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Under-expanded jets and dispersion in high pressur€O, releases from a large-scale
pipeline

Xiaolu Guo? Xingqging Yan? Jianliang YW@, Yongchun Zhan§, Shaoyun Chef
Haroun Mahgereftehy Sergey Martyno¥, Alexander Collard, Christophe Proust

Abstract

The widespread implementation of Carbon Capture Statage (CCS) in industry will
require extensive long-distance &@ipeline networks to integrate the component
technologies. The potential for pipeline rupturd éakage, possibly resulting in catastrophic
accidents, will inevitably increase as networks dmee more extensive. The study of
near-field source terms and dispersion behavioer afipeline rupture is an essential
foundation of CQ pipeline risk assessment and will provide effectiehnical support for
the implementation of large-scale CCS projects eodtribute to pipeline safety. In the
COQUEST project under-expanded &@ets, cloud dispersion characteristics and the
formation of dry ice particles in the near fieldreénvestigated during releases from a 258 m
long, fully instrumented pipeline. Experimental alancluding cloud temperature, GO
concentration and the visual evolution of the clqoecorded on film), was gathered to
investigate cloud behavior and to support futurekwia the field of CQ pipeline safety.
Experiments included the release of gaseous andedphase COthrough three orifice
diameters: 15 mm, 50 mm and Full Bore Rupture (FBRe lower limit of gaseous GO
concentration for adverse effects in humans is %96 Safety distances from the release,
based on this threshold concentration limit, arembeined and reported for each experiment

conducted.

Keyword:CO, release, Under-expanded jet, Dispersion, Largkesipeline.
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1 Introduction

The importance of anthropogenic €@ the atmosphere driving rapid global warming

(https://www.iea.org/topics/climatechanp@nd the recognition of the need to reduce, CO

emissions are now widely accepted. This has mevaesearch into various emissions
mitigation/reduction technologies, the most impotrtaf which is Carbon Capture and
Storage (CCS]1]. CCS has the greatest potential to reduce atmaspemissions of Cg)
mitigating some negative effects of the continued o$ fossil fuels until clean energy
technologies can be implementgy. Its rapid deployment has the potential to conteb
significantly to limiting the rise in global tem@dures to 2 °C above pre-industrial leV@ps
Pipeline transportation of GOfor CCS is accepted as the safest and most eificie
transportation optiofd]. However CQ pipelines present a significantly different rislofoe
compared to, for example, hydrocarbon pipelinedably CQ is denser than air, odorless,
colorless andnot flammable. The acute health effects of ,C&e dependent on the
concentration in the air and duration of exposuagcentrations of 10 % v/v will render an
adult unconscious after 1 minute and exposure t@esgrations of 20 % v/v or greater is
instantaneously fat4b,6,7]. A threshold value of 5 % v/v concentration isuesed to be the
lower limit for adverse human effedtd7]. Safety distances in published risk assessments fo
underground high pressure €@ipelines vary from less than 1 m to 7.2 kha resul{8].
This large variation in the safety distance hasiigant implications for pipeline design,
routing, operation, maintenance and security.

In the event of a rupture in a high pressure @ipeline a significant mass of inventory may
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be discharged very rapidly, possibly before the lsadetected. Due to its relatively high
Joule Thomson expansion coefficient, @ay reach temperatures as low as -70 °C during a
pipeline release. This has the potential to induti#e fracture in a pipe wall in addition to
the initial risk of ductile fracturd9], as well as introducing the possibility of dry ice
formation in the pipeline and near-fiettispersion zon¢l0]. During a prolonged release a
fully expanded dispersion cloud will be connectedthe pipeline rupture by a highly
under-expanded jet containing a Mach disk orthogtmthe flow direction[11]. External to

the pipeline, solid C@particles are most likely to form in the jet. tlisl CO, is formed it

will subsequently sublime and mix with the vapavud. Transient cloud properties may be
significantly affected by the formation or absewtesolid CQ in the under-expanded jet. In
the process of mixing with the atmosphere the mdumenof the jet diminishes and
dispersion will continue as a vapor cloud disper$idtj.

