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ABSTRACT 11 

In many Carbon Capture and Storage (CCS) technologies, CO2 is transported in a 12 
dense phase between 1 and 10 MPa, depending on the temperature. Previous 13 
investigations demonstrated that major accidents may occur during transportation or 14 
transfer operations in case of vessel or pipe depressurization to the atmosphere. 15 
Among the scenarios potentially leading to this, tank blowdown is a major concern 16 
due to two factors: the risk of brittle rupturing caused by low temperatures and the 17 
possibility of dry ice formation in the piping. Current flow models cannot properly 18 
model this, and further experimental evidence and detailed data are required.   19 

To provide the required information, a specific experimental setup was developed 20 
and tested. The tank is a 2 m3 sphere, carefully insulated and connected to a 40 21 
mm diameter, 3 m long release pipe terminated by a discharge orifice to control the 22 
depressurization rate. The pipe can be connected either on the side of the vessel to 23 
release the gaseous phase or at the bottom to release the liquid phase. 24 

Optic ports are provided on the vessel and on the pipe to observe phase transition 25 
and monitor the liquid level. The instrumentation is a set of pressure transducers 26 
and arrays of thermocouples inside the CO2 and in the shell of the vessel. The tank 27 
is continuously weighed during the blowdown and the data are treated so that the 28 
mass flowrate can be obtained.  29 

The performance of the system is discussed based on a gaseous phase blowdown 30 
starting from a half-filled vessel with liquid CO2 at -38°C and 1 MPa. Detailed data 31 
are presented and discussed. All phases - liquid, gas, and solid - appeared during 32 
the release, and temperatures dropped to nearly -80°C in the shell and lasted for 33 
hours.  34 
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Nomenclature 39 

Cp specific heat capacity, J/(kg.K) 40 

e thickness, mm 41 
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m mass, kg 42 

h heat exchange rate, W/m2 43 

Ll liquid level, m 44 

��  thermal loss, W 45 

R radius, mm 46 

T temperature, °C 47 

t time, s 48 

VF volume fraction 49 

V volume, m3 50 

λ thermal conductivity, W/(m.K) 51 

Φ thermal flux, W 52 

 53 

Indexes 54 

bo bottom part 55 

fl fluid 56 

fo foam 57 

g gas phase 58 

l liquid phase 59 

st steel 60 

up upper part 61 

v vessel 62 

1. INTRODUCTION  63 

The Carbon Capture and Storage (CCS) concept is entering into a demonstration 64 
phase at the industrial level (European Zero Emission Technology and Innovation 65 
Platform, 2021) requiring the testing of process equipment (vessels, pipes, valves, 66 
flowmeters, compressors, …) and exploitation procedures of the networks. In CCS 67 
processes, CO2 can be stored and transported in a dense phase at ambient 68 
temperature (10 to 45 °C) and at a pressure between 7 and 15 MPa (Peletiri et al., 69 
2018). Alternatively, typically in maritime vessels, CO2 can be stored at a reduced 70 
pressure of about 1 MPa but at a lower temperature of -40°C.  71 

In CCS, safety is identified as an issue since extended toxic clouds may result from 72 
a catastrophic rupture of a containment (CO2Piphaz, 2009; Talemia et al., 2016; 73 
Woolley et al., 2014). A potentially hazardous situation is the fast blowdown of a 74 
vessel containing dense CO2. This could be an accident situation but may also be 75 
intentional, typically in emergency situations. Since CO2 can be regarded as a 76 
refrigerant with a strong cooling capability, a very large temperature drop can be 77 
expected which might favour vessel/pipe rupturing either due to thermal stress or to 78 
a transition from the ductile to the brittle material behaviour regime. In addition, dry 79 
ice might appear that could plug the pipes, not only stopping the operations but also 80 
putting the piping at risk.  81 

A good understanding of the heat transfer and thermodynamic phenomena 82 
occurring during the blowdown is required to size the CCS equipment. 83 
Unfortunately, modelling the complete blowdown processes, which incorporates the 84 



 

coexisting solid/liquid/gaseous phases, transients and heat transfer to the walls, 85 
remains very difficult (Haque et al., 1992a, 1992b; Martynov et al., 2018) and 86 
experimental data covering all those aspects are required. In particular, available 87 
experimental data of CO2 vessel blowdown, especially at a large scale, is scarce 88 
(Jamois et al., 2015). Experimental results compatible with the industrial scale are 89 
thus required and need to be sufficiently detailed to allow the development of 90 
models. The objective of the present work is to develop and test an experimental 91 
method to produce the expected experimental data. 92 

 93 

In the following, a new experimental setup is presented aiming at measuring the 94 
most important heat transfer and thermodynamic parameters during the blowdown 95 
of a large vessel (2 m3) containing liquid CO2 (initial pressures between 1 and 10 96 
MPa, initial temperature between -50°C and 20°C). The temperatures inside the 97 
wall of the vessel, in the vapor phase and in the liquid phase are measured. The 98 
pressure is also recorded as well as the evolution of the total quantity of CO2 99 
remaining in the vessel from which the instantaneous mass flowrate is derived. The 100 
liquid level can also be monitored using a video recording of the interior of the 101 
vessel.  102 

The hardware is described in the first section and the measurement techniques in 103 
the second one. In the third section, a typical blowdown test (pure CO2, -38°C, 1 104 
MPa) is presented and discussed.  105 

