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Fig. 1. The pipeline loop (plan view).

Fig. 2. The pipeline loop (viewed from the east).

ensuring that during CO2 expansion into atmospheric conditions,
the equilibrium followed the sublimation curve rather than extrap-
olating the evaporation curve. The model was validated against
experimental data; however, measurements were not shown due
to confidentiality. In another paper, Witlox et al. (2011) have
released the results of sensitivity tests for both liquid and super-
critical CO2 releases from vessels and pipes with the revised PHAST
version 6.6 model. E.ON in UK has also released several studies
in the framework of their CCS research program. Mazzoldi et al.
(2008a,b, 2011) have studied atmospheric dispersion from pipeline
and vessel releases, modeling only gaseous discharge and com-
paring simulation from the heavy gas model ALOHA to the CFD
model Fluidyn–Panache. Hill et al. (2011) have carried out CFD
and PHAST simulations of dense phase CO2 from 0.5 m diameter
hole in a pipeline located above ground level. No comparison with
experimental data was performed.

There is however, a considerable modeling work on CO2 free jets
and dispersion that was validated. Dixon et al. (2012) have studied

free releases of dense phase CO2 simulating leaks from above-
ground CO2 pipes using three different models, FRED, OpenFOAM
and CFX. The Bernoulli equation used in the three models pro-
vided reasonable predictions of the mass release rates. The plume
widths were slightly better predicted by FRED that did not sim-
ulate solid particles; however, the CFD models were noted to be
in general better after comparison against experimental data. The
University of Leeds has developed a mathematical model with a
composite equation of state for modeling CO2 near field sonic dis-
persion (Wareing et al., 2012, 2013) predicting the thermo-physical
properties of the three phases. They have later validated the model
against an experimental data set simulating free releases into air
(Woolley et al., 2013; Wareing et al., 2014a) as well as releases
from punctures in buried pipelines (Wareing et al., 2014b). Woolley
et al. (2014) have used an integrated multi-scale approach to model
CO2 discharge and dispersion in realistic terrain. Validated against
controlled releases from a lab-scale experimental rig, the approach
appeared to have certain limitation as the models are integrated
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Fig. 3. Arrangement of oxygen cells at 1 m above local ground level.

in a linear fashion with no feedback between them. Brown et al.
(2014) have developed a homogeneous relaxation model to sim-
ulate outflow following the full bore rupture of dense phase CO2
pipelines. The phase behavior data was obtained using a cubic equa-
tion of state and the delayed liquid–vapor transition was accounted
for using an empirically derived equation for the relaxation time
to thermodynamic equilibrium. The comparison of the predictions
with experimental CO2 pipeline rupture data produced reasonable
agreement.

Several experimental research programs have been launched to
provide experimental data to support the development of mod-
els for the determination of safety zones of CO2 transmission
pipelines and to improve the understanding of the release and leak-
age hazards. One of these programs is the COOLTRANS research
program set by National Grid (Coooper, 2012) with the objective
to address knowledge gaps related to the safe design, construc-
tion and operation of dense phase CO2 pipelines. The program
includes theoretical studies as well as experimental investigation
(shock tube tests, vent and puncture tests, crack propagation tests).
The program of shock tube tests on CO2 mixtures was launched
in order to understand the decompression behavior of CO2 fol-
lowing a pipeline failure (Cosham et al., 2012). COOLTRANS has
provided experimental data for many of the previously mentioned
modeling works. Another program is the CO2PipeHaz project1, a
consortium to develop and test mathematical models for safety
assessment of CO2 pipelines with some lab-scale release experi-
ments conducted. A recent experimental investigation was carried
out by Ahmad et al. (2013) within the framework of the Dutch
national CCS research program (CATO2) to study CO2 outflow at
small scale from small orifices (simulating punctures) in a high
pressure vessel. In this study, the impact of varying the release ori-
fice diameter and the initial vessel pressure on the CO2 discharge
were examined, and the different thermodynamic regimes inside
the high pressure vessel and in the outflow zone were described.
CO2 PIPETRANS is a joint industry project (JIP) led by DNV GL with
a main work package dedicated to generating experimental data to

1 http://www.co2pipehaz.eu/.

assist the development and validation of dense phase CO2 depres-
surization, release, and dispersion models. The data generated in
this JIP2 were made public. A set of a large scale experiments was
conducted where mainly the dispersion characteristics of CO2 were
measured under different conditions (different initial temperature
and pressure conditions, different orifice size, release orientation
and impact on target). A coriolis flow meter was later added in a
second set of experiments for more accurate flow rate measure-
ments with a bigger set of temperature and concentration sensors
installed down to 80 m from the release point.

