
 

 
 
 

 
 

 
1. INTRODUCTION 
 

Strict rules in design of fuel tanks and gas pipelines reduce 
number of accidents in these fuel transmission tools. 
Nevertheless, due to the amount of stored energy, smallest 
defect or carelessness in installation of equipment will lead to 
terrible disasters. For instance, in 2004, negligence of drilling 
workers caused a crack in Belgium methane pipelines. 
Thereafter, methane released to atmosphere and made major 
fire in the area which killed at least 15 people [1]. 

By perusing explosive events, it can be seen that after 
sabotage and terroristic acts, gas release from cracked tanks 
and pipelines is the main cause of these accidents. In other 
words, corrosions or cracks in tanks and pipelines lead to 
penetration of large amounts of gases to environment. With 
regards to potential energy of fuel and air mixture in 
environment, a spark or sudden temperature rise in the 
flammability areas will result severe explosions [2, 3]. 

Large number of casualties raised importance of the issue 
and many studies in the field of gas leakage from tanks and 
pipes have been performed. A preliminary study in this field 
was conducted by Crist et al. [4]. They examined gas leakage 
from tanks with pressure up to 1000 bar. Results determined 
the position and diameter of Mach disks for different values 
of tank pressure. In literature, Mach disc refers to position of 
underexpanded sonic free jets where normal shock wave is 
formed. Eggins and Jackson [5] investigated expansion of 
sonic free jets in more details. They used the laser-Doppler 

velocimetry technique and measured discharge rate from high 
pressure tank (up to 6.6 bar). Yu et al. [6] used planar laser-
induced fluorescence to visualize flow pattern of high 
pressure gas which was injected into an engine cylinder. 

Moreover, various analytical studies have been conducted 
in the field of underexpanded sonic free jets. Joe and Ahn [7] 
developed a simple analytical model to explore leakage 
regimes from high pressure pipes. In this research, by 
combination of momentum and continuity equations as well 
as assuming one dimensional flow, the discharge rate was 
estimated. Yuhu et al. [8] presented three mathematical 
models to predict discharge rate for three different subsonic, 
sonic and supersonic cases. In subsequent studies [9, 10], by 
using real gas equation of states (EOSs), improved analytical 
models were developed which determined discharge rate and 
velocity field with more accuracy. 

In past decade, with advancements in computational fluid 
dynamics (CFD) and developments in computer hardware, 
studies have shifted toward numerical simulation. In contrast 
to analytical studies, numerical methods can predict structure 
of flow with more realistic assumptions and with more details. 
One of the most important numerical studies in this field was 
accomplished by Wilkening and Baraldi [1]. They simulated 
leakage of methane and hydrogen in 2D and 3D cases. 
Results indicated that due to higher flammability limits and 
internal energy of hydrogen, cracks in pipes transmitting 
hydrogen is more dangerous than those in methane pipes. 
Venetsanos et al. [11] examined different scenarios of gas 
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ABSTRACT  
 
In case of unexpected ruptures in high pressure tanks, choking phenomenon occurs in the cracked area which 
fluid velocity gets sonic and its pressure exceeds atmospheric pressure. Afterward, pressure of discharged gas 
quickly changes by crossing through compression and expansion shock waves. The main aim of this study 
was numerical simulation and investigation of this flow in a 3-step process: (a) Detailed analysis of numerical 
method, (b) Qualitative and quantitative analysis of velocity, pressure, temperature and turbulence intensity, 
in order to propose safety strategies and (c) parametric studies on the effects of tank pressure and nozzle 
geometry on flow structure. In numerical simulations, governing equations (conservation of mass, 
momentum, energy and equation of state) were discretized based on the finite volume method and flow 
variables (velocity, pressure, temperature and density) were calculated using density-based algorithm. 
Validation of numerical method was achieved by comparison with experimental data. The results showed that 
within 4.4 mm of cracked area, fluid temperature reached to its minimum value of 86 K which would freeze 
nearby equipment and would make them fragile. Also, parametric studies indicated that inlet pressure had 
direct relation with exhausted mass flow rate and its maximum occurred in nozzle angle of 3.82o. 
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release and dispersion. In this study, probability of fire 
creation due to emission of hydrogen and methane from 
passenger vehicles investigated in confined and unconfined 
spaces. Heitsch et al. [12] studied flammability regions of a 
research laboratory by numerical methods. They simulated 
leakage of hydrogen from high pressure pipes in a confined 
environment. Further numerical studies in the field of gas 
release and diffusion were performed by other researchers [13, 
14]. It should be noted that in most of previous studies, for 
simplification of numerical solution, effects of shock waves 
on overall structure of sonic free jets were neglected. In fact, 
the gas velocity at the cracked area was assumed to be sonic 
and its pressure was assumed to be atmospheric. 

The main aim of this study was numerical investigation of 
underexpanded sonic free jets at the exhaust region of high 
pressure tanks. In the simulations, effects of shock waves on 
jet expansion were considered. By simulation of shock waves 
and prediction of flow pattern in near field of cracked area, 
more accurate structure of exhausting gas would become 
clear. In the first part of the paper, numerical strategies in 
simulation of this flow were explored. In the second part, by 
comparing numerical results with experimental data, its 
accuracy was evaluated. Then, specification of flow near the 
cracked area was explored and some parametric studies were 
also performed. 