Many experimental studies have been conducted tablesh a clear understanding of the
hazards associated with the failure of Q@pelines. As part of the GBipeHaz project,
INERIS [13-15] built a 2 n? spherical vessel connected to a 9 m long pipe withinner
diameter of 50 mm. This apparatus was used to medsmperatures and gas concentrations
in the dispersion region during outflow from thepgiin order to guide large scale
experimental C@ release studies. An important observation frons tivork was that
significant solids are generated within the neeldfiof dense phase releases, despite the
release itself containing no dry ice. Witlox et f{3,24] presented experimental work

conducted by BP and Shell during the J@QIPETRANS JIP, including both high-pressure
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steady-state and time-varying cold £@leases and high-pressure time-varying supexariti
hot CQ releases. For all cases solid £f0rmed in the dispersion area and was observed to
sublime rapidly and no rainout was predicted. Xieak [16,17] developed a 23 m long
circulating pipeline with a 30 mm inner diameterstoidy the pipeline leakage process of
supercritical CQ in a vertical direction. A typical highly under{ganded jet flow structure
was observed. However, this structure disappeaehkeaorifice size increased. DNV-G18]
investigated the discharge of liquid €@om a 0.5 m pressurized vessel equipped with an
actuator valve. The results showed that the Efdcentrations near the orifice depend mainly
on the jet shape rather than the mass flow rate.cBbmcentrations at 9 and 15 m from the
release point tended to increase continuously wdakeirated liquid was being discharged,
and then to drop with the transition to vapor awfl Xing et al[19] used a series of scaling
rules based on field experiments of £@spersion to simulate large scale £@owouts.
Through comparison with the k-model and statistical performance indicators, d@sw
concluded that the scaling rules appeared appécablfield experiments of accidental
release.

Several experimental research programs have be&rmed at the Spadeadam Test Site in
Cumbria, UK. The COSHER JIRO0] performed a large scale pipeline rupture testgusin
226.6 m long pipeline loop built with 219.1 mm dieter steel pipe and fed from both ends
by a 148 m reservoir of CQ@ The results showed that a visible cloud reachethgimum
height of about 60 m and a maximum distance fromrtipeure location of about 400 m.

Pseudo-steady CGOconcentrations were reached at up- and downwimdtiins in the
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near-field in low wind speed conditions, but nothe far-field. Wareing et aJ21,22] studied
the venting of dense and gas phase @@ugh a single, straight vertical vent pipe witthe
framework of the COOLTRANS research program. Theeexnental data used in these
releases was used to develop g @@persion model.

As part of the C@UEST project[25,26] this paper reports work to study highly
under-expanded jets and the dispersion charaatsrief gaseous and dense phase, CO
during sudden release from a pipeline. Six largdes€Q release experiments are reported.
The pipeline used was 258 m long with an inner éi@mof 233 mm, three orifice sizes were
used in experiments (15 mm, 50 mm and Full Boret&ep The experimental studies
provide a detailed understanding of the hazardsemted by CQreleases, the data recorded

could be used to validate outflow and dispersiomn@hs

2 Experiments

2.1 Experimental setup

Figure 1shows a schematic representation of the @iPeline employed for conducting the
release experiments. The pipeline was 257 m lonly and inner diameter of 233 mm and a
wall thickness of 20 mm. It was built with 16MnRwdemperature carbon steel and had a
maximum pressure rating of 16 MPa. Concrete fouadatand supports rigidly clamped the
pipeline 1.3 m above the ground. Additionally, anfercing anchor device capable of
resisting an acting force of 400 kN was designeprévent movement of the pipeline during
experiments. The pipeline was wrapped in 50 kWihgagape and a 50 mm thick layer of