Despite the large amount of studies and published literature
investigating CO2 release and dispersion, the availability of addi-
tional reliable data based on realistic scale pipeline rupture tests
to allow model validation is useful. This paper presents some
data from the COSHER JIP. COSHER stands for CO2 safety, health,
environment and risk. In this project, large scale pipeline rupture
tests were performed simulating loss of containment and subse-
quent dispersion of CO2 as a result of a rupture arising from third
party interference. The project involved the conduct of two large
scale experiments to provide data under well-defined conditions
studying the full bore rupture of a CO2 dense phase high pressure
underground pipeline. In order to simulate a very long pipeline, a
219.1 mm diameter pipeline loop 230 m long was fabricated with
both ends of the loop connected to the underside of the lower end
of a 1320.8 mm diameter reservoir, 117 m long and inclined at 0.5◦.
This is the largest experimental program on CO2 as far as the authors
know of. The rupture release experiments were conducted in differ-
ent wind speed conditions. During the experiments, a ground crater
was formed and the CO2 was allowed to flow freely from both ends
of the ruptured section of the pipeline. Measurements of the fluid
pressure, fluid temperature and wall temperature of the test facil-
ity were made together with measurements of the dispersing gas
cloud.

2 http://www.dnv.com/industry/energy/segments/carbon capture storage/
recommended practice guidelines/co2pipetrans/.
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2. Experimental arrangement

The tests were conducted on the DNV-GL Test Site at Spadeadam
in Cumbria, UK. The experimental test facility comprised a large
reservoir formed from a 117.1 m long, 1320.8 mm diameter steel
pipeline connected to a 226.6 m long pipeline loop formed from
219.1 mm diameter steel pipe. A schematic of the arrangement is
shown in Fig. 1. The test facility was below ground level. The section
to be ruptured was located in the center of a 94 m straight section
of pipe as shown in Fig. 1. The arms of the pipeline loop came up
from under the reservoir to about 0.5 m below ground level (Fig. 2).
The reservoir had a total volume of 148.75 m3 and the loop had a
volume of 6.68 m3 giving a total rig volume of 155.43 m3.

The gas reservoir and pipeline loop were pressurised with pure
CO2 (99.99%) to nominally 15 MPa. When full, the test rig contained
about 150 ton. A shaped explosive charge was laid on the top dead
center of the spool in the center of the pipeline loop for a length
of about 3.3 m. At each end of this length, the shaped charge was
installed around the pipe circumference for about ¾ of its length.
The objective was to achieve a clean cut and produce a release from
each side of the rupture from the full bore of the pipe.

When suitable weather conditions were prevailing (a nominally
westerly wind), activation of the explosive charge initiated the
release of CO2 which flowed freely from the test rig. In order to
protect the reservoir from excessively low temperatures, and to
provide the option to terminate in an emergency, the ball valves on
either side of the rupture were to be closed when the wall tempera-
tures measured near the reservoir outlet reached −25 ◦C, indicating
that the reservoir was nearly empty of liquid CO2. The activation
time of the ball valves is 5 s and so is its closure rate. Table 1 summa-
rizes some dimensional and constructional information concerning
the test rig.

3. Scientific measurements

During the tests, a large number of measurements were made.
On the test facility, the pressure, fluid temperature and wall tem-
peratures were recorded. These measurements were located on
the reservoir (east and west end) and at several locations either
side of the rupture, on the straight section of the pipeline loop. In
addition, a measurement of differential pressure across the reser-
voir was attempted, aimed at determining the liquid level in the
reservoir (and hence mass outflow). In the reservoir, pressure was
measured at two locations, one at the west end on a blanked 12” NB
outlet and the other at the east end at a 1¼” tapping, using Druck
UNIK 5000 series transducers with a range of 0–16 MPa and a stated
accuracy of ±0.08% of full scale. The pressure in the pipeline loop
was measured at a total of 12 locations, 6 either side of the rup-

Table 1
Summary of dimensional and constructional information of the rig.