2. EXPERIMENTAL SYSTEM 106 

Choosing the dimensions of an experimental facility that can simulate industrial 107 
configurations and enable accurate monitoring of parameters, all at a “reasonable” 108 
cost, is always a challenge. To meet this constraint, a device as small as possible is 109 
preferred. However, to be able to scale up to the industrial scale, the dimensions of 110 
the setup should still be large enough. 111 

The typical volume of high-pressure tanks is 10 m3, while low-temperature storage 112 
tanks can have a volume of several tens of m3. The wall thickness of these tanks is 113 
at least 5 cm. Pipe diameters are of the order of several inches. The most important 114 
parameters are heat exchange coefficients which depend on the exchange regime 115 
(turbulent, laminar) and linear scales such as the diameter of the vessel/pipe or 116 
thickness of the wall. Regarding heat transfer in the vessel, the characteristic 117 
dimension of the experimental tank should not be smaller than 1 m and the 118 
thickness of the wall should be a few centimetres. By experience, the pipe diameter 119 
should not be smaller than 2 inches (50 mm) otherwise the heat transfer and 120 
momentum exchange differ from what happens at the real scale.  121 

2.1 THE VESSEL 122 

The vessel presented in Figure 1 is a 2 m3 steel sphere (actually 2.030 +/- 0.005 123 
m3, evaluated geometrically) consisting of two hemispherical shells welded 124 
together. This equipment was previously used to blow down various fluids 125 
(Chaineaux, 1993; Chaineaux,1995; Witlox et al., 2009; Lacome et al., 2020; 126 
France Nord, 2012; Woolley et al., 2013; Jamois et al., 2013; Gant et al., 2014; 127 
Zheng et al., 2017) but was significantly modified and upgraded to perform the 128 
present study. 129 



 

The characteristics of the steel are given in Table 1. The inner radius is 778 mm 130 
and the mean wall thickness is 54 mm (+/-5 mm). The vessel is designed to 131 
withstand a static internal (service) pressure of 20 MPa. Electrical heating cables 132 
are attached to the external wall, allowing it to be heated up to 200 °C. The vessel is 133 
equipped with three flanges to introduce the measurement wiring, to feed the CO2, 134 
and to blow down the vessel. The total weight of the vessel is 4.80 tonnes. 135 

 136 

TABLE 1 - MAIN CHARACTERISTICS OF 2M3 VESSEL STEEL* 

STEEL GRADE P355GH (1.0473) 

TENSILE STRENGTH >335 MPa 

YIELD STRENGTH ≈ 600 MPa 

λST, THERMAL CONDUCTIVITY at ambient temperature* 44 W/mK  

CPV, HEAT CAPACITY at ambient temperature* 450 J/kg.K 

ρV, DENSITY* 7800 kg/m3 

*: from Bjelic et al (2016) for P355GH steel 137 

 138 

 139 

 140 

 141 
Figure 1: The 2m3 steel vessel. (A) bare, (B) Top view drawing, (C) with the flanges 142 

and the insulation, (D) with aluminium sheet cover   143 

 144 

To run cryogenic tests, it was compulsory to insulate the vessel. Note that for any 145 
initial test conditions, even outside the cryogenic domain, minimizing heat 146 



 

exchanges with the surrounding provides a sort of worst-case situation in terms of 147 
temperature drop in the vessel wall. 148 

Only a few insulation materials are suitable for low temperatures. Rubber foam was 149 
chosen and glued on the external wall of the vessel as shown in Figure 1. A 150 
verification of the quality of this insulation method was performed. 151 

The foam thickness is 10 cm, and the rubber foam thermal conductivity is ���= 152 

0.034 W/m.K. The outer vessel surface area is 11 m2, so that the global heat 153 
exchange coefficient should be about h= 3.75 W/K.  154 

To verify this, the vessel was heated up to 31°C using the electrical heating cables. 155 
The temperature of the shell was monitored using the thermocouples inserted in the 156 
wall (this arrangement is described in the next section). After stopping the heaters, 157 
the temperature decrease is monitored as a function of time as shown in Figure 2. 158 

The average power ���  dissipated during a time slot Δt is obtained from the first 159 

principle as:   ��� =
��. 
�� . ∆�

∆��  [1] 160 

Where ΔT is the temperature drop during Δt. The slope is nearly linear. A 161 

temperature drop of ∆T = 8 °C occurs in a duration of ∆t = 45 h (the average outside 162 
temperature stayed almost steady during this period at 2 °C +/-1 °C) giving an 163 
average power loss of 107 W. Since the mean temperature gap between the inside 164 
and the outside of the vessel is 25 °C, the measured heat exchange coefficient is 165 
h=4.3 W/K. This is somewhat larger than the theoretical value possibly because of 166 
the existence of thermal bridges (ports, supports,..) not accounted for in the 167 
theoretical estimation.  168 

 169 

 170 
Figure 2: Temperature curves recorded during the cooling of the insulated vessel 171 

from 31°C to ambient (outside temperature = 2°C) 172 

Finally, two CO2-resistant optic ports (glass) were installed to see inside, detect 173 
phase changes and estimate the liquid level (explained in § 4.3). One is used to 174 
introduce light and the other for the video camera. These optic ports may be 175 
screwed in any threaded holes drilled in the three flanges of the vessel (Figure 3). 176 

