragm with affixed gaskets is firmly pressed at the duct's opening between two flanges with

four bolts.

The gaseous and the liquid CO> are supplied to the duct from industrial-grade cylinders equipped
with control valves, a dip tube for liquid, and a regulator for gaseous. The diaphragm is punctured
with an arrow-shaped needle fastened to a rod pneumatic cylinder actuator which is accurately
aligned with the duct's orifice. The pressure in the duct is recorded using three Kulite XTM-190-
2000G piezoresistive transducers mounted alongside the duct sidewall. The distance between a
transducer and the adjacent one is 100 mm. These transducers have a measuring range of 0-140 bar,

a natural frequency of 410 kHz, and a measurement accuracy of N1.4 bar.

Furthermore, the duct is instrumented on the top and bottom with two K-type thermocouples with
an accuracy of N1%. The moving average filter was used to smooth the recorded data. The data
acquisition system (DAQ) includes three HBM Quantum modules, two MX410, and one MX440B.

Their recorded data at 96 kHz are transferred to a computer through a hub.

The phase transition process during depressurization inside the duct is visualized by shadowgraph
imaging. This technique visualizes the density gradients. A different lighting pattern is produced
due to the refractive deflection of a light ray forming a light area on the captured plane.
Shadowgraph configuration involves Telecentric TC lenses manufactured by OPTO
ENGINEERING and high-performance illuminator LTCLHP.
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Fig. 2: (a) Schematic drawing of setup for CO. depressurization in a rectangular duct with the
opening pointing downwards. (b) The high-pressure duct's dimensions. (c) Photograph of the
experimental arrangements.



The illuminator was installed perpendicular to the windows, and its beam covers about 90 mm of
the duct's height between pressure transducers P2 and P3. Also, the images were captured by a
high-speed camera Photron SA-Z at 50000 fps and a resolution of 256x1024 pixels. Figure 3 (a)
shows a sketch defining the sensor positions, while (b) is a photograph illustrating the location of

the shadowgraph lenses and pressure transducers in (b).
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Fig. 3: (a) Sketch of the test section showing the pressure transducer positions and the distance
from the diaphragm position (b) photograph of the duct showing the positions of the shadowgraph
lenses and pressure transducers.

The duct was flushed with CO> vapor at 1 MPa before every experiment, then filled with liquid
CO:- to the required level. It remained for about 10 minutes to stabilize before the test started. The
temperature gave the equilibrium state at a particular time. The Quantum pulse generator initiated
the depressurization tests by synchronously triggering the pneumatic actuator, the DAQ system,
and the high-speed cameras. Due to the actuator's piston movement, the needle punctured the
diaphragm entirely with a time delay of about 400 ms. MATLAB and Photron FASTCAM Viewer
Software were used to analyze pressure and temperature recordings and high-speed images. The

results were compared with previous results when the diaphragm was on top.

3. Results and Discussions
A series of tests were performed to release pressurized CO> from the rectangular duct's bottom

into the atmosphere. The experiments started by rupturing the diaphragm. The initial conditions



were liquid/vapor at saturated pressure varying between 57 and 61 MPa, corresponding to the
saturated pressure at ambient temperature. The duct was filled with CO> at different liquid volume
fractions (LVF) 0, 29, 35, 41, 53, 58, 66, 77, 89, and 97% of the total volume.

3.1. Waves Characterization

Fig. 4 shows the pressure records for the first 35 ms after rupturing the diaphragm. Time O is the
time of the diaphragm rupture and the depressurization onset. Sensors (P11P3) are positioned from
top to bottom, as shown in Fig. 3. The LVF in Fig. 4 (a) was 29, (b) 53, (c) 66, and (d) 97% of the
total volume. As seen in Fig. 4, all LVFs have a first decline in pressure caused by an expansion
wave from the diaphragm rupturing. After the first expansion, the liquid is metastable. The
metastable state duration depends on the LVF. This duration increased as the LVF increased, as
shown in graphs (a-d), Fig. 4. Low LVF shows a gradual pressure decrease during the metastable
state, while the highest LVF shows a near-constant plateau of pressure.
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Fig. 4: Pressure transducer records during 40 ms release of liquid CO> from the bottom of a
rectangular duct for LVFs of 29, 53, 66, and 97% in (a), (b), (c), and (d), respectively.

The pressure records show a decrease after the metastable state, corresponding to the liquid's
evaporation. The pressure records show a decrease after the metastable state, corresponding to the
liquid's evaporation. In the last part of the experiments, the observed pressure decrease was due to
the two-phase mixture outflow. Because of the limited liquid mass flow at the outlet, the liquid

inside the duct required more time to evaporate. Also, for the LVF of 53% and higher, this trend
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can be seen as an increase in pressure. The evaporation-driven pressure increase is further profound
for the higher LVFs. However, as the degree of superheating is expected to be small, the

evaporation process could also occur due to heterogeneous nucleation at the duct's wall.

The velocities of the head of the rarefaction wave were calculated based on the records from the
three pressure sensors. The graphical approach used to determine the velocities is described in an
earlier study [13]. The calculated rarefaction wave velocities were 200 m/s for zones P2-P3 and
P2-P1in (a), with a LVF of 29%. For the LVF of 97% in (d), 299 m/s for zone P2-P3 and 285 m/s
for P2-P1. The velocity calculation errors were estimated as N8 m/s. Furthermore, the speed of
sound based on the Span-Wagner Equation of State's tabulated data [14] is calculated to be 311
m/s for the liquid phase and 193 m/s for the vapor at 5.87 MPa and 22.3AC.

Fig. 5 shows the temperature records for the first 400 ms after the diaphragm ruptured. The LVFs
are equal to the pressure plots. Graphs in Fig. 5 from (e-g) show a slight reduction in the
temperature (T1) as the evaporated liquid volume increased, while the temperature (T2) drop was

nearly the same, around OAC.
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Fig. 5: Temperature sensors' records T1(bottom) and T2(Top) during 400 ms of CO:
depressurization for LVF of 29, 53, 66 and 97% in the graphs (e), (), (g), and (h), correspondingly.

Interestingly, the drop in temperature (T2) in Fig. 5 (h) was more significant than the temperature

decline during 50 ms depressurization. As the liquid level was above the two sensors, the liquid
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expansion and evaporation may have been essential factors in this temperature reduction. For LVF
= 97%, the drop in temperature was -42.4AC. Comparing the temperature records with the pressure
sensors measurements, for LVF of 97%, the atmospheric pressure is reached approximately after
50 ms (not shown in Figure 4). This change of state implies dry ice formation. However, the
temperature sensor T2 does not reach the triple point (-56.4AC). This is assumed to be due to the
relatively slow response of the temperature sensors

3.2. Comparison of Top and Bottom duct releases

The results from the bottom release (BR) experiments were compared to those achieved previously
by Hansen [15] from top release (TR) tests in the same duct. The aim is to describe the differences
in the dynamic flow characteristics between the bottom (BR) and top (TR) releases of liquified
CO.. Fig. 6 compares the pressure records inside the rectangular duct for TR (a and b) and BR (d
and e) experiments. Enlarged segments of 3 ms from (b) and (e) are shown in Fig. 6 (c and f). P2
and P3 were below the liquid level in TR and BR tests.
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Fig. 6: Comparison of pressure histories during 30 ms of CO2 depressurization in the rectangular
duct's release from the top (a and b) and the bottom (d and f). (c and f) are close-ups covering 3
ms of (b and e). The LVFs are 0% in (a and d), 68.4% in (b), and 66% in (e).

The pressure decline during CO> decompression was faster in BR tests than in TR. As seen in Fig.
6 (b), it required about 17 and 26 ms for P2 and P3 to reach 2 MPa, while it required about 13.7

ms for BR in Fig. 6 (e). The most likely cause is that the downstream two-phase mixture was
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choking at the duct opening during the TR tests. The pressure decrease during BR tests resulted
from the diaphragm rupturing and then the liquid mass outflow from the bottom. In TR tests, the
liquid mostly evaporated inside the duct. However, evaporation occurred inside and outside the

duct, and evaporation was faster during BR tests.

Additionally, Sim»es-Moreira [8] defined the degree of superheating (DOS) as the maximum
expansion in the metastable region. It is described by pressure drop from pre-ruptured pressure to
the pressure of the superheated liquid in the metastable state. The first sharp decrease in liquid
pressure (P2 and P3) in Fig. 6 (c and f) is about 0.56 MPa for BR and 0.9 MPa for the TR. The
fact that a portion of the expanded liquid flowed out during BR could explain the small degree of

superheating (DOS) attained compared to the TR experiment.

3.3. Shadowgraph images analysis

Fig. 7 shows a sequence of cropped images from shadowgraph video frames and corresponding
pressure records during 4.5 ms of CO: liquid evaporation with LVF of 35% in (a and b) and 58%
in (c and d). The time step between frames in both image sequences is 0.1 ms. Images show the
onset of the evaporation process at the surface, separating the liquid from vapor in the dark region
of shadowgraphs which increasingly expanded into the entire geometry. This dark zone was
getting thicker due to liquid evaporation and two-phase mixture formation. The dark zone could
have arisen from distortion and blockage of the light rays. Its emergence corresponds to density

gradients, primarily because tiny bubbles make the fluid untransparent.

The switch in the intensity of the grayscale pattern coincided with the changes in the pressure
profiles. For example, in Fig. 7 (¢), the pressure decreased abruptly between 372 and 372.5 ms and
then peaked at about 373 ms. The darker area between 372 and 373 ms coincides with a pressure
drop on P3 (installed at h = 156 mm). The darker area is assumed to be heterogeneous wall

nucleation. Then it toned down and further intensified as the pressure declined.
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The wave configuration during the phase transition is quite complex due to wave interactions
between the primary, transmitted through the liquid/vapor interface, and reflected waves. Fig. 8 is
a time-distance diagram showing the head of rarefactions waves, the evaporation wave, and the

two-phase interface inside the duct.
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Fig. 8. Time-distance diagram showing the head of rarefactions waves, the evaporation wave, and
the two-phase interface inside the duct. (the velocities of the waves are not drawn to scale)

As the diaphragm ruptured, an expansion wave propagated upward inside the duct.
Instantaneously, a shock wave propagated downwards into the atmosphere, followed by an
expanded multiphase jet (not shown in the figure). The rarefaction wave propagated upwards
through the liquid and vapor headspace. While it transmitted through the liquid/vapor interface
into the vapor phase, it was also reflected back into the liquid. The expanded liquid became
superheated for a while before the evaporation started. When the rarefaction transmitted wave
reached the duct's top, it was reflected into expanded saturated vapor. Then part of it was reflected
at the two-phase/vapor interface while transmitted into the two-phase mixture. During vapor
expansion, it partially condenses due to the head of the transmitted rarefaction wave propagation.