Reservoir Loop

Steel API-5LX80 A333 grade 6
Outside diameter 1320.8 219.1
Wall thickness 25.8 12.7
Internal diameter 1269.2 193.7
Surface roughness – Range: 7.8–3.7 �m

Ra. Average:
5.5 �m Ra

Length 117.1 m (between
dome ends)

226.6

Dome end volume (each) 0.3 m3 –
Reservoir slope 0.494◦ 0
Volume 148.752 m3 6.677 m3

Total volume 155.429 m3

Table 2
Summary of the test conditions prior to rupture.

Rig conditions Test

Overall average gage pressure (MPa) 15.08
Average fluid temperature in reservoir (◦C) 13.1
Average wall temperature of reservoir (◦C) 14.2
Estimated inventory (tons) 146.8

Atmospheric conditions
Wind direction (degrees relative to grid N) 261
Wind speed (m s-1) 1.9
Ambient temperature (◦C) 17.4
Atmospheric pressure (Pa) 99700
Relative humidity (%) 71.5

Fig. 4. The visible cloud at 10 s (top), 30 s and 120 s (bottom) after the rupture.

ture. At two positions, high frequency pressure transducers with a
range of 0–20 MPa were used. These were manufactured by Kulite
(Type CTL-3-375M-200BARSG), with a natural frequency of at least
1.4 MHz and an accuracy of ±0.5% of full scale. At the other locations
in the pipeline loop, Druck UNIK 5000 series transducers with a
range of 0–16 MPa and a stated accuracy of ±0.08% of full scale were
used. The instruments were calibrated on site using a Druck pres-
sure calibrator before the test and again after the test. The pressure
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Fig. 5. Pressure in the reservoir.

Fig. 6. Temperature inside the reservoir.

measurements were logged at 10 Hz on a SPARTAN data acquisition
system and the results provided in engineering units of gage pres-
sure in MPa. The signals were also recorded on a high speed data
acquisition system at 100 kHz (Hi-Techniques SYNERGY system).

The fluid temperature was measured at two locations in the
reservoir, one close to the west end of the reservoir, inserted about
100 mm from the top of the pipe and other at the east end, inserted
about 100 mm from the bottom of the pipe. The instruments were
1.5 mm diameter mineral insulated stainless steel sheathed Type
T thermocouples. The wall temperature of the reservoir was mea-
sured using welded tip, PTFE insulate, Type T thermocouples, spot
welded to the outer pipe wall. The fluid temperature was also
measured in the pipeline loop at 12 locations, 6 either side of the
rupture. Two of these instruments were positioned on the sweep-
olet connections, inserted about 3 mm through the side wall of
the pipe. The other 10 were located either side of the rupture.
The instruments were inserted about 3 mm through the bottom of
the pipe. In all cases, 1.5 mm diameter mineral insulated stainless
steel sheathed, Type T thermocouples were used, supplied with a
certificate of conformity. The temperatures were logged on a SPAR-
TAN data acquisition system at 10 Hz. The results were provided in
engineering units of degrees Celsius.

In the field, measurements of concentration at more than 70
locations (Fig. 3) up to 700 m from the rupture location were made
using 73Citicell AO2 oxygen cells were used to determine oxygen
depletion, and hence CO2 concentration. Fifty-nine were located
1 m above local ground level and fourteen at 1.8 m above local
ground level.

The oxygen cells output a nominal voltage of 10 mV when in
air, which reduces linearly with oxygen depletion, which can then
be translated into CO2 concentration. The data was post-processed
such that the average of each oxygen cell output during the 30 s
prior to rupture was taken to correspond to 0% CO2 for that oxy-
gen cell. The oxygen cells are temperature compensated, but their
output varies slightly with temperature. The manufacturer states
that the variation is less than 2% over range 0–40 ◦C. Taking this
variation to be ±1% of the reading in air (nominally 10 mV), corre-
sponds to ±0.1 mV. This corresponds to ±1CO2. So the accuracy of
the dispersion measurements can be considered to be accurate to
an absolute value of ±1%.