 
 

2. MATERIAL AND METHODS 
 

2.1 Problem description 
 

In the present study, gas leakage from a high pressure gas 
reservoir was simulated according to the conditions of Eggins 
and Jackson’s [5] benchmark test (Figure 1). In this 
experiment, due to large dimensions of the tank versus crack 
diameter, pressure of reservoir was nearly constant (6.6 atm). 

 

2.2 Governing equations 
 

Due to the formation of shock waves in exhausted flow 
from high pressure tanks, compressibility of flow should be 
considered. To simulate compressible flow, in addition to 
continuity and momentum equations, energy equation is also 
must be solved [15]. In Eq(1) to Eq(3) conservation of mass, 
momentum and energy for unsteady, viscous and 
compressible flows were presented, respectively [16]: 
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In these equations , , , ,i iju P e   and 
iq  are fluid density, 

velocity vector, pressure, shear tension tensor, internal energy 
and heat flux vector, respectively. 

 

 

 

 

2.3 Fluid properties 

 
Due to compressibility of sonic jets, fluid density must be 

added to unknown variables of the problem. To get a unique 
result from numerical simulations, an auxiliary equation like 
EOS should be solved with above mentioned governing 
equations. Ideal gas EOS is the simplest EOS for gases at 
high temperatures and low pressures. But, by pressure 
increment and temperature decrement, the accuracy of results 
gets far away from experimental data. To increase solution’s 
accuracy, several EOSs for real gas streams are provided. 
Families of cubic EOSs are one of the most practical EOSs 
which despite the simplicity can predict properties of fluids 
with acceptable accuracy [17]. 

In this study, in order to increase the accuracy of numerical 
solutions, Aungier-Redlich-Kwong (ARK) EOS was used. 
This equation is one of cubic EOSs that was developed by 
Aungier [18] for flows with sharp changes in pressure and 
temperature. In this equation, by adding coefficient c, 
weakness of former equations in prediction of fluid properties 
near the critical point was resolved. In Eq(4) to Eq(9) ARK 
EOS and its related coefficients were presented [18]: 
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20.4986 1.1735 0.4754m                                           (9) 

 

In these equations T, V and R  are temperature, specific 
volume and universal gas constant, respectively. Also, c and r 
indexes represent critical point and reduced quantities of fluid, 
respectively. Moreover a, b and c are coefficients of ARK 

EOS. In Eq(9),   is eccentricity factor which was used to 

consider the asymmetric effects of gas molecules. To 
calculate this factor, Eq(10) was used [18]: 
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2.4 Turbulence modeling 
 

Regard to mixing and entrainment phenomenon in free jets 
and also due to overcoming of inertia forces to viscous forces, 
gas leakage from tanks has turbulent nature [19]. In numerical 
modeling using Boussinesq approximation, turbulence terms 
in momentum equations (Reynolds stresses) get related to 
gradient of average velocities according to Eq(11) [20, 21]: 
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In this equation iu   and 
iu are fluctuation and average 

values of velocity vector and 
t  is called turbulence viscosity. 

In the simulations, for calculation of turbulence viscosity 
Realisable k-epsilon and SST k-omega turbulence models 
were used. These models, despite the simplicity, can predict 
the structure of flow with good accuracy. Governing equation 
for k- epsilon model was presented in Eq(12) [21-23]: 
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which k and   are turbulence kinetic energy and turbulence 

dissipation rate as well as could be calculated through Eq(13) 
and Eq(14) [21, 22]: 
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In these equations, Gk and Gb are production terms due to 

gradients of average velocity and buoyancy effects. In 

Realisable k-epsilon model by adding 22M tY M  to 

Eq(13), effects of flow compressibility were included [24]. 
Constant parameters in this model are presented in Table 1. 

Another two equation turbulence models is k-omega Shear 
Stress Transport (SST) where turbulence viscosity is related 
to turbulence kinetic energy and turbulence specific 
dissipation rate. Governing equations for SST k-omega 
models were presented in Eq(15) to Eq(17) [25]: 
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which kS  and wS  are source terms in the turbulence kinetic 

energy and turbulence specific dissipation rate equations, 
respectively. Using turbulence SST k-omega model is 
recommended for simulation of shear flows and flows which 
contain shock waves [25]. 
 
 

2.5 Discretization of equations 
 

Governing equations of the problem was discretized by 
finite volume method where discretization methods and their 
accuracy for each term were presented in Table 2. Also, the 
under relaxation factors (URFs) were kept constant during the 
run. 

 

2.6 Boundary conditions 
 

Due to axial symmetry of geometry and boundary 
conditions, simulations are performed in the cylindrical 
coordinate system. In this case, there are no changes in 
angular parameters (∂/∂θ=0), therefore corresponding terms 
are ignored [26]. By applying consistent boundary conditions 
to the system, geometry of the problem simplified as Figure 2. 
According to this figure, there were four types of boundary 
conditions which were explained in Table 3 and Table 4 [27]. 

 

2.7 Grid generation 
 

In this study, structured method was used for grid 
generation. To avoid divergence of numerical results, aspect 
ratio of control volumes was set equal to one. Also, in order 
to predict flow more precisely, grids around the shock wave 
areas were generated with highest density. In other words, 
distance between grids gently was increased from cracked 
area to downstream of flow. In Figure 3 generated grids for 
the model were illustrated. 
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Figure 1. Schematics of the problem 
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Figure 2. