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ABSTRACT 

 
This paper presents the development and application of a failure consequence mathematical model for predicting 

the incident heat flux and explosion over-pressure following the accidental rupture of high pressure ethylene 

transportation pipelines. The transient discharge rate and the fluid phase at the pipe breach are determined based 

on the numerical solution of the conservation equations using the Method of Characteristics. The flow model 

accounts for the important processes taking place during the depressurization process; these include real fluid 

behaviour, fluid/wall heat transfer and frictional effects. To model the immediate ignition of the escaping high 

pressure ethylene released, the transient outflow model serving as the source term is linked to the widely 

established Chamberlain semi-empirical jet fire model to predict the resulting jet flame characteristics including 

its dimensions and incident heat flux as function of time and distance from the breach location. To deal with a 

delayed ignition, the source term flow model is linked to the TNO Multi-Energy Vapour Cloud Explosion model 

to predict the resulting explosion over-pressure and hence the subsequent harm to people and surrounding 

structures.  Simulation results using the model are presented and discussed for the full rupture of a typical 20 km 

long, 250 mm i.d steel pipeline transporting ethylene at 50 bar and 5 oC.  
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1. INTRODUCTION 

 
Ethylene is considered as the most important organic chemical by tonnage that is manufactured. It is used as 

the feed stock for the manufacture of a wide range of chemicals, including polymers such as polyethylene, 

polystyrene and polyvinyl chloride. The most economic mode for transportation of ethylene is in its 

supercritical state, using high pressure pipelines. Given that such pipelines can often be hundreds of 

kilometres long, coupled with the fact that ethylene is highly flammable and explosive, the safe operation of 

such pipelines is of paramount importance. Pipeline failure can occur due to corrosion, third party damage 

such as impact with mechanical diggers or ground subsidence1. Indeed the recent spate of pipeline rupture 

incidents, some resulting in numerous fatalities and environmental damage has refocused attention on the 

safety of such pipelines2. In places where pipelines enter urban areas or are sited near to communication 

routes, the potential for third party damage to pipeline (e.g. when excavation works are not properly 

controlled) rises significantly. This was graphically demonstrated on 8 June 2010 in Darrouzett, Texas, 

where the 14” natural gas pipeline damaged during excavation work killed 2 workers and injured 3 others3. 

The following day, a 36” Natural Gas pipeline was damaged during construction in Cleburne, Texas, killing 

1 person and injuring 74. 
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To reduce the risks to a tolerable level through the use of appropriate mitigation measures, and to determine 

minimum safe distances to populated areas, it is fundamentally important to accurately predict the 

consequences of pipeline failure.  

This paper presents the development and application of a failure consequence mathematical model for 

predicting the incident heat flux and explosion over-pressure following the rupture of high pressure ethylene 

transportation pipelines.  

2. METHODOLOGY 

 

2.1 Pipeline Decompression Model 

 
Full details of the pipeline decompression model may be found elsewhere5,6 hence only a brief account of its 

main features is given here. The transient one-dimensional outflow following pipeline rupture for  

homogeneous equilibrium where the constituent liquid and vapour phases are assumed to be at thermal and 

mechanical equilibrium (i.e. no phase slip) is presented by the following mass, momentum and energy 

conservation equations respectively6: 
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where  , u , E  and p   are respectively the fluid density, velocity, total specific energy and pressure. x  

and t  are respectively the spatial coordinate and time, D  is the pipeline internal diameter and wf  is the 

Fanning friction factor, which in the present study is calculated using Chen’s correlation7. The pertinent 

thermal equilibrium and fluid phase properties for ethylene are obtained using the Peng-Robinson Equation 

of State (PR EoS)8, with critical temperature, pressure and acentric factor set at  282.35 K,  5.0418 MPa and 

0.0879 respectively.  

 

Following the application of the relevant boundary conditions at the feed point and the rupture plane, the 

conservation equation 1 to 3 along with the PR EoS and Chen friction factor correlation serving as closure 

equations are solved numerically using the Method of Characteristics6.  