The temperature in the dispersing gas cloud was determined
using an array of 52 thermocouples formed from PTFE insulated
Type T thermocouple wire, twisted at the ends to make a joint.
These thermocouples were deployed close to the majority of the
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Fig. 7. (a) Temperature in the 219.1 mm pipeline loop (the sweepolets are 113.3 m from the rupture location). (b) Temperature in the 219.1 mm pipeline loop between 50
and 170 s.

oxygen cells at 1 m and 1.8 m above ground level within 200 m of
the rupture location. These instruments were logged at 10 Hz on
one of several SPARTAN data acquisition systems and the results
provided in engineering units of degrees Celsius.

The atmospheric pressure, temperature and relative humidity
and solar radiation were measured prior to and throughout the test.
A UNIK 5000 series 0–0.16 MPa (abs) transmitter was used for the
atmospheric pressure, a Type T thermocouple for the temperature
and a Hygroclip2 proprietary pre-calibrated instrument manufac-
tured by Omni Instruments was used for the humidity. A Kipp &
Zonen CMP3 pyranometer was used to measure the background
solar radiation. The wind speed and direction was measured at
many locations using a Gill Windsonic, 2-direction sonic anemome-
ter. All these instruments were recorded at 10 Hz on a SPARTAN
data acquisition system and results provided in appropriate engi-
neering units.

Extensive video footage included close up views of the rupture
location with high speed video and a thermal imaging (IR) cam-
era. Aerial footage was taken from cameras attached to a helium
balloon.

4. Test conditions

The rupture test presented here was carried out in relatively
low wind conditions (the prevailing wind speed was about 2 m s−1)
with an atmospheric temperature of 17.4 ◦C and a fluid tempera-
ture inside the rig of 13 ◦C. The test conditions are summarised in
Table 2.

For all tests, the explosive charge produced a clean cut and
allowed unobstructed outflow from each end. Upon rupture, CO2
and soil were ejected into the air, significant debris throw was
observed for about 25–30 s and then small amounts of soil con-
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Fig. 8. (a) Pressure in the 219.1 mm pipeline loop. (b) Pressure in the 219.1 mm pipeline loop between 50 and 170 s.

tinued to be ejected until about 60 s after the rupture. After that no
further ejection of soil was apparent.

5. Test description

During the presented test, the initial rupture produced a visible
plume projecting vertically into the air. Initially this was predom-
inantly vertically but the plume also soon spread width-wise. At
10 s after the rupture, the plume was about 50 m high and 125 m
wide. The plume reached a maximum visible height after 20 s of
about 60 m. At this time, the plume ejected to the north and south
fell to the ground and started to form a low level blanket which
spread north, south and east. After about 1 min, there was also sig-
nificant spread of the cloud blanket in the upwind direction (west).
The release became more noisy at around 175 s, coinciding with the

time at which the pressure began to drop more quickly, probably
indicative of gas phase outflow at the exit.

The wall temperatures on the reservoir outlets (sweepolets) was
about −27 ◦C by 170 s, so the test had to be terminated by closing
the valves on either side of the rupture. The valves had closed by
204 s although a small leak persisted through the valve on the east
side of the rupture. After termination of the test, the central region
of the visible cloud around the rupture location began to disappear
but the remainder of the cloud took a considerable time (6–8 min)
to disperse, particularly in the regions of the cloud to the north
and south which occupied the low level areas around the streams
which run parallel to the site boundary. It took about 12 min before
all the visible cloud had disappeared. The ground crater formed
at the rupture was about 5 m across in both directions and was
up to 1.25 m deep. Fig. 4 shows the visible cloud as viewed by an
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Fig. 9. Instrument locations either side of the rupture.

aerial camera 10, 30 and 120 s after the rupture. The extent of the
visible cloud was determined from the video images and estimated
to reach downwind areas about 400 m from the rupture location.

6. Pressure and temperature in the test rig

Fig. 5 presents the reservoir pressure during the test. Starting
from initially liquid conditions in the reservoir, the pressure inside
the vessel drops very fast after the release onset to reach satura-
tion conditions within 4.2 s. It is assumed that the saturation phase
starts when the pressure drop rate inside the vessel slows as the
effect of mass released is then partially compensated for by the boil-
ing liquid inside the vessel. The saturation phase starts at 4.07 MPa
and at about 4.5 s from the release onset.