Calculations based on the Span-Wagner EOS [16] demonstrated that after the saturated vapor
14



isentropic expansion, the expanded fluid had a vapor quality of 0.93. This result verifies the

abovementioned observation about partial vapor condensation in Fig. 7 (a, ).

The pressure records were drawn on the duct height-time scale to show the wave trajectories. The
points on the pressure curves of observable inclines signify waves' paths that follow the defined
time points at the fixed pressure sensors' positions [13]. Fig. 9 illustrates pressure histories between
5.8 and 5.2 MPa drawn on the duct height scale during 4.5 ms of liquified CO2 depressurization
for LVFs of 35% in (a) and 58% in (b).
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Fig. 9. Height-time diagram demonstrating pressure transducer readings on vessel height-axis
during 4.5 ms of liquified CO; release from the duct's bottom side. For LVFs of 35% in (a) and
58% in (b). The shadowgraph images were displayed at the corresponding height position.

The graphs in Fig. 9 include the cropped shadowgraph images for the stated LVFs. Point 0 on the
height axis refers to the diaphragm position (see Fig. 3). The mean calculated velocity for the
rarefaction wave after the first sudden pressure drop for the LVF of 35% was 200N2 m/s, while for
58% was 266N2 m/s.
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The liquid, and the vapor, were at equilibrium before the diaphragm ruptured. In Fig. 7, it can be
observed that the interface was nearly equable. When the diaphragm ruptured, interfacial
perturbations emerged due to the pressure drop and the rarefaction wave propagation penetrating
the interface. In the first phase after the diaphragm rupture, instabilities in some spots at the
interface were a pattern of tiny spikes that developed over time. This phenomenon is described by
Hill [9], where a colder liquid layer was temporarily shaped at the surface and became denser than
the liquid underneath. Then it was displaced by a warmer liquid while the liquid's level decreased
due to the high mass and heat transfer rate at the interface. The shadowgraph images in Fig. 7 show
that the expanded vapor accelerated into the denser liquid, creating a bubbly mixture that
propagated downwards. The thickness of the two-phase interface layer was also increased due to
the bubbles arising from heterogeneous nucleation on the duct's wall. It is unclear from the planar
shadowgraph images whether the two-phase layer expansion is due to the surface, bulk, or
boundary layer effect. However, the images showed that the liquid/vapor interface developed into
a two-phase mixture and remained nearly constant. While a second liquid/two-phase mixture
interface was formed, developing downward in the liquid. This is opposed to TR experiments
wherein the initial liquid/vapor contact surface (and downstream two-phase mixture) propagated

upwards immediately after the diaphragm rupture.

The shadowgraph images of the BR experiments showed further development by interface
breaking up and propagating rapidly upwards. As the expansion wave propagated upwards through
the vapor and reflected from the top, a condensation wave was observed to propagate behind. This
trend can be seen after 416.2 ms in Fig. 7 (a). Afterward, the two-phase fluid increased until it

occupied the entire duct's volume.

4. Conclusions

Small-scale experiments were performed in a rectangular duct to understand phase transition
during the release of liquified CO>. It is highly relevant to a BLEVE scenario considering
accidental vessel or pipe rupture. Comparing the results from the current bottom release (BR)
experiments with the previous top release (TR) results [15] reveals that:

= The shadowgraph images from BR tests showed that the initial liquid/vapor contact surface
remained flattened, almost horizontally, for a relatively long period before breaking up, then

developing into a two-phase front trailing the expansion wave.
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= Inthe TR tests, the liquid/vapor contact surface is immediately sucked out by the expansion
wave.

» The degree of superheating in the BR tests was lower than in TR.

= The pressure drop was approximately two times faster during BR than TR tests, implying

faster evaporation of the liquid.

This experiment shows that the evaporation rate depends on whether the rupture area is below or
above the liquid level. This will likely affect the blast strength and fragment formation in accidental

events involving ruptures of vessels containing liquid CO..

References

[1] CCPS, Guidelines for Vapor Cloud Explosion, Pressure Vessel Burst, BLEVE, and Flash
Fire Hazards. Second ed. Center for Chemical Process Safety, AIChE-Wiley, NY, 2010, pp.
311-360.

[2] Y. Zhang, J. Schork, K. Ludwig, Reuvisiting the conditions for a CO> tank explosion,
Proceedings of the 9" Global Congress on Process Safety, AIChE, San Antonio, Texas, 2013,
pp. 109-120.

[3] E. Angelo, J. R. S. Moreira, D. B. Barrios, Theory and Occurrence of Evaporation Waves,
Proceedings of the 18th International Congress of Mechanical Engineering, Ouro Preto, Minas
Gerais, Brazil, 2005.

[4] P.Reinke, Surface boiling of superheated liquid, PhD thesis, Mechanical Engineering ETH,
Zurich, Switzerland, 1997, PSI--97-01.
http://inis.iaea.org/search/search.aspx?orig_g=RN:28030620

[5] M. M. Vieira, J. R. Sim»es-Moreira, Low-pressure flashing mechanisms in iso-octan liquid
jets, Journal of Fluid Mechanics 572 (2007), pp. 121-144, doi:10.1017/S0022112006003430.

[6] P. M. Hansen, A. V. Gaathaug, D. Bjerketvedt, K. Vaagsaether, Rapid depressurization and
phase transition of CO; in vertical ducts T Small-scale experiments and Rankine-Hugoniot
analyses, Journal of Hazardous Materials 365 (2019), pp. 16-25.
doi: https://doi.org/10.1016/j.jhazmat.2018.10.092.

[7] K. K. Dewangan, P. K. Das, Experimental analysis of flashing front propagation in
superheated waterd Effects of degree of superheat, tube inclination, and secondary
nucleation, Physics of Fluids 32 (7) (2020), doi: 10.1063/5.0006840.

[8] J. R. Sim»es-Moreira, Adiabatic evaporation waves, PhD thesis, Rensselaer Polytechnic
Institute, Troy, N.Y, 1994, https://books.google.no/books?id=mJigtgAACAAJ

17


http://inis.iaea.org/search/search.aspx?orig_q=RN:28030620
https://books.google.no/books?id=mJigtgAACAAJ

[9] L. G. Hill, An experimental study of evaporation waves in a superheated liquid, PhD thesis,
California Institute of Technology, Pasadena, California. 1991.
https://resolver.caltech.edu/CaltechETD:etd-10242005-103224.

[10] J. E. Venart, G. A. Rutledge, K. Sumathipala, K. Sollows, To BLEVE or not to BLEVE:
Anatomy of a boiling liquid expanding vapor explosion, Process Safety Progress 12 (2) (1993),
pp. 67-70, d0i:10.1002/prs.680120202.

[11] S. TRsse, K. Vaagsaether, D. Bjerketvedt, An Experimental Investigation of Rapid Boiling
of CO2, Shock Waves 25 (2014), pp. 277-282, doi: 10.1007/s00193-014-0523-6.

[12] Qingrui Shang, Zhenglun Tian, Supan Wang, Min Hua, Xuhai Pan, Shicheng Shi, Juncheng
Jiang, Experimental research on the two-phase explosive boiling mechanism of superheated
liquid under different leakage conditions, Applied Thermal Engineering 216 (2022) 119080,
https://doi.org/10.1016/j.applthermaleng.2022.119080.

[13] O. M. Ibrahim, P. M. Hansen, D. Bjerketvedt, K. \V-gsbther, Evaporation characteristics
during decompression of liquified CO> from a conical-shaped vessel, Results in Engineering
12 (2021), pp. 1-8, doi: https://doi.org/10.1016/j.rineng.2021.100304.

[14] R. Span, W. Wagner, A New Equation of State for Carbon Dioxide Covering the Fluid Region
from the Triple Point Temperature to 1100 K at Pressures up to 800 MPa, Journal of
Physical and Chemical Reference Data 25 (6) (1996), pp. 1509-1596, 1996/11/01.
doi: https://doi.org/10.1063/1.555991.

[15] P. Hansen, Experimental and theoretical studies of rapid phase transitions in carbon dioxide,
PhD thesis, University of South-Eastern Norway, 2018.
https://openarchive.usn.no/usnxmlui/handle/11250/2587457?show=full

[16] A. Mjaavatten, Thermodynamic models and tools for H.O, Hz, CO,, and Air, GitHub.
https://github.com/are-mj/thermodynamicsGitHub. (accessed 2021).

[17] M Ibrahim, Osama (2023), "Release of liquid CO, from the bottom of a duct"”, Mendeley
Data, V1, doi: 10.17632/yzsp69gptd.1

18


https://resolver.caltech.edu/CaltechETD:etd-10242005-103224
https://doi.org/10.1016/j.applthermaleng.2022.119080
https://doi.org/10.1016/j.rineng.2021.100304
https://doi.org/10.1063/1.555991
https://openarchive.usn.no/usnxmlui/handle/11250/2587457?show=full

Osama M. Ibrahim: Accidental release of liquid CO; from transport and storage

Paper 4

Blast Wave Overpressures from CO; Depressurization in a Conical-Shaped Vessel.
This paper is published in the 10t International Seminar on Fire and Explosion Hazards
conference proceedings, 2022, Oslo, Norway. p. 86-94.
https://hdl.handle.net/11250/3030345

141



Osama M. Ibrahim: Accidental release of liquid CO; from transport and storage

142



Deflagration DDT Detonation and Their Mitigation

Blast Wave Overpressures From CO2 Depressurization In A
Conical-Shaped Vessel

M. brahim O."“*, Hansen P.M', Bjerketvedt D.!, Vigsather K.!

! The University of South-Eastern Norway, Faculty of Technology, Natural Sciences, and
Maritime Sciences, Department of Process, Energy and Environmental Technology,
Kji3Ines Ring 56, 3918, Porsgrunn, Norway .

*Corresponding author's email: _osama.k.ibrahim@usn.no

ABSTRACT

The primary hazards arising from boiling liquid expanding vapor explosion (BLEVE) during liquid CO2
transport are the pressure waves, flying fragments, and sizeable CO2 discharges to the surroundings. Risk
assessment and process safety analyses are crucial aspects to tackle these hazards. This paper studies release
of liquid CO2 from a double-membrane conical apparatus to a tube opened to atmospheric conditions. It
aims to characterize the effects of a blast wave arising from the phase transition process in the existing test
geometry. Results from measured peak overpressures and calculated impulses indicate that the rapid liquid
evaporation significantly impacts the leading overpressure positive phase. Besides, they increase with an
increase in liquid volume fraction (LVF). Based on analysis of high-speed videos, the estimated fragments'
velocity and their corresponding kinetic energy increase with an increase in LVF, and observed velocity up
to 112 m/s for LVF of 73.6%. Comparison of estimated fragment velocity from the test with LVF 0f 52.7%
and calculated velocity based on the initial fragment velocity model at the same initial conditions show a
difference of about 16 m/s.

