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A B S T R A C T   

Safe transport of pressurized CO2 requires a profound knowledge of the processes’ effect during the phase 
transition on catastrophic failure of a tanker filled with liquid CO2. 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 CO2 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 
CO2 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 CO2 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 CO2 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 CO2 releases 
during combustion [2,3]. 

Transport of a large amount of captured CO2, as a part of carbon 

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 CO2 caused by external 
fire overheating, mechanical failure, or corrosion. The rapid release of 
CO2 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 CO2 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 (∂P/∂V)T = 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 
[7]. 

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 CO2 could also 
occur before it reaches SLT as CO2 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 CO2 at 2.9 MPa was − 6 ◦C. 

When a rapid decompression of pressurized liquified CO2 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 

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 CO2 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 CO2 
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⋅103 

mm3 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⋅103 mm3. Also, It has ½ ʺ 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 CO2 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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the flanges. 
The conical vessel (HPS) and medium-pressure flange (MPS) were 

separately filled from two industrial graded gaseous and liquid CO2 
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 

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. 

Fig. 2. Graphs from the pressure and temperature sensors’ records P1–P4 and T1-T3 (top to bottom) during 50 ms of CO2 decompression. For LVF 0% (a, d), 62.5% 
(b, e), 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 0 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 Simões-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). 

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 CO2 
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 c), 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 

Fig. 3. Pressure transducers readings on vessel height-axis during 20 ms of 
depressurization of liquid CO2. 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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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 ̷ m3. 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 ̷ m2٠s. 

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 

Table 1 
Calculated velocities for rarefaction wave and evaporation wavefront in the conical vessel’s three regions.  

Liquid Height (mm) Cross-section (mm2) 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  

Fig. 4. Height-time graph demonstrating the rarefaction and evaporation wave propagation speed for 62.5 and 96.4% LVF, (a) and (b), respectively. Besides, the 
potential reflections between the vessel’s bottom and the descended evaporation wave. Vessels sketches on the sides show the liquid level. The split lines signify the 
pressure transducers positions. 

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 
CO2 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. CO2 
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 

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 

Fig. 6. Comparison of Pressure sensors readings over 50 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. 

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 Simões-Moreira [25] as 
(Ps − Pm)/Ps . Where Ps is saturated pre-rupture pressure, and Pm 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 CO2 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 

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. 

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 P0 ̸ (Mpa) 5.8 5.4 
Temperature T ̸ (K) 294 290.3 
Density ρ ̸ (kg/m3) 764.4 801.3 

Upstream Metastable State Metastable limit pressure P1 ̸ (Mpa) 5.0 4.4 
Density ρ ̸ (kg/m3) 756.7 794.3 
Maximum EW velocity vmax ̸ (m/s) 38.1 111.6 
Minimum EW velocity vmin ̸ (m/s) 38.1 37.8 
Enthalpy h1 ̸ (kJ/kg) 257.6 245.4 
DOS 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 CO2 in the metastable state were 
determined utilizing the Span-Wagner equation of state. The obtained 
results were compared with previous experimental results from CO2 
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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Germany, 1984. 

[25] J.R. Simões-Moreira, J.E. Shepherd, Adiabatic Evaporation Waves, PhD Thesis, 
Department of Mechanical Engineering, Rensselaer Polytechnic Institute, Troy, N. 
Y, 1994. 

[26] P. Reinke, Surface Boiling of Superheated Liquid, PhD Thesis, Paul Scherrer Inst. 
(PSI), Villigen, Switzerland, 1997. 

[27] S. Tosse, K. Vaagsaether, D. Bjerketvedt, An experimental investigation of rapid 
boiling of CO2, Shock Waves 25 (3) (2015) 277–282, 2015. 

[28] P.M. Hansen, A.V. Gaathaug, D. Bjerketvedt, K. Vaagsaether, Blast from 
pressurized carbon dioxide released into a vented atmospheric chamber, Shock 
Waves 28 (5) (2018) 1053–1064. 

O.M. Ibrahim et al.                                                                                                                                                                                                                             

http://refhub.elsevier.com/S2590-1230(21)00105-5/sref1
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref2
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref2
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref3
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref3
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref3
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref4
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref4
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref5
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref5
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref5
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref6
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref7
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref7
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref8
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref8
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref8
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref9
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref9
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref9
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref10
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref10
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref10
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref11
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref11
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref12
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref12
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref13
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref13
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref13
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref14
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref14
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref15
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref15
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref16
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref16
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref16
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref17
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref17
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref17
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref18
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref18
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref19
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref19
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref19
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref20
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref20
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref20
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref21
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref21
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref21
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref22
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref22
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref22
https://github.com/are-mj/thermodynamics/releases/tag/v2.1
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref24
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref24
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref24
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref25
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref25
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref25
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref26
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref26
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref27
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref27
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref28
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref28
http://refhub.elsevier.com/S2590-1230(21)00105-5/sref28

	Evaporation characteristics during decompression of liquified CO2 from a conical-shaped vessel
	1 Introduction
	2 Description of experimental arrangements and procedure
	3 Experimental results and discussion
	3.1 Features of explosive evaporation from the conical vessel
	3.2 Dynamic characteristics of the expansion waves
	3.3 Comparison with CO2 depressurization results from a constant cross-section test device
	3.3.1 Comparison of pressure profiles
	3.3.2 Clarifications about initial conditions
	3.3.3 Comparison of expansion flow characteristics


	4 Conclusion
	Funding
	Credit Author Statement
	Declaration of competing interest
	References