The temperature was measured at east and west end inside the
reservoir. The fluid temperature throughout the test is shown in
Fig. 6. The temperature sensor in the reservoir at the east end was
near the bottom of the reservoir, whereas at the west end was near
the top of the reservoir. The minimum fluid temperature recorded
was −17.8 ◦C.

After filling the rig and before the start of the test, a slight differ-
ence in temperature was observed between the upper-western side
of the reservoir and the lower-eastern side. A similar temperature
drop profile was recorded at both sides of the reservoir during the
steady state period. A divergence in temperature at the west and
east ends of the reservoir starts to occur around 215 s after the ter-
mination of the test. Heat coming from the surrounding caused the
increase in temperature at the west end while a continued slight
leakage of gas through the valve on the east side of the loop, (gas
continues to leave the reservoir via the sweepolet) had maintained
low temperature at that end of the reservoir.

The fluid temperature was measured at 12 locations on the
pipeline loop, 6 either side of the rupture (Fig. 9). Fig. 7a and b
shows the fluid temperature measured at 3 locations either sides
of the rupture and at the sweepolets. The fluid temperature drop

had same profile on both sides of the rupture during the release
with a minimum fluid temperature of about −78 ◦C measured at
2 m from the release location. The good agreement between the
west and east sides was apparent until valve closure occurs. The
continued slight leakage of gas through the valve on the east side
of the loop resulted in higher fluid temperature than those recorded
at the West side. The presence of a certain vapor speed due to the
leakage on the East side resulted in higher overall heat transfer
coefficient with the surrounding.

Fig. 8a and b shows the pressures during the pseudo-steady
period and the final period, respectively, using the 10 Hz data. At
about 204 s, the valves had closed and hence the short length of
pipe between the valves and the rupture quickly depressurized,
but increased at the sweepolets (behind the valve).

Fig. 10. Mass loss from the reservoir determined from differential pressure mea-
surements.
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Fig. 11. Concentrations at 1m above ground on a nominal downwind line 90◦ relative to grid N (top) and on nominal upwind line 270◦ relative to grid N (bottom).

7. Mass outflow during the pseudo-steady period

A differential pressure measurement from the top of the west
end of the reservoir to the bottom of the east end of the reser-
voir was attempted. This pressure would provide a measure of
the height of the liquid level in the reservoir, from which the
rate of mass outflow during the pseudo-steady period could be
determined. During the test, the mass release rate was esti-
mated by taking the initial rig inventory (146.8 ton). The liquid
ran out at about 180 s, leaving about 10.2 ton in the reser-
voir. Hence the estimated pseudo-steady mass release rate was
(146,800 – 10,200)/180 = 758 kg s−1. However, measurements of
differential pressure were achieved for the period between 60 and
170 s after the rupture. Using these data, the height of liquid in the
reservoir with time was calculated and from that the mass loss from
the reservoir with time.

Fig. 10 shows that the gradient (and hence release rate) is
approximately constant between 60 and 170 s. A straight line fit
to this section of data (with a correlation coefficient of better than

0.99) gives a release rate of 788 kg s−1. This suggests that the out-
flow during the saturation phase is steady.

8. Gas concentrations

Figs. 11 and 12 show the CO2 concentrations with time mea-
sured at 1 m above local ground level on different radial lines
downwind and upwind from the rupture locations. The gas
concentration data from the oxygen cells was post-processed
by applying a 3 s rolling average to eliminate short duration
fluctuations.

Gas was detected downwind, upwind and crosswind from the
rupture location. For the first 250 m, the time of gas arrival down-
wind correlated linearly to distance = 4.05 × time, with a correlation
coefficient of 96%, suggesting the speed of the gas cloud was
about 4 m s−1, despite the wind speed being about 2 m s−1. This
difference is due to the gravitational slumping of the cold CO2
after ejection from the crater. At greater distances, the speed of
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Fig. 12. Concentrations at 1 m above ground on a downwind line 60◦ relative to grid N (top) and on downwind line 120◦ relative to grid N (bottom).

spread slows down. As can be seen in the figures below, the time
of arrival of the gas, increases with increasing distance.