KEYWORDS: Peak overpressure, Impulse, Expansion, Fragment velocity.

INTRODUCTION

In increasingly developing Carbon Capture and Storage (CCS) technologies, there are growing
apprehensions over unintended release during CO> transport and storage. A container carrying liquid
CO; at a temperature significantly above its atmospheric boiling point might be exposed to harmful
conditions, resulting in its breaking. Such conditions include exposure to higher temperatures,
projectile impact, or corrosion. The Boiling Liquid Expanding Vapor Explosion ( BLEVE) is a
primary hazard, wherein a storage tank filled with liquified CO> could fail catastrophically, and a
sizeable mass of saturated liquid and vapor exploded into the surroundings. Besides, it is
instantaneously generating destructive pressure loads on adjacent structures, and perilous rocketed
fragments [1]. The discharge of large CO» volumes also represents a major health threat as it is toxic
at high concentrations, causing suffocation and frostbite burns. Several CO, BLEVE accidents have
been reported, including the 1988 CO, tank BLEVE in Worms, Germany. Where three people died,
eight suffered frost burns, and nearby buildings crumbled. An investigation report concluded that the
leading causes were overheating and fracturing [2]. There were two casualties, and the sinking of
two ships carrying chemicals resulted from a catastrophic rupture of the CO; ship tank in 2008,
Yuhang, China. The reasons were believed to be overfilling and technical faults [3]. The presented
CO, BLEVE examples clearly show its strength and seriousness. Therefore, process safety analyses
and risk assessment are the essential elements to ensure the detection, prevention, and mitigation of
such disastrous events.

Key parameters that characterize the shock wave strength and evaluate its impact on the surrounding
structures and living beings include overpressure and the wave's positive impulse [4]. Birk et al. [5]
described overpressure results from BLEVE tests conducted in tanks filled with propane at various
levels. The study concluded that liquid energy content had an insignificant effect on generated shock
overpressure. However, in the case of tank disintegration, the energy of expanded multiphase flow
generated powerful dynamic overpressure loads on the surrounding surfaces. Based on the contained
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energy in the vessel and energy released in the explosion, several models have been proposed to
estimate the overpressures during the BLEVE incident [6, 7, 8]. Van der Voort et al. [9] tested
overpressures during CO2 BLEVE utilizing 40-1 CO2 cylinders. The experimental results were
applied to validate the inertia-limited prediction model proposed by Van den Berg [8], and good
agreement was reported. Hansen et al. [10] studied the effects of liquid volume fraction and the vent
size on originated overpressures during CO2 depressurization in a rectangular duct. The obtained
results were compared with simulations of one-phase gas dynamics in a confined chamber, and they
showed good correspondence.

This paper demonstrates the results of the laboratory-scale experiments on blast waves consequences
during CO; decompression into an atmospheric vented cylindrical tube. It analyzes overpressure and
impulse resulting from rapid CO, liquid evaporation in a conical-shaped vessel for different liquid
levels. Additionally, it determines the velocity and kinetic energy of the flying fragments in four
explosion experiments. This study also evaluates a model for calculating initial fragment velocity and
compares it with the experimental results.

EXPERIMENTAL SETUP AND PROCEDURE

Laboratory-scale experiments were conducted in a double-membrane arrangement comprising a
conical-shaped vessel as a high-pressure driver section (HPS). A slip-on flange is designed as a
medium-pressure section (MPS) set between the HPS and another slip-on flange on the top.
Furthermore, The three sections are separated by two membranes that seal the HPS and the MPS.
The upper flange is connected to a tubular duct opened to atmospheric conditions. Fig. 1 shows an
experimental setup sketch and an image.
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Fig. 1. Schematic drawing of the setup: (a) main installed parts: 1- HP conical vessel, 2- MP slip-on flange, 3-
upper flange opened to atmospheric pressure, 4- polycarbonate tube, S- chamber. (b) Conical shaped vessel's
detail with the MPS slip-on flange closed up. (¢) polycarbonate tube dimensions. (d) An image of the installation.

The conical vessel and the two slip-on flanges are fabricated from stainless steel AISI 316 and
installed on an aluminum frame. The HP vessel has an inner volume of 480-103 mm?, while the MP

slip-on flanges' cylindrical section volume is 510-10° mm?. The HP vessel wall has an angle of 4° to
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the central axis and a top diameter of 90.7 mm, similar to the MP slip-on flange and polycarbonate
tube diameters. Besides, it has a flat bottom diameter of 9.37 mm. Two industrial graded cylinders
separately supplied the HP vessel with liquid CO» up to 5.2-5.6 MPa, and the MP section with gaseous
CO; up to 2.6-2.8 MPa. Before vessel's and duct's filling, they were flushed by 1 MPa vapor CO,. All
experiments were carried out at ambient temperature. The vessel has unsighted walls. Therefore the
vessel filling to the desired level is achieved with the help of an auxiliary HP duct with glass windows.
The atmospherically opened tube is made of transparent polycarbonate and has a height of 650 mm
and a cross-section area of about 0.184 m?. The inner cylindrical rim of the upper atmospheric flange
was excavated to place in the polycarbonate tube at a depth of 60 mm. Grooves were carved on its
side to prevent potential leaks during the multiphase release. A detailed description of the HP vessel,
MPS slip-on flange, and the release mechanism is provided in a previous study [11]

The tests were initiated by increasing the pressure in the medium pressure section by triggering a
three-way valve. As a result, the MP diaphragm ruptured, and the pressure fell to atmospheric.
Following the increase in the pressure difference between the HP and MP sections, the second
diaphragm burst. Subsequently, a multiphase mixture spurted out in the atmospherically vented tube.
HP vessel is equipped with four Kulite XTM-190-2000G transducers to record the pressure during
the decompression process. The distance between pressure transducers' positions is 100, 100, and 50
mm from top to bottom. Besides, The resulting overpressures from the explosion were measured with
three transducers types Kulite XTM-190-100G and Kulite XTM-190-50G. They attached to the
cylindrical tube's sidewall at an equal distance of 235 mm and 90 mm from the bottom. The
temperature inside the HP vessel is measured using three K-type thermocouples assigned as T1-T3 in
Fig. 1 (a). However, this study excluded their records because they have a slow response time.
Diaphragm rupturing and erupted multiphase mixture evolution captured by a high-speed camera
(Photron Fastcam SA-1). A digital pulse generator unit (Quantum Composers 9500) simultaneously
triggered the three-way valve, data acquisition system, and high-speed camera at the test start.

RESULTS AND DISCUSSION
Overpressure and impulse

Overpressure description required knowledge about the factors influencing the processes in the HP
test section. Fig. 2. shows pressure records inside the HP conical vessel during depressurization of
liquid CO, with 35.2% liquid volume fraction (LVF). Time zero signifies the HP diaphragm rupture.
The MP diaphragm ruptured by increasing the medium section pressure to about 3.7 MPa. As a result,
the HP diaphragm responded with bulging seen as oscillations that faded out through about 18 ms,
and the pressure stabilized before the HP diaphragm was ruptured. The duration between the two
ruptures was 109 ms, while the pressure decreased from pre-ruptured 5.4 MPa to 5 MPa.
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Fig. 2. (a) Pressure sensors record P1-P4 (top to bottom) during 200 MS of COz depressurization for LVF of
35.2%. (b) a close-up Graph covers 50 ms after the rupture of the HP diaphragm
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After the HP diaphragm ruptured, a rarefaction wave moved downward through the saturated liquid
resulting in isentropic expansion with reduced temperature and pressure. The calculated rarefaction
wavefront average velocity is 358.7 m/s. Whereas the local speed of sound is determined from SW-
EOS tabulated data is 350.5 m/s for the liquid phase and 197.5 m/s for the vapor phase. The liquid
was kept temporarily in the metastable state when the pressure reached about 4.3 MPa. The
evaporation wave required roughly 6 ms to pass across the liquid volume. The first shock wave was
generated once the MP diaphragm ruptured, releasing the vapor from the MP section. The second
shock followed the HP diaphragm rupture and release of multiphase flow. The observed decrease in
pressure reading P3 below zero while the two-phase mixture was expanding could be attributed to the
drift due to the rapid temperature drop.

Fig. 3. shows measured peak overpressure (MPO) in the tube at 180/100 mm (bottom) and 650/570
mm (top) from the HP/MP diaphragms, respectively. Also, it illustrates overpressure records during
explosive CO; depressurization from a conical vessel filled with 15 (a), 35.2 (b), and 52.7 % (c) LVF.
Time zero signalizes the HP diaphragm rupture. Graphs (a'), (b"), and (c¢') in Fig.3. are corresponding
enlarged segments covering 100 ms from the upper raw graphs. The first peak overpressure indicates
the blast wave produced by vapor decompression in the MP section. While the second denotes the
waves followed the depressurization in the HP vessel. As the blast signals are measured parallel to
the direction of pressure waves, there is no account for reflected pressures from impinging on any
surface except the tube wall and the champer's ceiling. The MPOs in Fig. 3. specify two peaks of
overpressure in the leading positive phase with a higher second peak following the first lower peak.
The expanded headspace vapor produces the first pressure wave, while the second peak results from
the expansion due to liquid evaporation.

0.6

g —Top Bottom

S04 |

g !

202

A

g \

2 ol R Lgpﬂ : veme H

= } — R e ARn S Eanas

2 N ————

S, LMl (b) (c)

-1000 -500 0 500 1000 1500 2000 -100 0 100 200 300 400 500 0 50 100 150 200 250 300
Time [ms] Time [ms] Time [ms]
0.6

© "

S |

204 I

o I | |

202 \ i

< M‘l 1

o

o ol | PTG [

g O ) "}, ‘ s W‘o—ﬂm .
X 1

S, L@ (b ()

0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

Time [ms] Time [ms] Time [ms]

Fig. 3. Measured overpressures at the top and bottom alongside the tube at 180 and 650 mm from the HP
diaphragm. For LVF of 15 (a), 35.2 (b), and 52.7% (c). graphs (a'), (b"), and (c') are the corresponded enlarged
segments.