thermal insulation. The heating system could wdreinventory to a maximum temperature
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of 40 °C.
A 1 m long dual-disc blasting pipe built using gr&8{#! stainless steel was attached to one
end of the pipeline and used to initiate experimeiihe blasting device consisted of two
rupture discs and two disc holders, a solenoidejaiwo pipe sections and an end flange.
Replaceable flanges with different sizes of preppred (circular) orifices were installed in
the blasting pipe for experiments, orifice diametef 15 mm, 50 mm and Full Bore Rupture
(FBR) were used. Each orifice was cut in the cemtiethe flange. To initiate release
experiments disk A was ruptured by reducing thesgaree in section 1 of the blasting pipe
(see Figure 1). This increased the pressure diffaleacross disk B causing it to rupture, the
net result is the essentially instantaneous opeuiitige pipeline.
The pipeline was charged and experiments condastdollows:
(1) Purge the pipeline using gaseous,CO
(2) Charge the pipeline with the previously calculatedss of CQ@ required for the
experiment.
(3) Once charged, use the heating system to alter iomeoconditions to those desired for
the experiment.
(4) Isolate the experimental field.
(5) Initiate the experiment using the dual-disc blastdeyice and record the desired
experimental data.
(6) After the release is complete and instruments atdiche cloud is fully dispersed

prepare the experimental field for the next release
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2.2 Pipeline instrumentation

An overhead schematic view of the locations andsygfanstruments in the dispersion zone
is shown inFigure 2 Thermocouples and G@oncentration sensors were both arranged on
vertical tubes at the same height as the pipetiseshown irFigure 3 T-type thermocouples
with an uncertainty of £1 °C, a measurement range@d °Cto 400 °C and response times
of 100 ms were used. The gQconcentration sensors used were COZIR-W type
manufactured by Gas Sensing Solutions Ltd (GSSgirTheasurement range was 0-100 %,
their accuracy was +3 % and their response timednwas

Two data acquisition systems ran simultaneouslyinduexperiments, an NI cRIO-9025
system which was used to sample the thermocoupgids an RS485 communication system
was used to sample the g@oncentration sensors. The NI cRIO-9025 systensisted of
one 9025 and one 9144 chassis and two NI 9213 tdwuple input modules. The RS485
communication bus adopted a twist-pair with RVVS®220.5 mniand a master-slave half
duplex mode. The data-acquisition code was progragnosing LabVIEW software from
National Instruments UK.

A weather station was established to record amb@&mperature, pressure, humidity, wind
speed and direction. The ambient pressure was meghsiging a QA-1 air pressure sensor
with an accuracy of £0.03 kPa and a range of 55tkPEO6 kPa. The ambient temperature
and humidity were measured using PTS-S environmagrtiitoring sensors, each with an

uncertainty of £0.1 °C and 0.2 % and a range 0f°& to 80 °C and 0 to 100 % respectively.
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The wind speed and direction were measured usifi§CaAl ultrasonic wind sensor with an
accuracy of £0.01 m/s and +1° and a range of MtmB and 0 to 360°. Several digital HD
video cameras and a Phantom 2 Vision aerial drcere wsed to record the evolution of the
visible cloud during experiments.

2.3 Experiments conducted

Six CO, release experiments were performed to investidatgersion behaviour during the
release of gaseous and dense phasef00 a pipeline. Orifice diameters of 15 mm, 50 mm
and Full Bore Rupture were used. The purity of @@, was 99.9%. The initial and
environmental conditions of six tests are presemntethble 1. For tests 1 and 4 the ambient
pressure, temperature, wind speed and directionufited violently as result of unstable
atmospheric conditions during the long depresstiomaOther tests were carried out in more
stable ambient conditions.

3 Experimental results

3.1 Gas phase tests

3.1.1 Visible cloud development

Based on the experimental data, the developmettieoisible cloud may be divided into
three stages: (l) rapid expansion, (ll) the metdstatage and (lll) the slow attenuation stage.
For tests 1, 2 and 3 the duration times for thpeaeve clouds in each stage of development
are shown in Table 2 together with the total dejargzgation times.