 

2.2 Jet Fire Modelling 

 
In order to predict the flame shape and the subsequent incident thermal radiation following the rupture of the 

high pressure pipeline, the Chamberlain model10,11 for hydrocarbon fires is employed. The model represents 

the flame as a frustum of a cone, radiating as a solid body with a uniform surface emissive power, 

accounting for flame lift off. In order to determine the geometry of the flame and surface emissive power as 

functions of the ambient and discharge flow conditions, semi-empirical correlations are used. 

 

2.3 Explosion Modelling 

 
The delayed ignition of the release gas will lead to an explosion, creating a blast wave propagating away 

from the release point. The resulting explosion overpressure associated with the blast wave may pose a 

significant safety hazard to people and surrounding structures and should therefore be quantified as a part of 

the safety assessment. For this purpose, the widely established and validated TNO Multi-Energy Vapour 

Cloud Explosion Model11 is employed in the present study. Linked to the transient pipeline decompression 

model (section 2.1) as the source term, the model predicts the blast overpressure at various distances away 

from the release point at different time intervals for both un-obstructed and partially obstructed surroundings 
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3. RESULTS AND DISCUSSION 

 
The pipeline failure simulations are performed for a 20 km long, 250 mm i.d thermally insulated (heat 

transfer coefficient = 6 kW/m2K), 12 mm wall thickness steel pipeline, representative of a typical ethylene 

onshore pipeline12. The pipe wall roughness and ambient pressure and temperature are assumed to be 0.05 

mm, 1 bara and 20 oC respectively. The pipeline operating pressure and temperature prior to rupture are 

assumed to be 90 bar and 5 oC respectively. The nominal transportation velocity of the ethylene stream prior 

to pipeline failure is taken as 1 m/s. 

 

In the following examples of the main results obtained using the above failure model are presented and 

discussed. Figure 1 shows the incident heat flux radiation contours at the ground level for receiver distance 

of  +/– 200 m from the vertical jet flame base at 0.5, 2, 10 and 50 s after pipeline rupture in still air with 

relative humidity of 50%. As expected the incident heat flux decreases with the distance from the centre of 

the jet whilst decaying with time, reaching its maximum of ca. 3 kW/m2 corresponding to 2nd degree burn for 

an exposed individual in 90s 13. 

 
Fig 1. Incident heat flux contours at the ground level around vertical flame formed from the rupture plane at 

(0;0), predicted at 0.5, 2, 10 and 50 s following the rupture. 

 
Figure 2 shows the predicted 

variation of peak overpressure 

as a function of distance from 

the explosion source located at 

the rupture plane. The results 

are plotted for unconfined (in 

the open) and partillay confined 

explosions (e.g explosion in a 

plant) with various volumes of 

confinement. The two 

hazardous overpressure 

thresholds of 70 mbar (risk of 

fatality in confined spaces13) 

and 300 mbar (eardrum rupture 

for people in the open13) are also 

indicated in the same figure for 

reference. As it may be 

70 mbar 

300 mbar 

Fig 2. Explosion overpressure as a function of distance 

from the explosion source 

300 mbar 

70 mbar 
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observed in all cases the peak overpressure, as expected, drops with distance from the receiver, but increases 

as the degree of confinement increases. Also, for the conditions tested, an explosion in the open space falls 

below the 70 mbar peak overpressure threshold required to cause harm to people. This is in contrast to an 

explosion in partially confined spaces where fatalities will be expected at distances less than 50 m from the 

point of detonation.  

 
  

4. CONCLUSIONS 

 
The development of a transient computational fluid flow model linked to established empirically based jet 

fire and explosion correlations for determining the minimum safe distances following the accidental failure 

of high pressure pipelines is presented. The model is tested by simulating the full rupture of a high pressure 

ethylene pipeline. The simulation results are presented in the form of 2D plots of thermal radiation contours 

and explosion over-pressure/distance profiles, for the first time providing valuable data for process design 

and safety engineers determine minimum safe distances at different time frames following pipeline failure.  
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