The graphs above show that the period between MP and HP diaphragm ruptures decreases as the LVF
increases. Similarly, the measured peak overpressure from the top and bottom sensors increases with
an increase in LVF. These overpressures peaked at 0.42, 0.48, and 0.51 MPa from the bottom sensor's
records and 0.25, 0.35, and 0.38 MPa from the top sensor's histories. The blast wave signal shape
primarily depends on the expansion development, particularly the evaporation process pace [12].
Ciccarelli et al. [13] have measured overpressures generated from CO, decompression in a
polycarbonate tube. The signals are typified by a gradual increase in pressure at two different
positions, while graphs in Fig. 3. show a steep increase. It is interesting to note that these results
indicate a rapid evaporation process in this geometry as the downstream mixture flows towards a
regularly increasing cross-section in the conical-shaped vessel. Additionally, the MPOs are much
higher than those measured during CO, decompression in a constant cross-section duct done by
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Hansen et al. [10]. The correlations between MPOs and the LVFs (0, 15, 20, 25, 35.2, 52.7, and 73.6
%) are presented in Fig.4.
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Fig. 4. Measured peak overpressure at the top (180 mm) and bottom (650 mm) of the atmospheric tube versus
LVF during CO2 depressurization in the conical-shaped vessel.

The energy quantity from the explosion potentially transferred to the structure is illustrated as a
calculated impulse over 40 ms in Fig. 5. The impulse computations have been executed by integration
of the pressure histories. Graph (a) represent the calculated impulse for pressure records at the bottom
tube cite. In comparison, graph (b) shows them at the top transducer position. After 40 ms, all impulse
curves fade out, and there is no positive phase. Besides, there are no significant differences in the
lines' behavior during approximately 2 ms from the start

25 25
---15%-B 52.7%-B 0%-T 35.2%-T

2 - 20%-B - 73.6%-B Ey [ 7 e 52,7%-T
35.2%-B 15 - 20%-T

N
o

Impulse [MPa-ms]

0.5
L
-0.5 s ;
(a) N I ()
1 Lo JEss 1
0 10 20 30 40 0 10 20 30 40
Time [ms] Time [ms]

Fig. 5. The calculated impulse from the measured overpressure records at the tube's bottom (a) and
top (b).

Interestingly, in Fig. 5. (a), the curve with 35.2 % LVF peaked higher than the one with 52.7%. Then
the curves traversed twice before the latter curve peaked higher in the second positive phase. This
behavior may be due to the expansion of higher vapor volume in the vessel's headspace and
subsequent expansion of multiphase mixture after the evaporation wave has passed. The impulse
curves in Fig. 5. (b) have inverse behavior, wherein the lines with lower LVF peak higher in the
second positive phase. This trend can be observed from the 0% and 15% LVF curves pattern.

Fragments' initial velocity and kinetic energy

The analysis of flying fragments and missiles is essential in estimating BLEVE incident effects. The
fragmentation of the pressure vessel constitutes a severe hazard to surrounding living beings and
structures. Therefore, it is necessary to assess the consequences impacts of such risk for better safety
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management. Generally, the explosion-released energy is an aggregate of pressure wave's energy,
fragments' kinetic and potential energy, and the surrounding heating. The pressure wave energy has
been suggested to be around 80% of the explosion energy in the case of fragile vessel fracture [14].
Several methods were proposed to quantify the fragments' hazard. Birk [15] has offered experimental
data showing that the projectile hazard from shattering a tank filled with pressurized propane in terms
of mass x range (kg-m) increased with an increase in average liquid temperature before the explosion.
Baum [16] has measured the end-cap velocity during experiments with pressurized water in a
horizontal vessel. According to obtained data, he proposed a formula to calculate the fragment's initial

velocity (vy) as:
05
2:kqQex
vy = (He) 0

Qex =My * Cp ' (Trupt_ Tb) = (VV "¢ pl) ’ Cp ' (Trupt_ Tb) )

where my is the fragment mass [kg], Q. is the excess heat stored in the liquid before the explosion
[J], and k, is the fraction of the excess heat transformed to the fragment kinetic energy, and the most
suitable value noticed to be 0.00126. C,, is the pre-ruptured liquid specific heat at constant pressure
[kJ/kg-K], Tryp¢ is superheated liquid temperature [K], T}, is the liquid boiling temperature at
atmospheric pressure [K]. Vj, is the vessel volume [m?]. ¢ is liquid volume fraction. p; is the Liquid
density at the superheated state [kg/ m?].

This section compares fragments' velocities analyzed based on experimental results with fragment
velocity calculation results from the above relationship. CO; properties at pre-ruptured saturation state
were found from tabulated data built from the Span-Wagner equation of state (SW-EOS) and NIST
[17, 18]. Based on Baum's equation, the fragment velocity from the rupture of a vessel containing
CO; with 52.7% LVF at pre-ruptured conditions 5.58 MPa and 292 K is:

Qox = 0.25-4.0145 - (292 — 194.69) = 97.66 kI 3)

b = (2-0.00126-97660
f= 0.0282

0.5
) ~ 93.4 m/s 4

During the explosion experiments in the HP conical vessel, the flying fragment is a circular diaphragm
consisting of three aluminum layers with 0.8, 0.5, and 0.3 mm thicknesses. Fragments velocities were
estimated by processing the high-speed videos from four experiments of CO; depressurization in the
conical vessel filled with LVF of 25,35.2, 52.7, and 73.6%. The videos were captured at 7200 frames
per second (fps) and a 256 x 1024 pixels resolution. Velocity calculations have been done along two
equal tube heights, each covering 235 mm, by tracking the diaphragm trajectories with a height to
pixel conversion of 0.94 mm/pixel. Fig. 6 (on the top) shows cropped images from the sequence of
video frames during 10.4 ms covering the evolution of the ruptured HP diaphragm through the
atmospheric tube. The images are cut from the video captured in the test with 35.2 % LVF. The
cropped images resolution was minimized to 119 x 901 pixels, and the variance between one image
and the followed image is three frames (about 0.42 ms). A light line is drawn underneath the trajectory
of the diaphragm movement. In addition, Fig. 6. (on the bottom) shows the pressure records
corresponding to the duration of the image sequence.

From the data in Fig. 6., the emergence of the diaphragm in the tube required about 1 ms and took
nearly 7 ms to propagate through the tube length. The liquid remained in a metastable state during
this period, as shown in Fig. 6. (bottom). This trend reveals that the ruptured diaphragm is propelled
mainly by the expanded vapor in the vessel's headspace
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Fig. 6. Top: sequence of cropped images from a high-speed video of CO2 depressurization test with LVF of
35.2% (time step of 0.416 ms). Middle: synchronized overpressure records on the top and bottom of the
polycarbonate tube. Bottom: corresponding pressure histories from HP vessel during 10.4 ms.

Interestingly, the force of the released expanded multiphase mixture acting on the diaphragm should
likely result in parabolic path motion. However, its movement is described by a constant velocity ( as
the linear trajectory shows in Fig. 6). It could be argued that it moves with about the same velocity as
the released multiphase mixture, but further research might explore its movement without net force.

Fig. 7. Fragments' (HP diaphragm layers) shape after they are propelled through the tube and hit the protective
mesh at the chamber's ceiling. The VLF in the vessel was 73.6 in (a), 52.7 in (b), 35.2 in (c), and 25% in (d).
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The rocketed fragments from four experiments with different LVFs were collected, classified, and
weighed (see Table 1). Pictures showing the diaphragms' shape after hitting the protective mesh at
the chamber ceiling are presented in Fig. 7. After the propelled diaphragms' weights were determined,
their kinetic energy was calculated, and the results are set out in Table 1.

Table 1. Characteristics of the fragments from HP diaphragm rupture

LVF, % Weight, g Velocity, m/s Kinetic energy, J

73.6 279 121.1 204.9

527 282 109.3 168.6

352 28.5 112.0 177.1

25 28.5 94,6 127.4
CONCLUSION

Laboratory-scale experiments have been conducted to study the release of liquified CO; from a
conical-shaped vessel sealed with double-membrane apparatus to an atmospherically vented tube. The
research goal is to describe the blast wave consequences during the CO, depressurization in such
geometry. Analysis of measured overpressure at the top and bottom of the tube shows that rapid
evaporation significantly influences the leading overpressure positive phase. This positive phase
combines a second higher peak from expansion due to liquid evaporation and an initial lower peak
driven by the expanded headspace vapor content. The peak overpressure increases with an increase
in LVF. The measured peak overpressures in the tests with LVF of 15, 35.2, and 52.7% are 0.42,
0.48, and 0.51 MPa, respectively.

In addition, this research estimates the flying diaphragms' velocity and their kinetic energy by
analyzing high-speed videos. Results indicate that the propelled diaphragm's velocity and the
corresponding kinetic energy increase with increasing LVF. The highest values obtained from the test
with 73.6% LVF are about 121 m/s and 205 J. Comparing the obtained velocity from the test with
LVF of 52.7% with the calculated model for initial fragment velocity at the same initial conditions
indicates conservative divergence. It is 109.3 m/s for the former and 93.4 m/s for the latter.
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Abstract

Modeling transient CO; two-phase flow in a pipe is essential in studying depressurization mechanisms resulting
from liguified CO; accidental release. Generated data from such models predict the released flow characteristics
and possible propagating fractures. Accordingly, they provide valuable input for risk prevention in designing and
safely operating CO. transport pipelines. CO, depressurization simulation involves fluid-mechanical and
thermodynamic models, primarily expressed by hyperbolic partial differential equations and an equation of state
(EOS). Besides, these models are solved with appropriate numerical methods. This paper deals with a drift flux -
homogeneous equilibrium model (HEM) construction utilizing central-upwind-weighted essentially non-
oscillatory (WENQO) numerical schemes to describe two-phase flow during CO, decompression in a pipe. Rapid
transition in mass, momentum, and energy at the interface between liquid and vapor phases is assumed in the flow
HEM. Thus, the two-phase flow is in a thermal, mechanical, and chemical equilibrium. The thermodynamic
properties are calculated by applying Span-Wagner EOS. The high-resolution second-order central, central-
upwind, and third-order weighted essentially non-oscillatory (WENO) schemes have been executed with the
HEM, and they effectively captured rapid phase transition. The central-upwind and essentially non-oscillatory
(ENO) schemes' stencils can be appropriate for constructing a higher-order accuracy central-upwind-WENO
scheme. This structured scheme uses a smoothness indicator as an alternative to the limiter function. Besides, the
variables in the cell interface are determined by WENO reconstruction, while central-upwind is used to compute

the flux properties.