 177 

 178 



 

 179 
Figure 3: Optic port setup. (A) picture of an optic port, (B) drawing of the cross-180 

section of a flange with two optic ports screwed inside and with a camera located 181 
inside one port and a lighting device inside a nearby one 182 

2.2 THE PIPE 183 

A 2 m long pipe, 40 mm inner diameter, equipped with a calibrated orifice (4 mm in 184 
the situation described in the “results” section § 4) is used to blow down the vessel. 185 
It can either be connected to the side flange for a purely gaseous phase release or 186 
at the bottom for a liquid phase release.  187 

To observe any phase changes a transparent section was prepared (Figure 4). To 188 
avoid optical deformations, the transparent walls should be flat, meaning a square 189 
cross-section. Since the rest of the pipe has a circular cross-section a transitional 190 
section of pipe (circular to square) was built to limit the disturbance of the flow 191 
perturbation. The first criterion is that the cross-section (and thus flow velocity) 192 
should be kept constant all along the pipe whatever the shape of the cross-section. 193 
Nevertheless, the flow lines are disturbed, especially close to the wall. To avoid 194 
shear layer detachment phenomena, the second criterion is that any flow 195 
divergence angle should remain smaller that the critical shear layer detachment 196 
angle (10°). To achieve this, the length of the transitional section is 10 times that of 197 
the pipe diameter. Despite those precautions, the hydraulic diameter is different 198 
between the square and the circular cross section, but the gap is only 10% which is 199 
believed to be small enough. 200 

 201 



 

 202 
Figure 4: Transparent section. (A) Schematic and picture of the transparent section 203 

with the transitional section connected to the release pipe and to the vessel, (B) 204 
cross-section with the 3 windows 205 

 206 

The transparent section is equipped with three windows. The camera is installed in 207 
front of one of the large windows while the parallel window is used to control the 208 
background light and to improve the contrast and resolution (like in Schlieren 209 
techniques). The top smaller window (Figure 4 B) is used to introduce a laser sheet 210 
to apply a particle image velocimetry (PIV) based technique. 211 

The extremity of each pipe is equipped with the release valve installed immediately 212 
upstream from the release orifice (Figure 4 A). The distance between the orifice 213 
plate and the entrance of the valve is about 100 mm. The time to the full opening of 214 
this valve is about 1 s. Different release diameters may be used (from 1 mm to full 215 
bore).  216 

The pipe is isolated from the vessel during the filling of the vessel. To avoid the 217 
production of a strong shock wave when opening the isolation valve, the pressures 218 
on both sides of this valve are first equalized using a bypass as shown in Figure 5.  219 

 220 



 

 221 
Figure 5: Schematic of the release pipe connected to the vessel with the valve 222 

setup 223 

3. INSTRUMENTATION 224 

A global view of the measurement systems is presented in Figure 6: about 8 225 
thermocouples in the CO2, 14 inside the wall of the vessel, 3 pressure gauges, 4 226 
load cells (weight of the setup). More details about the range, accuracy and data 227 
management are given hereafter.  228 

 229 

 230 
Figure 6: Drawing of the spherical vessel with instrumentation location 231 

3.1 PRESSURE  232 

Three pressure piezoresistive transducers are used to measure continuously the 233 
pressure inside the sphere, in the pipe, and immediately upstream of the release 234 
orifice. In the pipe, the pressure gauge is set in front of a thermocouple, giving the 235 
possibility to obtain local thermodynamic parameters such as density via a suitable 236 
equation of states.  237 

Piezoresistive transducers are very efficient at measuring absolute pressures in 238 
static and dynamic conditions. Kistler 4043A type transducers, in the measuring 239 
range 0-200 bar, were used with an accuracy better than +/-0.2 bar. But they are 240 



 

sensitive to temperature changes. Significant drift is expected outside the 241 
temperature range (-20°C to 50°C). As the temperature in the vessel may be as low 242 
as -50°C some thermal protection is required. To achieve this, they were mounted 243 
at the extremity of small pipes (8 mm inner diameter, 250 mm long), protruding 244 
outside the vessel insulation as shown in Figure 7. 245 

 246 

 247 
Figure 7: Pressure sensor connected to a prolongating tube installed on the upper 248 

flange 249 

 250 

3.2 TEMPERATURE OF THE CO2  251 

The temperature of the CO2 inside the vessel is measured at 6 locations along a 252 
vertical line using thermocouples (K type in stainless steel sleeve, 1.5 mm diameter, 253 
accuracy class 1 – absolute uncertainty: +/-1.5°C, step response time at 63%: less 254 
than 1 s). The thermocouples labelled Tc1 to Tc6 from the bottom to the top of the 255 
vessel, are attached on a vertical rod at the positions indicated in Figure 8.  256 

Importantly, the supporting rod is graduated like a ruler (one graduation each 5 mm) 257 
so that it is possible to read directly the liquid level on the video. 258 

 259 

 260 



 

