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Abstract — Risks in gas transportation are usually 

comprised of losses of the valuable gas, fire, explosion, 

and destruction to the environment. The safety of this 

infrastructure especially flammable gas pipelines is of 

great importance due to potential associated risks when 

leakage happens. An accurate understanding of the 

dispersion characteristics of the leaked gas from the 

underground pipe is of great importance. A gas leaking 

model from the buried pipeline was established based on 

computational fluid dynamics (CFD) technique, to 

simulate the situation. At the incidence of leakage, gas 

will propagate out and cause changes in flow behavior, 

which will prompt the detectors. The leakage position 

influences significantly much on the strength of leak 

signals to be detected at the ground surface. Under the 

simulation process, the double leakage pipeline model 

was involved. The variation of flow parameters inside 

the pipeline, outside pipeline, and the effect of leakage 

position were depicted and analyzed.  

 
Index Terms — gas flow simulation, leakage failure, porous 

media.  

 

I. INTRODUCTION 

Pipeline systems transporting petroleum products in 

onshore are mostly buried for safety reasons, however, they 

are venerable to the earthquake, or other natural disasters 

[1], [2]. Natural gas as potential clean energy, its 

consumption, and demand has increased nowadays among 

both domestic users in urban and industrial as well [3], [4]. 

The consumers are pipeline connected from the supplier for 

a continuous supply. The suitability of pipeline can 

sometimes have limitations and vinegar situation. Due to 

aging, corrosion, defects of pipes and welds, especially with 

the development of urban construction, accidents of digging 

and fracturing, which frequently lead to fire and explosion, 

resulting in personnel death and environmental pollution [5]. 

The danger of gas pipeline leakage diffusion can vary 

depending on different soil conditions of the buried pipeline. 

It is important for the pipeline facilities owner or authority 

to ensure the safety of the pipeline and the transported 

material [6].  

Understanding the fluid flow behavior and transport 
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properties in porous media or soil are of importance for the 

proper detection design of leakage along the pipeline. The 

diffusion of fluid in the porous medium will follow the pore 

structure of the specific soil and not as a straight line as in 

the air. The particle size of soil has a great influence on soil 

hydraulic such as permeability, porosity, and density. The 

soil can be classified and measured in many different ways, 

depending on the relative composition of sand, silt and clay 

content [7]. Sand has the largest soil particle size (2.0 mm - 

0.05 mm), silt is intermediate in size (0.05 mm - 0.002 mm), 

and clay is the smallest (less than 0.002 mm) [8]. In clay 

soil, because the particle size is very small, the flow 

resistance will usually be high not as in silt and sand. Direct 

numerical modeling of the effects of the pore structure of 

soil on the gas diffusion process is very complex. In order to 

investigate the transport properties and flow behavior in 

porous media, researchers usually use the porosity as a 

parameter to characterize the characteristics of flow in 

porous media, which greatly simplifies the complexity of the 

problem. The description is a prerequisite for predicting the 

flow behavior in porous media, while porosity and pore 

structure are among key parameters [9], [10]. For the 

influence of pore structures on the diffusion process, few 

studies have provided detailed, intuitive and accurate 

information, however, there is no in-depth report on how 

various geometric structures affect diffusion on behavior at 

the pore scale. 

Reference [11], the author’s developed a 2D simulation 

process on the migration of gaseous and dissolved CO2 in 

the saturated porous media to figure out the sensitive 

parameters to detect the CO2 leakage in the system. His 

finding was based on low and high permeability conditions, 

where under low permeability condition the injected CO2 

was blocked by layer and the gas plume was expanded 

laterally. Unlikely for high permeability conditions the 

gaseous CO2 was accumulated inside the layer. However, in 

the early injection stage, there was no evidence of leakage 

into background media in both conditions. The pressure in 

gas accumulated zone of each condition increased gradually, 

exceeded the threshold of the upper medium and CO2 

intruded into the upper media. 