1. Introduction

As long as fossil fuel is the predominant energy
source, carbon capture and storage (CCS)
technology should be critical to reducing greenhouse
gas. CCS is projected to contribute more than 20%
to COzemissions reduction by 2050, as reported by
the International Energy Agency (IEA) [1]. That
means above nine gigatons should be captured and
stored every year. Safe and consistent carbon
dioxide (COy) transport from capturing plants to
storage sites is vital in the CCS process. On- and
offshore pipelines represent a favorable option for
transporting large quantities of CO,. However, this
process raises growing safety concerns as CO; is
transported in a high pressurized dense phase and
involves a significant hazard of pipe failure.
Pipelines can endanger running-ductile fracture
from expansion and explosive evaporation waves
following the rapid phase transition during liquid
CO, depressurization [2]. Subsequently, the pipe
may expose to destructive damage due to the fast
reduction in temperature during the evaporation
process. Therefore, estimating the thermodynamic

state properties during the decompression process is
crucial for the appropriate design, safe operation,
and maintenance of CO; transport pipes. For this
purpose, transient flow models are required,
whereby fluid-mechanical and thermodynamic
models are coupled with appropriate numerical
methods to resolve these models. These models
should be validated and corrected by experimental
data.

The CO; pipe's mechanical failure potentially results
in a release of two-phase flow, following isentropic
expansion due to pressure decrease. The intensity
and propagation velocity of downstream two-phase
flow depends on the upstream expansion waves'
velocity traveling into superheated liquid. Thus,
estimating the change in velocities along the pipe is
essential to predict the release behavior and the pipe
fracture development. Several models have been
used to predict state properties during pure or CO»-
rich mixtures depressurization. Elshahomi et al. [3]
have predicted CO, state properties during
condensation phase transition using ANSYS Fluent,
CFD procedure. The results had good agreement
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with previous shock tube experimental data.
Munkejord et al. [4, 5] have applied two models to
study the influence of impurities and the initial
temperature on wave velocity during COa-rich
mixture  decompression. The  homogeneous
equilibrium model (HEM) and the two-fluid model
(TFM) were formulated by implementing the multi-
stage centered scheme (MUSTA) simultaneously
with Soave-Redlich-Kwong and Peng-Robinson
EOS to calculate the thermodynamical properties.
The models' calculation findings were contrasted
with shock tube test results, which demonstrated
minimal enhancement in TFM predictions against
HEM. Botros et al. [6] have performed shock tube
experiments on pure CO2 and compared the results
with estimations from models built on three
equations of state: GERG-2008, Peng-Robinson,
and BWRS. They concluded that only GERG-2008
corresponded with experimental data. However, the
inconsistency increased with temperature reduction.
Morin et al. [7] have presented an approximate
Riemann solver of Roe for the pipe's CO;
depressurization. Simulation results demonstrated
that the central scheme underestimated the pressure
pulse's maximum amplitude. While the high-
resolution Roe scheme accurately described the
pulse. A homogeneous relaxation model (HRM)
with cubic EOS was introduced by Brown et al. [8]
to describe the released flow resulting from dense
phase CO; pipe rupturing. The model was resolved
by conjugating a semi-discrete Finite Volume
Method and HLL (Harten-Lax-van Leer)
approximate Riemann solver. It also showed
reasonable agreement with the real data from
rupturing the CO; pipeline. In this paper a drift flux
- (HEM) is built utilizing central-upwind-weighted
essentially non-oscillatory (WENO) numerical
schemes to illustrate two-phase flow following CO-
decompression in a pipe.

2. Methodology

This model incorporates the drift-flux model
(homogeneous equilibrium), Span-Wagner
Equation of State, and centered-upwind-WENO
scheme, including the Runge-Kutta fourth-order
method to describe the transients' characteristics
during liquid CO; decompression. The model
illustrates one component (CO;) with two-phase
flow inside a horizontal pipe and is assumed to be in
thermal, mechanical, and chemical equilibrium. i.e.,
the gas and liquid phases have the same temperature
(T, pressure (P), and chemical potential (w).

1 =Ty=T;, Pp=F =P, w=pu;=pn (€Y)

2.1. Fluid dynamics in the pipe flow model
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Unlike the Drift Flux Model (DFM) in the HEM
model, the gas and liquid velocity are identical (no
slip). In addition, the model is one-dimensional due
to flow in one direction along the pipe. The flow
variables are averaged over the pipe's cross-section.
The governing equations are in the form of
hyperbolic partial differential equations similar to
Euler's equations for compressible inviscid flow of a
single fluid and can be described as

aU+aF—0 2)
ot ox (

where U is the vector that contains the conserved
variables and F(U) is the flux function:

U=[p,pv,E]; F= [pv,pv?+P,v(E+P)] (3)

Correlated closure laws for the HEM constitute the
two-phase mixture density p, the total energy E, the
corresponding mixture's specific internal energy
emix, and the volume fraction relation as follows

P =Qgpg +aip;
E = p(e + 0.5v2);

€= (agpgeg + aip; ez)/Pi (4)
agt+a; =1

where p denotes density, v - velocity, E — the total
energy, e — specific internal energy, P — pressure,
a; — volume fraction of the phase i, and
subscripts g and [ are gas and liquid phases,
respectively. For simplicity, the source terms are not
included, i.e., the heat transfer through the pipe wall,
wall friction, and the gravitational forces are
neglected. Equation (2) can be written in a quasi-
linear form as :

U, + A(U)U, = 0 5)
where A(U) = Z—Z is the Jacobian matrix of the

system.

2.2. Thermodynamics

A function P(e, p) that relates the pressure to the
internal energy and density is required to complete
the model. This work uses the Span-Wagner
Equation of State (SW EQS). It is considered the
most accurate EOS for CO, and is based on
Helmholtz's free energy (HFE) as a function of
temperature, volume, and the number of moles: A(7,
V, N). The molar properties of the HFE and the
volume are

(6)



SIMS 63

It implies that a(T,v). The relation of a to the
other thermodynamic properties can be expressed in
terms of partial derivatives of the independent
variable (T, ). The relation to the pressure, internal
energy, and entropy are as follows:

da
p=-2,
da
e=a+Ts=a-T_; @)
_ _Oa
S= "

As the phase transition occurs following adiabatic
pressure reduction, The molar entropy is conserved.
The temperature is unknown, and it is required to
solve one or more linear equations involving e and
v to determine its value. SW EOS demonstrates
explicit expressions for HFE's appropriate partial
derivatives, allowing for numerically solving for the
temperature using Newton's method. The initial
molar volume and internal energy (v, e,) can be
determined as a function of the known initial
saturated temperature and pressure (T, Py). Then the
equation involving molar internal energy as a
function of temperature and molar volume should be
solved by newton's method iteration

GX) = [e(X) — ey] =0;
Xipa = Xi— J71 GO 3
de

Here X signifies the vector (T, «)T, and ] = o is

the Jacobian of G. Then the thermodynamic state is
determined as a function of T and v+ (Mjaavatten,

2022).
The speed of sound in the mixture is given as:
_ [v%*  (9a®  0da?
Cm = \/W (67 - 606T) )
In addition, p = % ; where M, is the molecular

weight (for CO,, 44.01g/mol).
2.3. Numerical method

Equation (2) can be solved using the finite-volume
scheme, wherein the domain is discretized into
subdomains (control volumes). The semi-discrete
formula (spatial operator discretization) can be
obtained by Eqg. (2) integration:

L) = — ﬁ (FH% - Fi_%) (10)

where L(U) - discretization of the spatial operator;
F,,1 - the flux between cells i and i + 1. Time
2

iteration for the semi-discrete formula is executed
using the total variation diminishing (TVD) Runge-
Kutta method (RKM). According to Gottlieb et al.
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(1998), this method keeps TVD properties satisfying
the Courant-Friedrichs-Lewy (CFL) condition. The
time iterations by fourth-order TVD RCM are
expressed as (Shu and Osher, 1988) :

UL =y© 4 %AtL(U); (11.1)

U@ = lU(O) + lu(l) _ lAtL(U(O)) +

. 2 2 4

2 @).

LaeL(U); (11.2)

U® =-y©® 4 2y® 4 2g@ _Zpe (U©@) -

1 9( ) 9 @ 3 9

- 1 2)).

SALL(UW) + AtL(U@); (11.3)

U®» =1y 4 ly@ 4 ye 4 lAtL(U(l)) +

1 3 3 3 6

1 @)

~AtL(U®) (11.4)

where U© and U™ are properties at the time n and
n+1, respectively. Considering the CFL limitation,
the time step is specified as:

At < ¢ - (Ax/max{1;} Vi) (12)

where ¢ is the CFL number and A;are the

eigenvalues of the Jacobian matrix: A(U) = Z—z.
It is challenging to discretize precisely the cell

interface flux function. i.e., The flux F, 1 is
2

challenging to determine at the cell interface given
the values of U;, Ui, U™, and U;"*'. Many
numerical approaches have been suggested to
compute FH%. This work applies the centered-

upwind-WENO scheme (CU-WENO), developed
by (Welahettige et al., 2022), for the HEM to
calculate the flux functions by the central-upwind
scheme while the cell interface properties by WENO
reconstruction. This formulation seeks to integrate
the central-upwind features into the WENO scheme,
which could improve the results' accuracy and
stability.