Figures 4, 5 and show the development of the visible cloud fordest2 and 3 respectively.

As may be observed in each figure the releasednggsbe seen as a white cloud with a base
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touching the rupture plane. Although the inventigrgolourless, the significant cooling of the
CQO; as it expanded passing through the orifice anthénunder-expanded jet resulted in the
formation of solid CQ particles. These particles remained entrainetienctoud and did not
rain out. For tests 1 and 2, the visible cloud Wwaly developed during the rapid expansion
phase and its dimensions remained relatively stdbieng the metastable stage. During the
attenuation stage the expansion angle of the jet @rerall dimensions of the cloud
decreased. The white visible cloud disappearetarfarefront of the jet flow, indicating that
the dry ice partcles had gradually sublimated dudifigision.

For test 2 the jet travelled in a straight line glotme axial direction throughout the
experiment, the divergent angle remained circattifoughout. In the metastable stage the
visible cloud dimensions remained relatively constaith a length of circa 10 m and a
maximum radius of circa 1.5 m. As may be observeditas and 60 s (figure 5), the
intercepting shock and the Mach disc were cleadipie in the jet flow.

For test 3 jet velocities are indicated in figurmbthe first 0.8 s. In the rapid expansion stage
the visible white cloud rapidly expanded, entragnulry ice particles and condensed water
vapour. The expanding jet velocity simultaneousgréased as the distance from the rupture
increased. The visible cloud reached a maximumtheofycirca 40 m. The divergent angle of
the jet was circa T8In the slow attenuation stage the visible whiteid and the mixture of
gaseous Cg air and raised dust separated. Even when no wihited was visible, a

measurable COcloud continued to spread, relying on momentunmdwand body forces to
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do so. As test 3 involved an FBR the dry ice plsidormed were spread farther, allowing
the considerable diffusion velocity and range @ thst to be observed.

3.1.2 Temperature distribution

Figure 7shows the temperature evolution along the axia& &f the discharge area in tests 1,
2 and 3. In all cases, after rupture the ambienp&Fature in the far-field dropped as a result
of the expansion of the escaping gas and the satiim of dry ice particles. The cloud
temperature along the axis of the release graduallg as the distance from the orifice
increased due to the reduction of the cloud vefaaitd the fraction of dry ice further from
the orifice. When the release was complete the teatyre of the C@gradually increased to
ambient as it continued to mix with air. For testthhe temperature distribution in the
dispersion region was small but it fluctuated as gsmaller jet in this experiment was more
significantly affected by the unstable atmosphemnwironment. For test 2, the temperature
contour lines quickly extended along the axial ctigsn and reached the maximum values at
15 s after rupture. For test 3 the rates of extenand retreat of the temperature contour lines
were similar as a result of the violent mixing bétescaping gas and air and the extremely
unstable atmosphere in the full bore release. TAemum temperature drops observed 4 m
from the orifice were 4.2 °C, 5.5 °C and 17.6 °Cguring at the times of 35s, 15sand 7 s
for tests 1, 2 and 3 respectively. The lowest clmdperatures were only observed for short
times, while the maximum temperature drop ampitumEsmme bigger with increasing orifice

diameter due to the more violent mixing of the psog gas and air.
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Figure 8shows the lowest temperature distribution in tlselthrge area for tests 1, 2 and 3.
The y direction is along the jet axis and the »dliion is horizontal distance. Obviously, the
temperature of the escaping gas increased along &mel y directions in the discharge area.
The lengths of the temperature contour lines alitvegx direction were much longer than
those along the y direction while the temperatuealignts along the x direction were much
lower. For the 23 °C and 24 °Contours recorded for test 1, the 23,°24 °C and 25 °C
contours recorded for test 2, and the 10 18 °C and 16 °C contours recorded for test 3,
the length ratios between the y and x directioneevi.1, 12.9, 33.5, 29.6, 21.3, 58.3, 30.4
and 24.1 for each contour line respectively. Thisfcms that the temperature contour lines
along the y direction were much larger than thahglthe x direction as a result of the much
greater axial velocity of C Ocompared to radial velocity. The length ratio begw the
temperature contour lines along the x and y dioastibecame larger with increasing orifice
diameter. This was mainly because the jet velacitied distribution range became greater
with the increase in orifice diameter. For tests2land 3, the length and width of the
low-temperature zones were predicted to be 13 Byn2.16 by 2.2 m, and 20 by 2.5 m
respectively.