Reference [12] developed a 2D and 3D model of a buried 

gas pipeline intentionally to make calculator equation for 

low and medium operating pressure pipe with a single leak 

hole. It was found that the 2D was not realistic as 3D model 

where linear, second-order, and fourth-order relation were 

observed between the leak amount and the three effective 

parameters inlet pressure, leak hole size, and the ratio of the 

hole size to the pipe diameters, respectively. 

Reference [13] presented a diagnosis of the pressure 

distribution of leaking fluid from the pipeline using 
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experimental and 3D model simulation. It was found that 

pressure changes within the pipeline during leakage are a 

function of leak hole position from upstream and hole size. 

However, the pressure drop can be more significant when 

the leak hole is far from the upstream. 

Reference [14] evaluated a model related to gas leakage 

and dispersion from a buried pipeline. The results show that 

there were flux and concentration distribution at different 

points of soil near the leak vicinity. Also, it was observed 

that despite the lowest release of the flammable gas a 

perilous was very likely. 

Reference [15], studied the acoustic pressure perturbation 

generated due to leakage in the gas pipeline using CFD 

simulation and experimental methods for comparison 

purposes. From his finding, it was observed that gas flowing 

through the leak orifice generates turbulence that can induce 

sonic sources and hence, pressure perturbation. Also, the 

comparison of pressure perturbation in simulation and 

experimental, both had similar features under different 

variables of operating conditions. 

Reference [16], the author’s investigated the preferential 

path of gas migration into saturated boom clay at constant 

flow pressure. The distribution of pressure into the porous 

media is controlled by local variations in permeability and 

water contained in the soil. It was found that the degree of 

gas to breakthrough the sample is controlled by the spatial 

structure of the soil. The smaller the pore size, the larger the 

breakthrough time as a consequence of soil stiffness. This 

will also increase the pressure outlet of gas and open up the 

preferential paths for gas migration [16]. 

Among others, as in [17], published experimental 

findings on the fluidization of ballotini as a substitute for 

sand soil around the leakage point of the water pipeline. The 

intention was to monitor the fluidized zone and head drop 

due to flow through the leakage hole. The fluidized zone 

grows as per flow rate increase and remains stable at an 

upward direction proportional to the driven flow rate. The 

growth of the zone size and shape was significantly different 

from one flow rate to another, but sensitive to the ballotini 

structure. The pressure drop at the leakage point was 

corresponding to the orifice size. 

The soil structure can relatively be unchanged for a long 

time unless there is a presence of an external force. The gas 

flow through the pores of the soil under different soil 

structures contributes significantly to its detection, however 

different soil grains respond differently [18]. As can be 

depicted here, most researchers are investigating the leaking 

pipeline with a single hole. In view of the situation, this 

paper establishes a 3D model at transient flow to examine 

the propagation of gas in clay soil structure using a 

simulation method in computational fluid dynamics (CFD) 

with commercial software Fluent tool. The flow behavior in 

pores structure of clay soil was investigated for the aspect of 

gas diffusivity leaking from pipeline. This work is regarded 

as a study extension where a double leakage pipeline model 

is investigated. The schematic geometry of the pipe 

surrounding porous media is shown in Fig. 1. 

 
Fig. 1. Schematic diagram of buried pipe. 

 

II. COMPUTATIONAL MODEL  

The CFD simulation can be established to predict the real 

situation and enhance the capture of basic information of the 

flow field. The simulation method as a tool to investigate the 

diffusion of gas from a pipe to porous has been used in 

different applications. In this study, a 3D model of pipe 

surrounding porous was employed into Fluent CFD 

software. The gas flowing within the pipe is compressible 

air. The governing equations for ideal gas flow through pipe 

are continuity, momentum, and energy equations which are 

to be solved simultaneously [19], [20]; 
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where  is the fluid density (kg/m3), v is the dynamic 