The cell interface flux is computed according to the
central-upwind expression presented by Kurganov
et al. (2001). The scheme specifies the local speeds
on the side of wave propagation's directions
(discontinuity propagation speeds). Their values are
equivalent to the maximum and minimum of the
Jacobian matrix's eigenvalues. The positive and
negative discontinuity propagation speeds are
defined as

(13.1)
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min {/1 (U,n'I)} ,
n,— ity

a1 = min (13.2)
2 min {/1 (U?’i)}, 0
i+
where A denotes the eigenvalues of HEM:
A= {w+cpv,v—cn} (13.3)

Then, for the central-upwind scheme, the high-
resolution numerical flux is expressed as:

a1 R Uty | -a T FUTT) et aly
i+3 i+ i+ i+3 i+ i3

g
1 2

n+ n— n,+ n—

2 a’i—-a’, a’1-a’y

2

o

FOOD

it its i+ i+5

n,+ n,—
(23~ ) s
The cell interface properties are calculated by
applying a fifth-order WENO reconstruction based
on a third-order ENO stencils approach; for (r)-order
ENO, (2r-1)-order WENO can be constructed. The
cell averages calculate the cell interface properties
in each stencil. So, the negative direction value at the

. . 1 . -
cell interface i + 7 isgiven as:

- -0 -1
U 1=wyU "1 +w U 1+ w,U
i+ 0%l T Y 2T 2

2 2 2

ol (15)
2
Here, w is a weight function. The sum of weight

functions is one (wy + w; + w, = 1), and they are
calculated as:

Wn = ao . _ aq .
0 a0+(11+06tlz ’ aptaitay ’
2
0, = — 16
2 aptaitaz ( )

Where a; are given as:

1 6

ay = oy = ;

O 7 10(e+p)2’ 1 T 10-(e+B?’
3

%2 = Toterpn)? a7
Where setting € = 106 aims to avoid division

by zero. B - is a smoothness indicator that
involves (r-1)-order polynomial function

13 1
Bo = E(Ui—z —2U;; +UD? + Z(Ui—z -

4U;_; +3U0p% (18.1)
B = E(Ui—l —-2U; + Ui+1)2 + i(Ui—l -

Uir)? (18.2)
B =2 (U; = 2Upy + Upy)? +=(3U; — 4Up, +
Uis2)? (18.3)

The positive direction value Ui++1 at the cell
2

interface i + % can be calculated by symmetry.
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3. Results and discussions

Numerical simulations analyzing the transient pipe
flow behavior during the evaporation of the CO;
dense phase are presented. The CU-WENO
numerical schemes resolve hyperbolic conservation
equations. The fluid dynamics part is combined with
SW EOS to determine the variations in
thermodynamic properties. The release incident
involves the decompression of liquified CO; in a
pipe length of 100 m. The initial conditions are:
pressure (P,) = 7.27 MPa, temperature (T,) = 303.5
K and velocity (v,) = 0 m/s. The simulation sets out
at x =50 m, t = 0 s after the pipe end ruptures, and
the liquid CO, depressurizes to a pressure of 3,67
MPa. As a result, a rarefaction wave travels through
the liquid, causing its expansion to superheated
liquid. Then, the evaporation wave moves through
the superheated liquid, leading to its evaporation and
generating an expanded two-phase mixture
propagating toward the pipe's end with high
velocity.

Two - phase (L/V)
il P2/ €2, Vy 0}, Ay, P,

Figure 1: Schematic drawing shows CO. depressurization
in a pipe.

Figure 2 shows the pressure, mixture velocity, and
vapor/liquid volume fraction variations along the
pipe's length. The plots demonstrate calculations for
1000 cells and 90 ms after the pipe ruptures. The
passage of the rarefaction wave begins with the
gradual liquid expansion corresponding to a pressure
decrease from about 7.3 to 6.9 MPa and then a steep
decline to almost 5.1MPa (Figure 2(a)). The
expanded superheated liquid remains in a metastable
state at nearly constant pressure (slightly convex
route), passing about 12.6 m before the pressure
decreases sharply, indicating rapid evaporation.

%108
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Figure 2: Change in pressure (a), mixture velocity (b), and
vapor/liquid volume fraction (c) along the pipe's length
during 90 ms of liquified CO2 depressurization.

In addition, the rapid pressure drop results in the
propagation of expanded fluid with increased
velocity up to 59.3 m/s. Subsequently, the velocity
decreases with small fluctuations before its abrupt
drop once the evaporation wavefront has passed.

The vapor volume fraction (VVF) has risen in steps
following the change in the thermodynamic state
described by the pressure route. As seen in Figure 2
(c), complete evaporation has not been attained, and
the third (last) jump in VVVF seems to be related to
the contact discontinuity wave.

Particular difficulties were encountered in the model
implementation when depressurization was chosen
to lower pressure near the atmospheric conditions.
The temperature and subsequent calculated pressure
showed unphysical behavior and may have been
affected by the simplifying assumptions used in the
model. In particular, the two-phase mixture velocity
calculations can be vulnerable in contrast to the two-
fluid model. The small rapid fluctuations seen in
pressure and velocity profiles at about 52 and 61 m
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(Figure 2 (a) and (b)) are likely caused by numerical
computation of the temperature as a function of
molar internal energy and volume. The intermittent
fluctuations sites corresponded with the beginning
of the rapid change in the internal energy (see Figure
4 (c)), which may produce transient instability in
temperature calculations.

Computations have been implemented on grid cells
between 200 and 2000 to evaluate the convergence
of the CU-WENO numerical schemes. An
appropriate numerical method should not create
additional unreal oscillations as the cells' number
increases. Figure 3 illustrates the convergence
results for mixture density (a) and pressure (b) after
60 ms, implementing various cells' numbers on the
CU-WENO schemes. As seen in Figure 3, the
solution converges well as the grid is refined, i.e., as
the size of the cells shrinks.

600 ;
200 cells
- ----500 cells
. 500 -=--1000 cells ]
E) ----------- 1500 cells
2 ol 2000 cells |
7
o
0 300
g
2
X
S 200
(a)
100

0 20 40 60 80 100
Distance (m)

8 . . . .

()] » ~

Pressure (Pa)

~

(b)
0 20 40 60 80 100
Distance (m)

Figure 3: Grid refinement results for CU-WENO
numerical schemes' convergence after 60 ms of CO:
depressurization. (a) for mixture density, and (b) for the
pressure.

There are no extra oscillations observed in either
plot. Instead, the observed small fluctuations on the
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pressure lines in Figure 3 (b) are flattened due to the
grid refinement. The diffusivity of results reduces
with grid refinement, and a grid size of 1500 can be
recommended for the simulation.

Figure 4 shows vapor volume fraction (a), mixture
density (b), and mixture internal energy (c) profiles
along the pipe's length at different time stamps of 30,
50, 70, and 100 ms after the rupture. The waves'
behavior can be described by tracing the changes in
property profiles. The initial pressure gradient
promotes the generation of three waves: shock and
contact discontinuity, traveling in the right direction.
Besides, an expansion wave moves in the opposite
left direction.

In Figure 4 (a), the second and third sharp increases
in VVF signifies the evaporation wavefront and the
contact discontinuity, respectively. Additionally, the
evaporation wavefront propagates towards the left as
time runs, while the shock and contact surface
propagate in the right direction.

1

o o S
EN o o

Volume fraction (-)
o
N

(a)

0 20 40 60 80 100
Distance (m)

—1t=100 ms

70

50

Mixture Velocity (m/s)

10 (b)

100
Distance (m)

Trondheim, Norway, September 20-21, 2022

%108

[N
©

-_— ) e
[ O e Y

=
o™

Mixture Internal Energy (J)
o
> =

()

0 20 40 60 80 100
Distance [m]

Figure 4: The behavior of vapor volume fraction (a),
mixture density (b), and mixture internal energy (c) along
the pipe's length during various time intervals and for 1000
grid cells.
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The velocity profile in Figure 4 (b) demonstrates the
two-phase mixture movement along the pipe
towards the vented end. At the same time, the
velocity peak increases while it moves in the reverse
direction. However, the pressure wave behavior
affects the two-phase mixture velocity after the
evaporation starts due to the expansion waves'
sequence propagation with different speeds (see
Figure 4 (b) and Figure 2 (b)).

Figure 4 (c) shows that the mixture's internal energy
rises in the metastable state following the rarefaction
wave. This trend could be attributed to the liquid
state transition from saturated to superheated,
whereby the liquid stores the gained energy during
its expansion as long as it remains in the metastable
state. Then the energy is released during the phase
change process providing the required latent heat of
vaporization.

4. Conclusions

A homogeneous equilibrium model (HEM) for two-
phase flow during CO, depressurization in a pipe
has been developed. The model considers
equilibrium in pressure, temperature, and chemical
potential, using SW EOS to calculate fluid
properties in different thermodynamic states.
Additionally, the method integrates two numerical
schemes to use the CU-WENO scheme, wherein the
numerical flux is calculated from central-upwind
flux and the cell interface values from the third-
order WENO reconstruction. The aim is to fit the
central-upwind features in the WENO scheme,
which can enhance accuracy and stability. The
model is able to trace the
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pressure, two-phase mixture density, and vapor
volume fraction patterns during the rapid phase
transition.  In addition, the simulation results
demonstrate the model's ability to predict the
rarefaction and evaporation waves' dynamic
characteristics and the convergence of the CU-
WENO scheme. The numerical method well
captured the moving discontinuity without blurs,
and they have a similar pattern as in works done, for
instance, by Munkejord et al. (2010) and Morin et al.
(2010). However, the CU-WENO scheme illustrated
the shock and expansion waves with less sharp edge
transitions compared to the mentioned studies.

It is important to mention that the presented model
does not consider the slip between phases during the
compression and describes it as a uniform mixture
pattern inside the pipe. However, the pipe rupture
could result in a stratified flow pattern whereby the
phase slip velocities should be considered.
Additionally, the choice of initial pressure is dictated
by the depressurization model's characteristics, as
good predictions have been achieved close to the
critical point. Further study may consider the
mentioned remarks in developing pipe CO:
accidental release models.
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1 Abstract

Recent developments in carbon capture and storage have led to an increased concern about the safety of
CO, transport systems. Hazards that arise from the accidental release of liquid CO, during its
transportation include rapid phase change with explosive evaporation and expansion. Therefore, it is
essential to research the mechanisms and the dynamics affecting these process developments. The
presented work investigates the phase transition mechanisms occurring during liquified CO;
depressurization from a double-membrane installation with a high-pressure conical vessel. It provides
experimental results and analysis describing the effect of the divergent cross-section and liquid volume
fraction on expansion wave behavior. Results indicate a considerable pressure increase at the vessel's
bottom after the evaporation wave has passed due to the over-expansion effect. Its peak values were
proportional to the increase in liquid volume fraction (LVVF). Besides, the rarefaction wave velocities
were nearly constant in all vessel height regions. In contrast, they were varied for evaporation wavefront.
Velocities increased as the evaporation wave propagated towards a constantly reducing cross-section
area.

2 Introduction

Transport and storage of liquified CO; involve serious hazards associated with pressure container
malfunction due to different detrimental situations such as heating, a projectile hit, or corrosion [1, 2].
The catastrophic container failure due to explosive evaporation proceeded from rapid decompression of
a liquified gas which, in certain conditions, may characterize as boiling liquid expanding vapor explosion
(BLEVE) [3]. If the pressure of a pure liquified substance decreases below its saturation pressure, it
potentially develops into a superheated or metastable liquid. This state encompasses the region between
the liquid saturation and spinodal curves. The phase transition occurs when the liquid approaches or
surpasses its superheat limit temperature (SLT). The depressurization rate controls the degree of
superheat. When it is low, heterogeneous nucleation develops at the container's surface or liquid's
impurities. Consequently, the possibility for severe explosion is dwindled.