3.1.3 CQ concentration dispersion

Figure 9shows the evolution of concentration along thaladirection in tests 1, 2 and 3. As
may be observed, the contours of L€ncentration remained at their maximum extent
through the metastable state. The closer the aistemthe orifice, the longer the exposure to

5 % v/v concentrations of GOThe start time of the contour of low €@oncentration was
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earlier than that of high GQOconcentration, this was due to the response lath@fCQ
concentration sensors to the high-velocity gas. fH#sponse lag had little influence on the
assessment of dangerous concentration distances.

For test 1, the 5 % GQoncentration contour reached a maximum distah®e2am from the
release orifice, thus the safety distance alonga#ial direction should be less than 10 m in
test 1. For test 2, at the end of the release $),59Q concentrations within the measurement
area stayed above 3 % concentration, decreasiogvldePo concentration by 207 s after the
rupture. Thus for test 2 the safety distance akhegaxial direction should be at least 12 m.
For test 3, the 5 % GQroncentration contour quickly reached its maximextent at 13 s.
CO, concentrations at a distance of 5 m from the seleaifice reached 30.1 % at the end of
the release (15s) and reached a maximum value7a& 2t this distance the GO
concentration remained above 5 % v/v until 150eralipture. This persistent concentration
was caused by the sublimation of the dry ice padién the discharge area. The safety
distance in test 3 should be at least 25 m. It @@agous that the larger discharge diameter
brought a greater amount of discharged,@@o the dispersion region over a given time
interval.

3.2 Dense phase tests

3.2.1 Visible cloud development

For tests 4, 5 and 6 the duration times for thpeeve clouds in each stage of development

are shown in Table 3 together with the total dequrgzation times. Compared with the gas
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phase tests, the duration times of the clouds oh edage of evolution were longer, as
expected.

Figures 10, 11 and 18how the development of the visible clouds foitste$, 5 and 6
respectively. The recorded dimensions of the tedispersion cloud at various times are
given in table 4. The data reports a gradual ireea the length and height of the visible
cloud as the expanding velocity decreased fromndrali peak. For tests 5 and 6 cloud
dimensions are also reported in table 4. The dadé&cates that the size and expanding
velocity of the visible cloud increased as theicegifsize increased. For test 4, the dimensions
of the visible cloud reached their maximum at Ba:. tests 5 and 6, the clouds reached their
maximum horizontal dimensions at 6 s and 5 s resgabg, although maximum visible cloud
heights were achieved earlier (see table 4). Tlspedsion clouds therfore continued to
expand horizontally after reaching their maximursible height, solid C@formation and
gas density contributed to this behaviour. Orifstee had a clear influence on visible cloud
height; the angle of reflection of the jet from tgeound was greater as the orifice size
increased, resulting in higher dispersion clouds.

For the dense phase tests 4, 5 and 6, the diveayghs of the jets were greatest at the
moment of rupture and decreased gradually duriogvdbbwn. In the rapid expansion stage
the axial length of the jet increased quickly anel leading edge of the jet expanded along an
arc frontage. In the metastable stage the dimensibtige cloud remained essentially stable
and the forward edge of the cloud adopted a fapeshd@he heavy gas effect started

prompting the free diffusion of GOn low-lying areas. In the slow attenuation stagethe
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expanding jet velocity decreased cloud diffusiorcréasingly depended on residual
momentum. The size of the visible cloud began toagleand the attenuation velocity
decreased. Compared to the gas phase tests thée wkiud produced in the dense phase
tests had a much wider dispersion range and aegr@amount of dry ice particles and
condensed water vapour were formed. The amounbmdensed water vapour entrained in
the jet was dependent on the ambient humidity badlegree of cooling of the G the jet
(and therefore on the initial inventory pressure).

3.2.2 Temperature distribution

Figure 13shows the temperature evolution along the axaal &f the discharge area in tests 5
and 6. For test 4 the temperatures in the dispeesi®a were not recorded due to instrument
failure. For test 5, the temperature contour ligagkly extended along the axial direction
and reached their maximum extent at 13 s. The teatyre drop amplitude 5 m from the
rupture reached 31 °C, a larger drop than in teBb2test 6, the temperature drop amplitude
reached 24 °C at 3s, a larger drop than that etstime time for test 3, and reached a
maximum value of 102 °C at 17 s. This time wasrl#tan the equivalent time in test 3 (3 s)
due to the continuous sublimation of dry ice p#&#an test 6. The results indicate similar
behaviour in the temperature evolution along thease direction between the dense and gas
phase tests. However, it is clear that for a giwefice size the low-temperature areas in the
dense phase tests covered a greater area thangagiphase tests.

Figure 14shows the distribution of low temperature zoneshim discharge area for tests 5

and 6. The y direction is along the jet axis andinection is the horizontal distance. The
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overall trend was for the temperature gradient akbvegx direction to be much more abrupt
than along the y direction, while the lengths of temperature contour lines along the x
direction were much longer than those along thegcton. For 0 °C, 3 °C, 6 °C and 9 °C in
test 5, the length ratios between the temperatwme&ar lines along the y direction and the x
direction were close to 10.1. This indicated ttreg temperature distribution shifted to the
right due to the effect of the southeast wind. Bar -40 °C, -30 °C, -20 °C and -10 °C
contour lines in test 6, the length ratios betwieny and x directions were 96.6, 45.6, 32.7
and 27.1 respectively. This shows that the diffusielocity in the FBR release with dense
phase CQ was extremely fast, as a result the temperatustilglition in the resulting
dispersion cloud could be considered essentialigyaxmetric. According to the contour
extending trend in tests 5 and 6, it was preditied the maximum length and width of the
low-temperature zone was 16 m by 3 m and 30 moyidb tests 5 and 6 respectively.

3.2.3 CQ concentration dispersion

Figure 15shows the evolution of G{xoncentration along the axis of release in testsahd

6. For test 4, C®concentration 5 m from the release orifice reachéd v/v 15 s after
rupture and remained at this quasi steady staté lexg 3200 s. The greatest extent of the
5 % concentration contour was 19.2 m from the @gifreached 263 s after rupture. Therefore
the safety distance along the release directionldhme circa 20 m for test 4. For test 5, the
concentration contour lines fluctuated intermithgrtue to the varying southeast wind. The
5 % v/v concentration contour extended 12 m from élease orifice by 6 s and remained

above 5 % at this distance until the end of theast (482 s). The safety distance along the
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release direction in test 5 should be circa 60 on.tést 6, CQ concentration contours began
to extend from the rupture after 6 s and reached ftathest point at 15 s. At the end of the
release (40 s) C{roncentrations at a distance of 60 m from theasseorifice had remained
above 5 % v/v concentration as a result of theinoat sublimation of the dry ice particles.
61 % v/v concentration was achieved 20 m from thice (the maximum at this location)
earlier than a 100 % v/v concentration was achi@vedfrom the orifice. This suggested that
due to dry ice sublimation and the response timthefsensors, the duration of exposure to
maximum CQ concentrations was longer as the distance to ifieeodecreased. The safety
distance along the release direction in test Ghe@dcirca 160 m.

4 Discussion

This paper studied highly under-expanded jets aet tispersion characteristics during the
release of gaseous and dense phasgffdth a large-scale pipeline. Such a large capacity
pipeline was essential as it permitted long duraggperiments to be performed and large
amounts of data to be captured for analysis. Atgremy sensors were used to monitor the
formation of the visible cloud and the variation temperatures and concentrations in the
far-field. The research results of near-field seuerms and dispersion behavior in this study
are necessary and of paramount importance for siegesafety distances and the impact of
CO, pipeline releases on the surrounding environment.

Rupture or puncture of a high pressure ,Q@peline will almost certainly result in a
high-velocity jet from the pipeline and the tramsit of the inventory through different

physical states. For high pressure pipelines, seglmcity will likely be reached at the outlet
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of the pipe and the resulting free jet will thermefde sonic. This would lead to a highly under
expanded flow that contains a Mach disk, the peefism of which depends on the ratio of
the exit to atmospheric pressure. For,C€eases, the temperature and pressure decredse th
accompanies inventory expansion will lead to themfmtion of dry ice particles and
condensed water vapor. Likewise, sublimation ofideyparticles will result in heat removal
from the gas phase and an associated temperatareade. Formation of solid GQwill
affect the shape and properties of a,€@ud in ways different to a gas/liquid clo[&8]. In
addition, ground topography and physical objecsswell as wind direction, may have a
significant influence on the spread and movementaoCQ cloud. These extremely
complicated phenomena may be expected during gpedion process of gaseous or dense
phase C@during sudden release. High pressure @persion modelling therefore requires
appropriate source terms, accurate turbulence nmggled three-phase accurate equation of
state, to account for heat transfer between thengtcand the flowing fluid and precise
particle tracking techniques for estimating the amai solid CQ [29-31]. No mathematical
model is currently capable of predicting all thebenomena during complex releases.
Currently, the authors focus on experimental reseawver theoretical analysis. This and
related large-scale experimental work contributasidodata to C@dispersion research and
can be used to validate outflow, near-field and ffald dispersion models. Experimental
characterisation of the temperatures in the imntediécinity of a release will also be
performed to enable estimation of the risk to pypiplant or structures from low temperature

embrittiement. For the design, construction andammn of new high pressure GQipelines
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through populated areas, the safety distance toelbase point, measured along the release
axis, should be consistent with the 5 % v/v coneiuin threshold in the dispersion cloud.
This distance is critically important when perfongi consequence failure analysis and
guantifying major hazards for GQipelines. More sophisticated experimental andritecal
studies will be conducted on dispersion behaviomdusudden releases in the future.

5 Conclusions

This article has presented the results of a lacgéesexperimental study of under-expanded
jets and dispersion characteristics of gaseousiangde phase G@ollowing pipeline rupture
through three orifice sizes (15 mm, 50 mm and Hsdire Rupture). The following
conclusions were drawn from the study:

(1) A highly under-expanded flow containing a Matibk was developed during the release
of high pressure CO A large quantity of dry ice particles formed imetnear-field due to
Joule-Thomson cooling, these were carried intofandield. The dispersing cloud was made
visible by both these dry ice particles and conohgnsvater vapor. The dry ice sublimed
rapidly and did not settle.

(2) After rupture, the ambient temperature in tuefield dropped as a result of the expansion
of the escaping gas and the sublimation of theayparticles. The cloud temperature along
the release axis gradually rose as the expandilogitieand the fraction of dry ice decreased
along this axis. For given initial conditions, & torifice diameter increased the degree of
cooling and the dispersion distance of 0 the discharge area, and therefore the safety

distance, increased.
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(3) Compared to the gas phase tests, the visiblelgiroduced in dense phase tests entrained
more condensed water vapour, included a greates miadry ice and had a much wider
dispersion range. The footprint of the low-tempamatareas of the cloud and the safety
distances in the dense phase tests were also meategthan that in the gas phase tests. The
dense CQ@gas was observed to gather in low lying areas eftease when not dispersed by
the wind.
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