Figure 8 A: Location of the thermocouples inside the vessel. (A) Cross-sectional 261 
schematic of the vessel with the vertical rod supporting six K-type thermocouples 262 
(red circles). (B) Inside view of the vessel showing the rod with the thermocouple 263 

location  264 

3.3 TEMPERATURE OF THE WALL 265 

It was not possible to install temperature gauges on the inner wall of the vessel 266 
because of limited access. Thus, to estimate the temperature of the inner surface 267 
wall, it was decided to insert thermocouples (K type, bare wires, accuracy class 1 – 268 
absolute uncertainty: +/-1.5°C, step response time at 63%: less than 0.5 s) in 2 mm 269 
diameter holes drilled from the outside surface, ending at 5 mm from the inner 270 
surface. This way, the local (inner wall) temperature is obtained with limited thermal 271 
resistance. It was verified that these thermocouples follow the real-time inner 272 
surface temperature with a delay of about 1.5 s, which is short enough relative to 273 
the expected temperature changes inside the vessel during the expected blowdown 274 
period (hours).    275 

The locations of the holes hosting the thermocouples are shown in Figure 9. The 276 
seven thermocouples are set approximately on the same meridian (opposite to the 277 
lateral flanges). These thermocouples are labelled Tci1 to Tci7 from the bottom to 278 
the top of the vessel. Thermocouple Tci6 is inserted slightly aside due to local 279 
obstructions.  280 

The outside wall temperature is measured using seven more thermocouples 281 
attached to the outer surface of the vessel directly on the steel (K type, of the same 282 
design as inner wall thermocouples). They are located close to the holes where 283 
inner wall thermocouples are inserted.  284 

 285 

 286 
Figure 9: Schematics and picture of the vessel. (A) location of the seven holes 287 

drilled in the wall, (B) sectional view of the vessel indicating the exact location of the 288 



 

holes in the vertical direction, (C) upper view showing the lateral offset of hole Tci6, 289 
(D) picture of one drilled hole with the local thickness of the vessel indicated 290 

3.4 MASS FLOW RATE  291 

The mass flow rate is an important parameter, for instance to close the heat 292 
balance. Several techniques were investigated. Intrusive techniques (Coriolis 293 
flowmeters, Venturi devices) were excluded to avoid any pressure loss (restriction, 294 
bends, split flow) in the release pipe. Non-intrusive techniques, namely ultrasonic 295 
probes, were tested both on liquid and gaseous releases. Due to the very strong 296 
acoustic absorption of gaseous CO2 in a large pressure range (from 0.2 MPa to 1.5 297 
MPa in the current configuration), unreliable results were obtained during gas 298 
releases. As bubbles strongly impair sound propagation, it proved impossible to 299 
monitor liquid releases with ultrasonic probes. 300 

Because we faced those difficulties and since we tested this method with success in 301 
a previous study (CO2PipeHaz), it was decided to use scales to weigh continuously 302 
the vessel and derive the mass flowrate from the weight measurement. The vessel 303 
was installed on a strong steel square frame (see Figure 6) laid on 4 load cells 304 
(Mettler Toledo 0745A series, 2200 kg full scale each, ±100 g uncertainty). Since 305 
the supporting frame area is larger than the vessel imprint, the stability of the overall 306 
setup is guaranteed, reducing the oscillations that external wind or internal liquid 307 
movements may provoke. This issue was identified during previous test campaigns. 308 
A typical example is shown in Figure 10 A (blue curve) for the blowdown of the 309 
vessel occurring entirely in the gaseous domain (initial conditions: 50% CH4, 50% 310 
CO2, 10 MPa, 20 °C, 6 mm release diameter). 311 

The evolution of the mass content M as a function of time t looks smooth, but a 312 
significant noise appears when deriving to obtain the mass flowrate (not shown). 313 
The raw data (M as a function of t) needs to be processed to reduce the signal-to-314 
noise ratio. Since a monotonous mass loss is expected during a typical release, 315 
which lasts almost 30 minutes in this example, M should be a linear function of t 316 
over short enough periods typically several seconds in this example. Once such 317 
“short enough period of time” is defined - called in the following the “regression 318 
window” - a linear regression using the least square method is applied on each 319 
regression window to obtain the slope which gives the local mass flowrate. The 320 
regression window is moved over the total duration of the release to obtain the 321 
mass flowrate curve. This is the standard “running slope average” method which 322 
was implemented on standard spreadsheet.  323 

Obviously, the accuracy of this method depends on the size of the regression 324 
window. The larger the size, the better the accuracy but the poorer the relevancy of 325 
the linear regression. An investigation of this aspect is presented below using the 326 
same example. It is possible to compute the “exact blowdown curve” (M-t) which is 327 
known to be an exponential decay during gaseous blowdown, since the mass 328 
flowrate is proportional to the pressure in the vessel (Weiss et al, 1988 for 329 
example). The best fit exponential decay law was derived from the experimental M-t 330 
curve and the derivation provided the “exact blowdown curve” named “model” in 331 
Figure 10. In Figure 10-A, the mass-time curve (blue line) is recorded at a sampling 332 
rate of 200 Hz and the mass flowrate calculation is performed over a regression 333 
window of 200 points meaning over 1 second (orange curve). The “exact” solution 334 
runs middle in the oscillations of the orange curve suggesting that the “running 335 
slope average method” applied to the raw data performs well. The uncertainty is the 336 



 

deviation between the black and the orange curve. The “residuals” are calculated as 337 
the point-to-point difference between the running slope estimate and the exact 338 
solution. It is observed that the distribution of these residuals matches a centred 339 
normal law (Figure 10-B) suggesting there is no bias. The estimator of uncertainty is 340 
taken as the double of the standard deviation (σ) of the residuals (95% confidence 341 
interval) and is shown in Figure 10-C as a function of the size of the regression 342 
window (sample size).  343 

 344 

 345 
Figure 10: Effect of the size of regression window. (A) Example of a mass decrease 346 
recorded at a rate of 200 Hz (blue curve) and corresponding mass flowrate (orange 347 

curve) calculated with a running slope over 200 samples. The black curve is the 348 
exponential decay used as the exact blowdown curve, (B) Corresponding residuals 349 

distribution, (C) Flowrate uncertainty (± 2σ) as a function of the size of the 350 
regression window (or sample size) 351 

 352 

It can be seen that the larger the sample size (i.e. the larger the duration of the 353 
“regression window”) the better the accuracy. Using more points offers the 354 
possibility to smooth out the vibrations of the vessel and the sources of noise. The 355 
upper limit would be the loss of linearly in the regression window. Here the larger 356 
regression window size is 2000 points meaning 10 seconds only which remains 357 
very small as compared to the characteristic time of the blowdown (about 600 358 
seconds) for this specific case. In choosing the regression window size, attention 359 
should be paid to modification of the flow regimes like during phase changes. The 360 
size of the regression window should be as small as possible to detect such events. 361 

Obviously, the sampling rate should not be larger than the cut-off frequency of the 362 
scales, otherwise, a different behaviour might appear (artificial data points are 363 
superposed on the real phenomena). 364 

Experimentally this setup allowed to measure mass flowrate as small as 5 g/s 365 
provided that at least 400 g of CO2 is released (the total uncertainty linked to a 366 
single mass measurement point). In principle, lower mass flowrate could be 367 



 

measurable, but the result might be impaired by the potential drift of the load when 368 
the vessel would be submitted to a variation of external conditions (ambient 369 
pressure, wind) likely to happen over a long period of time.   370 

3.5 LIQUID LEVEL AND VOLUME 371 

The liquid level Ll can be measured as a function of time using the graduated 372 
vertical rod (Figure 11), with an uncertainty of +/- 2.5 mm. The volume of the liquid 373 
phase Vl can then be geometrically derived from: 374 

 �� = �.��
�

�
. (3� − ��) [2] 375 

the maximum uncertainty on Vl is +/- 4.5 l. This parameter is used to derive the 376 
apparent density of the liquid phase as shown later (§ 4.4). 377 

 378 

 379 
Figure 11: Liquid level in the vessel. (A) Detail of the graduated rod with marks 380 

every 5 mm. (B) Liquid level measured with time during the release 381 

4. EXAMPLE OF RESULTS AND DISCUSSION  382 

A typical test is run in two phases. In the first one, the vessel is filled with CO2 in 383 
such a way that the desired initial conditions for the blowdown are reached as close 384 
as possible. As shown in section 4.1, this phase can be complicated and long. Then 385 
the blowdown phase is done. Results are presented in sections 4.2 to 4.4. 386 

For the blowdown test phase chosen as an example (§4.2 to 4.4), 900 kg of pure 387 
CO2 at 1 MPa and -38 °C were prepared and blown down from the middle flange 388 
(so in vapour regime), through an orifice of 4 mm. At the beginning of the release, 389 
the liquid surface is 10 cm below the axis of the release pipe. 390 



 

4.1 COOLING OF THE VESSEL 391 

Among other initial conditions, CO2 blowdown experiments were carried out with 392 
low initial temperatures (down to -40 oC). Several techniques were considered for 393 
cooling down the vessel to -40 °C. It appeared that the simpler and the faster was to 394 
make use of the refrigerant behaviour of CO2 by vaporizing it directly inside the 395 
vessel. Thus, to do this a cryogenic storage vessel containing up to 3 tonnes of CO2 396 
was rented. The liquid CO2 is stored at -25°C under 1.8 MPa and injected as a 397 
liquid inside the sphere where it evaporates totally at the beginning of the process 398 
and partially later. Since the pressure of the vessel increases during the 399 
cooling/filling process, CO2 is vented periodically to maintain the pressure below 400 
that of the cryogenic vessel. Depressurization induces further CO2 vaporization 401 
which drives the temperature further down. 402 

Figure 12 gives an example of a cooling/filling operation. At time t=700 s, 403 
thermocouples Tc1 and Tc2 are submerged in 480 kg of liquid at -38 °C. Several 404 
gas discharges (three, between t=700s and t=1100 s) decrease the pressure. The 405 
liquid temperature drops to -50 °C (due to vaporization), while about 50 kg of CO2 is 406 
flushed out. From time t=2600 s to 2900 s, 200 kg of liquid CO2 is injected, which 407 
slightly increases the liquid surface temperature (Tc2). Part of this injected CO2 408 
vaporizes and increases the pressure. During CO2 injection, the gas phase 409 
temperatures first decrease, and then equilibrate due to the mixing effect of the CO2 410 
jet. When the pressures between the storage container and the vessel equilibrate 411 
(at t=2900 s), the CO2 injection stops. Depressurization/filling operations are 412 
repeated at time t=3000 s and t=3300 s allowing introduction of 250 kg CO2 while 413 
flushing out about 40 kg. 414 

The whole process allowed the introduction of 400 kg of CO2 in the vessel, mostly 415 
liquid, and the decrease of liquid temperature down to -45 °C. During the process, 416 
90 kg of CO2 evaporated, extracting about 30 MJ, mainly from the liquid phase and 417 
from the bottom of the sphere, sharpening the thermal gradient in the fluid and 418 
along the wall of the vessel. Cooling of the liquid (the mass initially present in the 419 
vessel and the quantity introduced) required about 11 MJ. The difference (30 - 420 
11=19 MJ) corresponds to the heat extracted from the steel (4 tonnes, 450 kJ/kg/K, 421 
meaning a temperature decrease of 10 °C). 422 

 423 

 424 



 

 425 
Figure 12: Example of a depressurization/filling process and the impact on fluid 426 

temperature  427 

After the cooling/filling process is finished, sufficient time is allowed for the vessel to 428 
reach the test conditions and reach a steady state. For instance, about 60 hours 429 
were required (Figure 13) to reach -15 °C starting from a situation very similar to the 430 
one illustrated in Figure 12. Note that a vertical temperature gradient remains 431 
between the liquid and the gas phase even after 3 days suggesting a very stable 432 
and stratified vapour phase and the absence of convection currents. 433 

 434 



 

Figure 13: Fluid temperature evolution after a filling operation similar to the one 435 
illustrated in Figure 12. Initial time starts when filling is completed  436 

 437 

4.2 PRESSURE AND MASS FLOWRATE  438 

Pressure and mass flowrate as a function of time are presented in Figure 14. A 439 
video of the interior of the vessel was done and excerpts are inserted in Figure 14. 440 
A vapor-solid-liquid system is observed when the pressure reaches the triple point 441 
of CO2 (0.5185 MPa and -56.6 °C according to NIST database). Once the remnant 442 
liquid phase has evaporated, after a plateau of more than 4 hours (Figure 14 A), 443 
only dry ice remains and the pressure drops since the evaporation rate of the solid 444 
is smaller than that of the liquid (as seen in the mass flowrate curve, Figure 14 B). 445 
One piece of explanation could be that the sublimation heat is much larger than the 446 
vaporization heat (543 kJ/kg vs 347 kJ/kg) but another one that disappearance of 447 
the convective heat transfer when liquid has evaporated leaves only heat 448 
conduction at work, which is a slow process. The total duration of this blowdown 449 
operation is very long, more than 15 hours. Although the blowdown was not finished 450 
the flowrate was so small that the recordings were stopped. 451 

The pressures in the vessel, in the pipe and just upstream of the orifice are almost 452 
equal (Figure 14 A): indicating that head losses are small under the present test 453 
conditions. The volumetric flowrate in the pipe calculated from the mass flowrate, 454 
the pressure and the gas temperature is indeed very low: about 1.5 l/s at its 455 
maximum, meaning a gas velocity in the pipe of at most 1 m/s. This is too low to 456 
generate measurable pressure losses. 457 

To interpret the pressure-time curve shown in Figure 15 (solid line), the saturated 458 
vapour pressure at the thermodynamic equilibrium was calculated based on the 459 
measured liquid temperature Tc3 (note that the temperature is homogenous in the 460 
liquid phase as shown in the next subsection) and vapour liquid equilibrium 461 
equation from NIST database. The corresponding theoretical curve is superposed 462 
as a dotted line. The two curves seem close to each other. It is difficult to interpret 463 
accurately the discernable slight deviations because of the uncertainties of the 464 
measurements.  465 

 466 



 

 467 
Figure 14: pressure (A) and mass/ mass flowrate (B) recorded during the release. 468 

The pictures extracted from the video illustrate the three stages observed.  469 

 470 

 471 

 472 

 473 
Figure 15: Excerpts of the pressure profile, zooming on the beginning of the release 474 

(A) and on the period when dry ice appears (B).  475 



 

4.3 HEAT TRANSFER  476 

Figure 16 shows the evolution of the temperatures measured inside the vessel in 477 
the CO2 fluid (Figure 16-A) and along the wall at 5 mm from the inner face of the 478 
vessel (Figure 16-B).  479 

The temperature within the dense CO2 phase remains homogeneous, whether in its 480 

liquid or solid state. However, the temperature gradient in the gas phase, which is 481 

initially significant (10 °C at t = 0 s), intensifies during the release due to the 482 

decreasing temperature of the gas/liquid (or gas/solid) interface. Consequently, the 483 

vapour expelled at the interface between the dense phase and vapour becomes 484 

increasingly cold, while the temperature of the upper part of the gaseous phase 485 

remains relatively unchanged, suggesting a restricted heat transfer and stratification 486 

within the vapor phase. In contrast, in the condensed phase, the heat transfer rate 487 

should certainly be much larger ensuring the homogeneity of the temperature field. 488 

Evaporation of CO2 requires a large quantity of energy which is expected to be 489 

mostly extracted from the liquid phase but possibly also from the steel shell in 490 

contact with the liquid, and from the vapour via the vapour-liquid interface. This 491 

could explain why, as observed, a large temperature gradient is created between 492 

the upper part and the bottom part (Figure 16) inside the shell of the vessel. A 493 

tentative estimate of these various heat fluxes is proposed hereafter.  494 

The thermal flux through the shell along the circumference reads: 495 

 � = (�� 

�  ). ". (�#� − �$�) [3] 496 

where A, the cross-section of the shell at mid-height of the vessel is 0.3 m2, (Tup-497 
Tbo)= 20 °C and C the characteristic length of the temperature gradient. In the 498 
present context the order of magnitude of C is R. Then, the thermal flux through the 499 

shell is about Φ= 330W. 500 

About the thermal exchanges between the vapour phase, the vessel wall on the 501 
sides and the liquid interface at the bottom, it should be first observed that, since 502 
the hot area is at the top of the vessel, a stratified stable mixture is obtained in the 503 
gas phase. In such conditions, Huetz (Huetz et al, 1990) demonstrated that heat 504 
exchange is mostly due to thermal conduction. As shown on Figure 16 during the 505 
vaporization phase, the temperatures measured at the same elevation in the vapour 506 
phase (Tc4, Tc5 and Tc6) and in the shell (Tci5, Tci6 and Tci7) are the same within 507 
the accuracy range implying a very small amount of heat exchange between the 508 
vapour phase and vessel wall. Considering now the thermal exchange with the 509 
liquid interface, expression [3] can be used again taking A as the area of the liquid 510 
interface (approximately the cross section of the vessel: A=1.9 m2), C again close to 511 
R and the average temperature difference of 10°C. The thermal conductivity of the 512 
vapour is 0.016 W.m/K so that the thermal flux between the vapour phase is only 513 
0.8W. As a result, the evolution of the gas mixture is nearly adiabatic during the 514 
blowdown so that the stratification increases. 515 

It is then clear that heat is nearly exclusively extracted from the liquid phase a 516 
temperature drop at the bottom of the vessel is induced, producing the observed 517 
temperature gradient along the meridians of the vessel shell.  518 

The characteristics of the heat exchanges between the liquid phase and the outside 519 

can also be analyzed. Since the pressure is constant during the vaporization phase, 520 

the leakage flowrate (CO2 leaving the vessel at a rate of 19 g/s between time 1.5 h 521 



 

and 6 h after the beginning of the release: Figure 13) is compensated by the 522 

evaporation rate. The liquid-vapour latent heat of vaporization is 370 kJ/kg (NIST 523 

database), meaning a required power of 7000 W to sustain the evaporation. This is 524 

much larger than the thermal flux through the shell of the vessel (330W) and 525 

through the liquid interface (0.8 W) so that nearly all the vaporization power is 526 

extracted from the liquid phase itself. This a nearly adiabatic process (not more than 527 

5% of the required heat comes from outside the liquid phase).  528 

The last point is about the phase changes inside the liquid. During the vaporization, 529 

the pressure and temperature (0.52 MPa, -56.6 °C) correspond to the triple point 530 

conditions, and dry ice is also produced (Figure 14) to deliver this flux (the latent 531 

heat of solidification is 200 kJ/kg). The heat of vaporization is certainly extracted 532 

from the bulk of the dense phase via nucleate boiling and multisite crystallization so 533 

that the heat exchange rate is large enough for the temperature in the dense phase 534 

to be homogenous. However, when the liquid has disappeared (typically after t=8h 535 

on Figure 16), this equilibrium is lost. The reason could be that the thermal 536 

exchanges are weak in the solid structure of dry ice. 537 

 538 

 539 

 540 
Figure 16: Temperature profile of the fluid. (A) inside the vessel (Tcx) and (B) in the 541 
inner wall surface (Tcix) during the release. On the right side, drawings of the vessel 542 

showing (C1) the location of the gas/liquid interface at t= 0 (C1) and (C2) the 543 
location of the gas/solid interface at the end of the test (t= 14 h) 544 

 545 

4.4 DENSE PHASE DENSITY  546 

At the opening of the release valve (Figure 15), the dense phase is liquid and the 547 
pressure-temperature trajectory, as described in section 4.2, follows the trend of the 548 
vapor-liquid equilibrium. As explained in section 3.5, the liquid level Ll can be 549 



 

measured as a function of time using the graduated vertical rod (Figure 11), and the 550 
volume of the liquid phase Vl can be derived from [2].  551 

The mass of liquid can be obtained from the measured total mass of CO2 ���, 552 

knowing the vapour mass: 553 

 �� = ��� − %��� − ��&. '( [4] 554 

 555 

The density of the vapor '( is calculated from the pressure and temperature in the 556 

gas phase and the volume of the fluid ���is equal to the internal volume of the 557 

vessel. The apparent density of the liquid '� = ��
��

�  can then be obtained.  558 

The combined uncertainties of liquid level, mass, pressure and temperature lead to 559 
+/-1.5 %, with a major effect of the liquid level uncertainty. The calculation of the 560 
vapour density may be affected by the bias attached to the temperature of the gas 561 
phase, which is obtained from averaging Tc4, Tc5 and Tc6 values. However, it has 562 
been verified that an error of 5°C propagated in the calculation of the liquid density 563 
has an impact lower than 0.1%. 564 

 565 

The results are presented in Figure 17-A (liquid density versus temperature) and 566 
Figure 17-B (liquid density versus pressure) together with the uncertainty margin. 567 

On the same graphs the standard value of the liquid density ρl is shown (NIST 568 
Database; equation of state: Span, Wagner (1996)). Clearly the experimental values 569 
(open points) are below the standard theoretical value (solid line). It is believed that 570 
this difference is due to the presence of vapour bubbles inside the evaporating 571 
liquid (the homogeneity of the temperature in the liquid suggests a sort of nucleate 572 
boiling which might be forced by the high release rate). The fraction of volume Vl 573 
occupied by vapour bubbles can then be estimated as:  574 

 �)( =
(*�+*,�)

*�
 [5] 575 

Over the total duration of this release, an average value of 1.4% for VFg is 576 
calculated.  577 

 578 



 

 579 
Figure 17 A: Liquid density versus temperature. B: Liquid density versus pressure. 580 

Error margin corresponds to an uncertainty of +/-1.5% 581 

 582 

Once dry ice appears the dense phase level remains almost steady for several 583 
hours (Figure 18). The density of the solid CO2 is larger than that of the liquid (NIST 584 
database) but the blocks of solid are floating, suggesting a foam-like structure with 585 
bubbles of vapour inside. An expert eye may recognize this structure in Figure 19. It 586 
completely covers the surface in about 20 minutes while the liquid phase slowly 587 
disappears (in about 4 hours) at the bottom of the vessel.  588 

Within the present test conditions, where the only vapour phase was vented out, 589 
visual inspection through the transparent section shows that no mist, droplets or dry 590 
ice particles were circulating in the release pipe. 591 

 592 

 593 



 

 594 
Figure 18: images of the fluid showing dry ice formation as a function of time. 595 

 596 
Figure 19: Close-up showing the dry ice foam-like structure. Image extracted from a 597 

video taken several hours after complete vaporization of the liquid phase   598 
 599 

5. CONCLUSIONS 600 

The context is the safety of transfer operations of CO2 within the frame of CCS 601 
deployment. Operators fear that the large temperature drop following the release 602 
may lead to the rupture of equipment and that dry ice plugs block and damage the 603 
transfer lines as already observed. Because three phases may coexist and because 604 
various heat transfer regimes may intervene, the modelling task is difficult and 605 
experimental data are required to map such scenarios. The objective of the present 606 
work is to prepare and qualify an experimental device to produce the missing 607 
experimental data.  608 

To this purpose, a specific experimental setup was designed to investigate in detail 609 
the blowdown of a vessel containing CO2. The instrumentation of the device was 610 
chosen to enable an accurate monitoring of pressure, temperature, phase 611 
transitions and mass flowrate during the blowdown.  612 



 

The vessel is a 2 m3 sphere, thermally insulated and connected to a release pipe 40 613 
mm inner diameter (2 m long) fitted with a discharge orifice to control the 614 
depressurization rate. The vessel is carefully insulated. The measurement 615 
techniques include: 616 

• the pressure (3 points) and the temperature of the CO2 inside the vessel (6 points 617 
along the vertical axis) and in the release pipe (2 points),  618 

• the temperature inside the thickness of the wall of the sphere (7 points along a 619 
meridian),  620 

• the continuous weighting of the vessel content.  621 

Optic ports were installed to monitor the liquid level and observe phase transitions 622 
in the vessel (and in the pipe). 623 

The way to monitor the mass flowrate is discussed in some detail. The experimental 624 
device (sphere, pipe, valves, …) is supported by 4 electronic scales providing an 625 
estimate of the total mass within ±0.4 kg for a total mass of 4 tonnes. But using an 626 
adequate data regression technique called the “running slope average” method the 627 
mass flowrate uncertainty is found to be as low as ±5%. The method proved 628 
efficient both for gaseous and liquid releases for flowrates ranging from kilograms 629 
per second to a few grams per second. This is an important aspect not only in the 630 
purpose of controlling the experimental conditions but also in view of providing a 631 
robust technique to calibrate the flow metering devices to be installed on the 632 
transport network. 633 

A typical blowdown case is presented starting from 900 kg of liquid CO2 stored in 634 
the vessel under 1 MPa and -38°C releases through a 4 mm orifice (vapour phase 635 
releases). The triple point is reached during the blowdown and the coexistence of 636 
the three phases was captured in the video recordings. The dry ice appears as a 637 
sort of island floating on the liquid CO2 which continues to vaporize and crystallize. 638 
During this process the pressure and the temperature of the dense phase are 639 
constant. The sublimation phase starts after complete solidification and the release 640 
mass flowrate drops significantly. The residence time seems very long, much more 641 
than 10 hours. 642 

Before reaching the triple point, an expected two-phase vaporization is observed 643 
with a gradual cooling of the liquid accompanied by a drop of the pressure. The 644 
density of the liquid is below that of the pure liquid suggesting the presence of 645 
bubbles of vapour inside the liquid and some form of bulk nucleation. Most of the 646 
heat exchanges seem to occur inside the CO2, into the dense phase, where the 647 
heat of vaporization and sublimation is extracted probably via bulk nucleation and 648 
crystallization. Heat exchanges between the vapour phase and the liquid surface 649 
and the wall of the vessel are very small leading to a highly stratified vapour phase. 650 
Although of a limited extent (as compared to what happen inside the CO2 dense 651 
phase), heat exchanges between the vessel and the CO2 take place between the 652 
liquid CO2 and the wall. They are strong enough to cool the bottom part of the 653 
vessel to the lowest temperature of the dense phase, about -75°C.  654 

As discussed in the present paper, the dimensions of the device are chosen to be 655 
representative of real situations in terms of size effects (volume, thickness,..). 656 
Thermal conditions obtained are also mimicking for instance cryogenic storage. A 657 
pure cryogenic CO2 blowdown test is presented but further experiments are 658 
intended to cover other conditions including tests with CO2-containing impurities.  659 

.  660 
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