According to Reid [4], a BLEVE occurs once the liquid expands to its SLT, and the phase change is
governed by homogeneous nucleation. However, Zhang et al. [5] pointed out that BLEVE may be
developed without the liquid temperature exceeding its SLT. They also mentioned that explosive
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evaporation could be promoted due to the formation of solid-phase nuclei as liquid CO; pressure falls
rapidly to the atmospheric pressure. During CO, depressurization in a vertical vessel, the phase transition
occurs in a narrow zone symbolizing the evaporation wavefront. It moves into metastable liquid
downwards, and its propagation is strictly dependent upon the degree of superheat.

Several experimental studies have examined the dynamics influencing evaporation wave's emergence
and propagation during decompression of different liquified substances. Das et al. [6], Hill [7], and
Reinke et al. [8] are among the studies that have observed the evaporation wave and measured its front
velocity. The research group for process safety, combustion, and explosion laboratory at the University
of South-Eastern Norway, for many years, investigated liquid CO, depressurization. Small-scale
experiments on BLEVE have been conducted on cylindrical test tubes by Bjerketvedt et al. [9] and Wei
Ke [10]. Tosse et al. [11] and Hansen et al. [12] have analyzed the development of the evaporation wave
intensively during liquified CO; depressurization. Most of the stated research described an evaporation
wave propagating with almost steady velocity. However, the mentioned studies and most experimental
research on liquified gas depressurization have been performed in constant-area ducts or tubes.
Therefore, this small-scale experimental study aims to provide results and analysis of rarefaction and
evaporation wave features during liquified CO, decompression in a conical-shaped vessel. It focuses on
the effect of divergent cross-section on expansion waves behaviour and determination of their velocities.

3 Experimental configuration and procedure

A stainless steel (AISI 316) vertical conical-shaped vessel and two slip-on flanges constituted the central
assembly parts of a double-diaphragm installation. These components are reinforced on an aluminum
structure and opened to an atmospherically vented chamber. The vessel has a volume of 480-10% mm?*
and each of the flanges' cylinder volumes is 510-10° mm3. The high-pressure reservoir (the conical
vessel) was filled with liquid CO2, whereas the medium-pressure MP section (mid flange) with vapor.
Industrial-grade liquid and gaseous cylinders were independently provided CO, to HP and MP sections.
A high-pressure HP diaphragm was pressed between the high-pressure reservoir and the medium-
pressure MP section. A second diaphragm separated the MP section from the upper flange and opened
to chamber pressure. The initial pre-ruptured condition in the HP vessel was 5.2-5.8 MPa, while it was
2.6-2.9 MPa in the MP section. The temperature was ambient in all sections. Figure 1 shows the setup
components and a close-up image of the conical vessel and slip-on flanges fixed above it.

Chamber -

iaphragms
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8R4 rjet/Outlet
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Figure 1: Schematic drawing of the experimental setup: 1. conical vessel, 2. chamber space, 3. hub, 4.
Triggering unit, 5. data acquisition system, 6. 3-way valve, 7. PC, 8. Photron camera. An enlarged
segment of the conical vessel and flanges on the right-hand side.
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A Quantum composers 9500 series pulse generator initiated the experiments by triggering a three-way
valve to increase the pressure in the MP section. As a result, the MP diaphragm ruptured, and the MP
section's pressure fell to atmospheric in milliseconds. Subsequently, the HP diaphragm burst due to the
grown pressure difference between its sides. Pressure and temperature histories during the expansion
inside the vessel were recorded with Pressure sensors Kulite XTM-190-2000G (P1-P4) and k-type
thermocouples (T1-T3 ). Besides, a pressure sensor P5 of the same type was attached to the MP section.
One Kulite XTM-190-100G sensor was attached in the middle of the chamber. Besides, a high-speed
camera (Photron Fastcam SA-1) captured the evolution of the released multi-phase mixture through the
chamber's transparent polycarbonate walls.

4 Results and Discussion

A series of experiments were performed with different liquid volume fractions (LVF): 0, 35, 52, and
73%. Diaphragm thickness for the set separating HP vessel from MP flange was 1.6 mm, and the set
pressed between flanges was 1.5 mm. The pre-ruptured state in the vessel was saturated CO; at the
temperature range of 19-21 °C. Figure 2 illustrates 65 ms of pressure histories inside the conical vessel
(@), in the MP section (b), and overpressure in the chamber (c) during the depressurization of 73% LVF
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Figure 2: Pressure records during 65 ms of CO; depressurization in a conical vessel for 73% LVF, (a)
inside the vessel, (b) in the MP section, and (c) overpressure in the chamber space.

A shock wave has arisen due to the MP diaphragm rupturing and proceeding upwards in the chamber
space. Wherein the recorded overpressure was 0.051 MPa. While a rarefaction wave moved downwards,
it hit the HP diaphragm and reflected into the chamber. After the MP diaphragm has ruptured, about 20
ms was required for the HP diaphragm to destabilize. Meanwhile, the diaphragm underwent bulging and
cracks due to increased pressure difference and the waves hitting its surface. When it burst, a second
shock wave initiated and traveled upwards. It passed through the MP section, raising the pressure to
about 1.6 MPa. Besides, the recorded overpressure in the chamber was 0.072 MPa. The shock wave
was followed by the contact surface that primarily divided vapor and liquid. Simultaneously, a
rarefaction wave propagated downwards through the vapor headspace and the liquid. As a result, the
liquified CO, went through isentropic expansion. The phase transition ensued during the passage of the
evaporation wave behind the rarefaction wave towards the vessel's bottom. Figure 3 presents the
pressure histories inside the vessel during 30 ms of CO, decompression for different LVFs (0, 35, and
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52%). Time 0O indicates the HP diaphragm rupture. The first steep pressure drop corresponds to the
rarefaction wave traveling through the liquid. Subsequently, the CO- liquid became superheated.

The pressure lines in the metastable state fluctuated slightly and nearly plateaued. Metastable state
duration depended on the LVF. It varied from about 4.1ms for 35% to 4.7 ms for 73% LVF.
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Figure 3: Pressure-time diagrams of CO- depressurization in the HP vessel for LVFs 0, 35, and 52% in
(@), (b), and (c), respectively.

Figures 2 (a) and 3 show that the bottom sensor P4 has distinctive reading lines with pressure rise after
reaching about 1 MPa. Then it started rising along with an onset fluctuation. It peaked and then dropped
to atmospheric pressure. Figure 4 compares P4 readings for the above-indicated LVFs. The pressure
peak value increased with the LVF, so it was around 1.2, 2.8, 3.1, and 3.9 MPa for 0, 35, 52, and 73%,
respectively. The observed fluctuation on P4 lines is due to the reflection of the expansion wave on the
vessel's bottom. It also intensified with increasing LVF, as shown in Figure 4.

6 . . . . .
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Figure 4: comparison of pressure transducer P4 recordings during 30 ms of CO, depressurization in the
conical vessel for LVFs 0, 35, 52, and 73%.

The pressure surge in P4 signifies a dramatic phenomenon resulting from the potential consequence of
over-expansion. After the evaporation wave had rapidly passed through and the pressure fell to about 1
MPa, the formed two-phase mixture moved upwards. Then, a heavier part of this mixture was drawn
back towards the bottom with high velocity due to low pressure. While its movement decayed at the
vessel's bottom, the pressure rose again. As the pressure increased, reaching its peak and falling to
atmospheric, the expanded two-phase mixture flowed toward the vessel's exit.

The expansion wave velocities were determined graphically by analyzing the pressure records along the
length between sensors' positions (zones P1-P2, P2-P3, and P3-P4). For this purpose, The pressure

28" ICDERS — June 19-24, 2022 — Napoli 4



M Ibrahim, O. K. Expansion waves behaviour

readings were illustrated on the height-time diagram, as shown in Figure 5. The rarefaction and
evaporation waves' path went through the sites where the pressure sharply decreased. The exact time
turning points were defined by drawing tangent lines on both sides of the turning curves. Then,
connecting the tangent lines' junction to the mid-point on the line passed through the tangency points.
The locus of intersection of these connecting lines with the pressure curves demonstrated the time
turning points at which pressures change.
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Figure 5: Synchronized pressure transducer recordings plotted on vessel's height axis during 25 ms of
CO, depressurization in the conical vessel for 73% LVF. The diagram illustrates wave trajectories of
rarefaction (RWT) and evaporation (EWT).

Results from calculated rarefaction wave velocities have slightly differed in the various height zones.
So, the average rarefaction wave velocities were 246.7, 271.7, and 293.3 ms™ for the LVFs 35, 52, and
73%, respectively. However, the evaporation wave velocities varied along the three vessel's regions. For
the LVFs 35, 52, and 73%, the corresponding calculated wavefront velocities in the region P3-P4 were
about 89, 92.6, and 106.8 ms™. There were about 37.8, 56, and 73 ms? in the region P2-P3. The
wavefront velocity for 73% VLF in zone P1-P2 was 36.8 ms™. The presented numbers signify that the
rarefaction waves propagated inside the vessel with nearly constant speed. However, differing from the
previously mentioned studies, the evaporation wavefront swiftness increased as it propagated
downwards. This trend implies that the wavefront speeded up as the vessel's cross-section area
diminished. In addition, it decreased with LVF reduction. The highest evaporation wavefront velocities
were in the region close to the vessel's bottom (zone P3-P4) and for LVF of 73%. The observed trend
of the pressure at the vessel's bottom is different from the results of the previous experiments conducted
in ducts with a constant cross-sectional area, for instance, in experimental studies by Ciccarelli et al.