velocity (m/s), t is the time (s), p is pressure (Pa),   is 

viscous stress tensor (Pa), g is an acceleration of gravity 

(m/s2), F is external body force acting on the fluid which can 

be neglected for gas flow within a pipe (N/m3), E is total 

energy(J), keff is effective thermal conductivity (W/mK) and 

T is the temperature (K). The term stress tensor can be 

calculated as follows: 
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Under normal operation, the gas pipeline operates at high 

flow hence high Reynold number, making a turbulent flow 
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in a pipeline. The standard k-ε method is one of the most 

common turbulence models, where k is kinetic energy and ε 

is turbulent dissipation (the rate at which velocity 

fluctuations dissipate). These variables determine the scale 

of the turbulence and energy in the turbulence. 

 

( ) ( )

kMbk

jk

t

j

i

i

SY

x

k

x
kv

x
k

t

GG +−−++


























+




=




+












  

(5) 

 

( ) ( )

















S
k

CGCG
k

C

xx
v

xt

bk

j

t

j

i

i

+−++


























+




=




+





2

231 )(

  (6) 

 

where Gk is the generation of turbulence kinetic energy 

caused by mean velocity gradient, Gb is the generation of 

turbulence kinetic energy brought by buoyancy, YM is the 

contribution of the fluctuating dilatation incompressible 

turbulence to overall displacement rate, C1ε, C2ε, C3ε and Cµ 

are constants k  and   are the turbulent Prandtl number 

for k and ε respectively. Sk and Sε are user-defined source 

term, t is turbulent viscosity. The turbulent viscosity and 

generation terms can be expressed as. 
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where Prt is the turbulent Prandtl number for energy, 𝛾 is 

heat capacity ratio, and R is the gas constant (J/kgK). The 

model constants are given by; C1ε=1.44, C2ε=1.92, 

Cµ=0.09, 𝜎𝑘 = 1.0,  𝜎𝜀 = 1.3 and Prt=0.85. 

The flow-through porous media is implanted with a 

general equation based on pipe flow by including the 

porosity effect in continuity and momentum. Forchheimer 

equation is also adopted (into Equation 12) in order to take 

account non-linear results from both viscous and inert 

effects at the external body force term [21], [22]; 
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where ∅ is the porosity, 𝛼 is permeability, 𝜌𝑓 the density 

of fluid passing in porous, Ef energy of fluid passing in 

porous, C2 the inertial resistance coefficient depending on 

the porous particle diameter dp. The description for 

permeability and inert resistance is as follows: 
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III. ESTABLISHMENT OF SIMULATION 

The simulation was based on the 3D model of a buried 

pipe. The model geometry with a pipe of 42mm diameter 

surrounding a porous media measuring 4500x600x1000 mm 

was created in CAD software and imported to Fluent. Model 

geometry has 10 mm diameter orifices located on top of the 

pipe at 1000 mm and 3000 mm from upstream. The ideal 

gas injected through a pipe and leak at the orifice will have 

turbulence flow, causes the hydraulic flow parameter to be 

unstable. The computational meshes were generated with 

tetrahedral elements for both pipes, surrounding porous and 

fluid volume to ensure an accurate definition of flow 

behavior. The boundary surface (pipe inlet, pipe outlet, 

leak1, leak2, pipe wall surface, and ground surface as 

porous) was added to achieve a fully developed flow during 

the simulation. 

In solving the flow field equations, a numerical model 

was performed with Fluent using the SIMPLE algorithm 

method. The boundary inlet condition of 4.6m/s, outlet 

above ground was taken the same with atmospheric gauge 

pressure 0Pa and outlet pressure at downstream 0.1kpa. The 

second-order discretization scheme was used for flow 

variables, turbulent kinetic energy, and turbulent dissipation 

rate. A reduction in the maximum residuals of 5 orders 

magnitude was used as the global convergence criterion for 

all simulations. The soil grin has 0.001mm particle size, 0.4 

porosity [23], [24]. 
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IV. RESULTS AND DISCUSSIONS 