Within 100 m of the release location (Fig. 11), the range of
pseudo-steady concentrations was similar for the upwind and
downwind directions and that is mainly because of the low wind
speed and because of the high influence of the jet momen-
tum and behavior at the rupture location on the dispersion
and the CO2 concentration contours in the close field. How-
ever, as can be also shown in Figs. 11 and 12, for many radial
lines in the far field (over 200 m) and at larger distances, the
pseudo-steady concentrations were not reached. This is due to
the low wind speed and the relatively short duration of the
presented test. In the far field (as shown Figs. 11 and 12),
the highest concentrations were seen after termination of the
release as the pseudo-steady gas cloud had not reached this dis-
tance prior to termination of the test. During the first test at
a higher wind speed, pseudo-steady CO2 concentrations were
observed at all field locations. After the closure of the ball valve

at around 200 s, the CO2 concentration in the near field drops more
quickly than in the far field because of the relatively high wind
speed.

9. Temperature in the gas cloud

The temperature in the dispersing gas cloud was determined
using an array of 52 thermocouples (numbered FT01 to FT52)
formed from PTFE insulated Type T thermocouple wire, twisted at
the ends to make a joint. These thermocouples were deployed close
to the majority of the oxygen cells at 1 m and 1.8 m above ground
level within 200 m of the rupture location. These instruments were
logged at 10 Hz on one of several SPARTAN data acquisition systems
and the results provided in engineering units of degrees Celsius.
Figs. 13 and 14 show the temperature measurements 1 m above
ground on arcs 50 and 100 m from the release point. Fig. 15 shows
the arrangement of thermocouples 1 m above the local ground
level.
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Fig. 13. Temperature inside the gas cloud 1 m above ground on an arc 50 from the release point.

Fig. 14. Temperature inside the gas cloud 1 m above ground on an arc 100 downwind.
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Fig. 15. Arrangement of thermocouples 1 m above local ground level.

Fig. 16. Photograph of the crater and ruptured pipe.

10. Crater formation

A ground crater was formed by the release. Most soil was ejected
within the first 30 s and no soil ejection was identifiable after 60 s.
A photograph of the crater is shown in Fig. 16. The ground crater
was surveyed to provide a profile of the crater edge (Fig. 17). The
depth of the crater was surveyed on several sections from west to
east, as shown in Fig. 18.

Fig. 17. Shape of the ground crater in plan view.

A region around the crater was covered with a thin white coat-
ing. This extended about 2 m west and east of the center of the
crater. To the south, the white area extended about 14 m from the
center of the crater and to the north about 5 m. The stones were
very cold, but the thin coating was predominantly haw-frost which
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Fig. 18. North–South profiles of the crater depth at several locations in the X direc-
tion.

melted to water. No accumulation of CO2 was found within the
crater, although the pipework was encrusted with haw-frost.

11. Conclusions

The paper presents some data from one large scale pipeline
rupture test carried out in the COSHER JIP in relatively low wind

conditions (about 1.9 m/s). It is most likely the largest one docu-
mented. From the data presented in this paper, the following main
conclusions can be made:

1. The rupture produced a visible plume that reaching a maximum
height of about 60 m and then forming a low level blanket reach-
ing areas 400 m far from the rupture location.

2. A fast drop in pressure is observed in the rig after the release
onset from the initial high pressure sub-cooled liquid conditions
followed by long saturation phase. The saturation phase started
at 4.07 MPa and after 4.5 s from the release onset. The minimum
fluid temperature recorded was −17.8 ◦C in the reservoir and
−78 ◦C in the 219.1 mm pipeline loop.

3. The mass release rate during the saturation period was steady.
Using the differential pressure measurements, the mass release
rate was estimated to be 788 kg s−1.

4. With the low wind conditions in this test, the pseudo-steady
CO2 concentrations in the near field were similar at the upwind
and downwind locations; whereas, in the far field pseudo-steady
concentrations were not reached within the time frame of the
release.

5. This large scale experiment could be used for further discharge
and dispersion model validation and for further risk analyses of
CO2 pipeline.
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