, Reinke [14], Chaves [15], and Hansen et al. [12]. This difference could be attributed to the
nearly steady evaporation wave velocity in constant cross-section ducts. In contrast, the velocity
increased as the cross-sectional area decreased in the conical-shaped vessel. Simultaneously, the
subsequent expanded two-phase mixture propagated towards a regularly increasing cross-sectional area.
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5 Conclusion

The small-scale experimental investigation of the expansion waves during CO, decompression in a
conical vessel has shown that the rarefaction wave velocities were nearly constant over the vessel's

height for various LVFs. While the evaporation wavefront velocities increased as it propagated toward
the vessel's bottom with reducing cross-section area and LVF. One of the more significant findings from
this study is the pressure rise after the evaporation wave reached the vessel's bottom. This occurrence
arose from the over-expansion effect when the pressure at the bottom fell sharply, and subsequently, the
downstream two-phase mixture was drawn down. After its inertia at the vessel's bottom, the pressure
rose gradually, and the two-phase mixture propagated upwards to the vessel exit.
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1 Introduction

The main interest in this work is the rapid expansion of fluid due to phase transition that will contribute
to a blast wave in a BLEVE scenario. The study uses saturated liquid CO, as a medium. The use of
carbon dioxide as a medium is a practical one since it is relatively safer to use in experiments than other
liquefied gasses like propane or ammonia. The downside of using CO; is that the fluid will cross the
triple point during depressurization, leading to solid/gas two-phase flow at lower pressures. However,
in the present work, this process is assumed slow and is not included since it is doubtful that it will
impact the blast wave caused by the initial fast phase transition. Figure 1 shows the isentropic expansion
path of liquid CO; into the metastable region. The kinetic spinodals are limits for expansion where a
significant generation rate of critical bubbles is reached. The kinetic spinodal for heterogeneous
nucleation assumes that the critical work to generate bubbles in the liquid is half the critical work for
the bulk. The thermodynamic states are calculated by using an equation of state (EOS) based on
Helmholtz free energy [1] and [2].
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Figure 1: Pressure-volume diagram for CO- showing an isentrope from saturated liquid at 291 K and
the kinetic spinodals for homogeneous and inhomogeneous nucleation.
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2 Method

The present simulation method is based on Classical Nucleation Theory [3] and uses the production
rate of critical bubbles as a source in a two-fluid multiphase equation set. The most important
equations from the Classical Nucleation Theory are included here for completeness.

The rate of creation of a number of critical size bubbles pr. volume is calculated as equation 1.

M)

The critical work is here simplified to eq. 2 by assuming the Poynting factor to be unity.

16ma3
3(psar(M)-p(M))*'

)

Wer =

Where Jo — initial possible nucleation sites, k — Boltzmann constant, T, — critical temperature, ¢ —
liquid/gas surface tension.

The critical work needed during the inhomogeneous nucleation at the wall is assumed to be half of the
critical work in the bulk. This reduction in critical work will be dependent on surface roughness, and
the value of 0.5 assumes a 90° contact angle between droplet and wall.

2.1 Computational Fluid Dynamics

A two-fluid model for CFD simulations of the process uses mass, momentum, and energy conservation
of two immiscible fluids (liquid and gas phases) [4]. One assumption in using this model is that the
momentum of each phase is given by a common velocity, leading to a six-equation model in 2D.
Equations 3 and 4 are equations for mass conservation of the two phases, equation 5 is the equation for
the common momentum, and equations 6 and 7 are the energy equations for each phase.

4T (pranil) = - 3
20292 4 V- (pya,) = @)
28U 4 V- (pliy) + 22 = 0, (5)
25 1 V- (aqli(E; +P)) = —RQuap, (6)
245 1V - (ad(E; +p)) = RQuap: )

Where «; is the volume fraction of liquid and «, is the volume fraction of the gas. The volume
fractions are related as a; + a, = 1 and p,a; + p,a, = p. The energies of each phase are calculated
as equation 8.

And, p — pressure, u — fluid velocity, p — fluid density, Qvap — the heat of evaporation.
E; = e; + 5 pilill?, (8)

For the liquid phase, a stiffened gas equation of state is used to model the dependence of internal
energy to pressure (see equation 9).

— P+Y1Po (9)

e
1 y1-1 '
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Ideal gas law is used for the gas phase (phase 2), equation 10.

ot (10)

e, =

The constant e* is an energy term to set the correct difference in internal energy between the gas and
liquid phase. Since the modelled internal energy is based on changes in internal energy, this term must
be added to model the correct change of energy between the phases. The Flux Limiter Centered Scheme
(FLIC) is used to solve the equations' hyperbolic parts, while a Newton-Rhapson iterative solver is
needed to isolate volume fraction and pressure from the conserved mass and energies.

The phase transition mass rate, R in equation 11, is modeled using the nucleation rate in eq. 1.
R= pg,sat(T)Vcrd]’ (11)

Where V. is the volume of a critical bubble and pg,; is the gas density of the critical bubbles. The
radius of a critical bubble is calculated as equation 12.

20
Ter =

T Psat(T)-p’ (12)

The mass and energy sources are solved using Godunov splitting so that the hyperbolic part is solved
using the FLIC scheme, and the sources are solved by a simple first-order Euler method. Table 1 shows
the model constants used in the present work. The constants are obtained by fitting the internal energy
and sound speed from the model to values from the Helmholtz free energy-based EOS along a constant
entropy process from saturated liquid at 291 K into the metastable region. The choice of the fitting
region is small but relevant for the expansion process of the liquid before the onset of nucleation.

Table 1: Model constants for CO,

Variable Value
Y1 1.066
Y2 1.32
Poo 7.310" Pa
e* 1.62:10° J/kg
c 2.010° N/m
Qvap 1.810° J/kg

The experiments used as validation data have been published [5], but a short description is provided
here. Figure 2 shows the experimental setup where saturated liquid CO,, with a saturated vapor head, is
filled into a conical vessel. A double membrane release system is placed on top of the conical vessel.
The double membrane system separates the high-pressure, conical vessel from the surroundings by two
membranes, where the volume between the membranes will have a medium pressure of CO, before
rupture. The rupture procedure is done by increasing the pressure in the separating volume up until the
top membrane ruptures. The subsequent pressure drop leads to the rupture of the lower membrane
initiating the depressurization of the CO- in the conical vessel. The conical vessel has an angle of 4° to
the center axis and is ID 90 mm at the top. A polycarbonate pipe of ID 90 mm is fitted above the
membrane system to be able to measure the blast wave from the depressurization of the fluid.
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(2o ps
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Figure 2: Schematic drawing of the setup on the left-hand side: 1- HP conical vessel, 2- MP slip-on
flange, 3- upper flange opened to atmospheric pressure, 4- polycarbonate tube, 5- chamber. An image
of the installation is on the right-hand side.

3 Results and discussion

The simulations were done in 2D axis symmetry, where the center axis of the geometry follows the
conical vessel's center axis. The simulation also includes the rupture of the top diaphragm before the
depressurization of the conical vessel is initiated. The timing of the rupture of the bottom diaphragm
will be off in the simulation compared to the experiments since the response time of the material will
not be simulated. The rupture of the top diaphragm and subsequent blast from the compressed CO in
the medium pressure volume will be seen as a shock wave propagating through the polycarbonate pipe.
Figure 3 shows the pressure history of pressure sensor P2 located 185 mm from the "bottom" of the
conical vessel for 35 and 73 % liquid volume fraction. The sensor is initially in the liquid phase. The
first pressure drop after about 3 ms is the first rarefaction wave due to the sudden opening of the
diaphragm. The state behind the rarefaction wave will be metastable liquid as the pressure is held at the
Kinetic spinodal pressure due to the pressure increase of the phase transition. A phase transition front
follows the rarefaction wave as is seen as a sudden pressure drop at about 5-6 ms. The timing of the
simulated phase transition front compared to the experimental results is somewhat delayed. The
simulations will behave very ideally compared to an experiment as no stresses in the fluid, except from
pressure, are simulated. The assumption of lower critical work at the wall by a factor of two is also not
justified here. This factor may be significantly higher due to wall surface roughness, and further work
is needed to determine this effect. The linear equations of state used in the simulations will lead to
erroneous speeds of sound and fluid expansion in the metastable region as the compressibility will be
handled as an ideal gas.
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Figure 3: Experimental and simulated pressure history at pressure sensor P2 located 185 mm from the
"bottom" of the cone. Left: 35 % liquid volume fraction in the vessel. Right: 73 % liquid volume fraction
in the vessel.

Figure 4 (P6) and 5 (P8) shows the experimental and simulated blast waves propagating in the
polycarbonate pipe. The activation of the double membrane is done by increasing the pressure in the
medium pressure volume up until the rupture of the top membrane. The blast wave from this initiation
iS seen as a pressure peak at about -115 ms in Figure Y X (Left) and -15 ms in (Right). The initiation is
also included in the simulation, but the time delay is not simulated. The pressure peak from the simulated
initiation is seen at about 0 ms for both liquid volume fractions. The reason for including the initiation
was to ensure that the polycarbonate pipe had expanded CO; in it since this will influence the blast wave
propagation. The simulated blast from the conical vessel with a liquid volume fraction of 35 % is closer
to the experimental results than for 73 %. The blast wave for the 35 % case is dominated by the expansion
of the vapor head, while for the 73 % case, the phase transition will significantly impact the blast wave.
Since the simulated pressure drop over the phase transition front in Figure 3 is much steeper than the
experimental one, it might indicate that the simulated phase transition rate is faster, leading to the higher
blast pressures seen in the closest pressure transducer (270 mm).
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Figure 4: Experimental and simulated pressure history at pressure sensor P6, placed in the polycarbonate
pipe at 270 mm above the bottom diaphragm. Left: 35 % liquid volume fraction in the conical vessel.
Right: 73 % liquid volume fraction in the conical vessel.
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Figure 5: Experimental and simulated pressure history at pressure sensor P8, placed in the polycarbonate
pipe at 740 mm above the bottom diaphragm. Left: 35 % liquid volume fraction in the conical vessel.
Right: 73 % liquid volume fraction in the conical vessel.

4 Conclusion

The proposed simulation method recreates the main features of the fast depressurization that
occurs during a BLEVE scenario. The liquid expansion into a metastable state is captured, and
the following phase transition rapidly produces gas to generate a blast wave. The simulated
blast wave pressure closest to the source is overestimated by the present method due to a too
rapid modelled phase transition rate. This overestimation of the phase transition rate is believed
to be due to missing dampening effects from the earlier onset of nucleation at the wall.
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Errata

1. Page VI, Abstract: ‘"rarefaction, evaporation, and blast wave in the existing
setup”should be “rarefaction, evaporation, and blast waves in the existing setup.”

2.Page 2, Background: “the fragments which flew approximately 300 meters”
shouldbe “the fragments that flew approximately 300 meters”.

3. Page 3, Background: “That caused two death casualties and three injured from
fragments hit” should be “That caused two death casualties and three injuries from
fragments hit.”

4. Page 19, Subsection 2.4.2: “The blast strength increases as the evaporated liquid
fraction increase.” should be “The blast strength increases as the evaporated liquid

fraction increases.”

5. Page 31, Setupl 3.1: “The solid walls HP vessel” should be “the solid walls of the HP
vessel.”

6. Page 40, Setup 3.2: “. Its cylindrical upper rim was machined as the tube
couldprecisely fit in at a depth of 60 mm.” should be “Its cylindrical upper rim was

machined so the tube could precisely fit in at a depth of 60 mm.”

7. Page 52, Subsection 4.2.2: “The pressure sensor (P1-P4)” should be “The pressure
sensors (P1-P4).”

8. Page 76, Section 5.2: “96,4%” should be “96.4%”
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