A. Pressure and Flow Behavior 

The gas flow within a pipe segment has significant 

pressure change as it flows from left/upstream to 

right/downstream, however, in actual sense, it does decline 

with a very small magnitude as it flows to downstream as 

shown in Fig. 2. At each leakage vicinity, the pressure does 

decrease drastically, however, at the downstream leak point 

there is more decrease. This is due to resistance within the 

soil or porous, and the magnitude at leak point two is very 

low because it has been leaking from point one. Into the soil, 

the pressure magnitude is the same all over except near 

leakage point one because the escaping flow from the pipe it 

still has high-pressure magnitude than leak point two. 

 

 
Fig. 2. Flow contour of pressure field at the leakage vicinity. 

 

Fig. 3 shows the average trend of the pressure of the fluid 

domain inside the pipeline. The pressure drop between 

upstream and leak1 has a small degree of degradation. At 

each vicinity of leakage points, there is sudden great 

reduction and recovery, this indicates that steady-state 

pressure at the leak vicinity deviates greatly with 

magnitudes detectable by a pressure sensor. A steep pressure 

drop is exhibited in between leak1 and leak2, however from 

leak2 to downstream is slightly higher than others. 

Therefore, leakage orifice has more influence to provoke 

pressure variations caused by the leak. 

 

 
Fig. 3. The trend of pressure profile within a pipeline. 

 

B. Velocity and Flow Behavior 

The velocity profile of gas flow within a pipe segment has 

no significant change as it flows to downstream, it lather 

decreases slightly from one segment to another or from 

inlet-leak1-leak2 to outlet as shown in Fig. 4. At each 

leakage vicinity, the velocity does increase drastically from 

pipe diffusing to the soil, at first leak point the dispassion is 

higher than at the downstream point. Also, at all central 

points of the interface between the fluid domain into a pipe 

and porous outside pipe the velocity has the highest 

magnitude of flow or choking flow.  

 

 
(a)

 
(b) 

Fig. 4. Flow velocity (a) streamlines and (b) contour. 

 

C. Effect of Flow Variation in Leakage Propagation 

The dispersion of gas from a pipe to the soil does not 

march due to pores space differences from one soil texture 

to another. Soil with large grain size predominates pores 

because smaller particles do not fill the spaces between. The 

flow propagation of gas in clay soil is much slower due to 

its relatively small pores. As the grain size becomes smaller, 

total pore spaces for gas to flow become limited. This is turn 

influences pore space distribution. The flow resistance of the 

air in clay at upstream is not as higher as at downstream, 

because the pressure at upstream is much higher than 

downstream. As the flow rate increases inside a pipe, the 

same with dispersion at the leakage point increases too. 

Also, the magnitude difference between leak points slightly 

increases as presented in Fig. 5.  
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Fig. 5. The trend of leaking velocity in relation to the inlet. 

 

V. CONCLUSION 

A model predicting the flow behavior of air into porous 

media for the different flow of double leakage pipeline has 

been presented. The proposed 3D pipeline structure was 

modeled, where its system of equations of the conservation 

laws and standard k-ε were solved with Fluent software. The 

proposed model showed that the structure guarantees a 

feasible situation. Such a robust double leak detection 

simulation approach will provide an important relative 

additional advantage for visualizing related situation at a 

wide range. However, most of the leak detection and 

localization studies are interest in the case of single leaks, 

and the double leak localization method has not been studied 

widely. Based on simulation results and discussion, the 

following conclusion may be outlined: 

i. The presence of leakage along the pipe affects the 

attenuation pressure and development of the disturbing 

signal irrespective of the axial position of the leakage 

point. This shows how effective signal is dictated as 

leakage alive. 

ii. Also, the same with velocity flow behavior is shown to 

be successful in detecting the leakage presence along 

the pipe.  

iii. The aspect ratio of pipe, leakage position and magnitude 

of diffusing flow from it affect the distribution of 

dispersing velocity. 
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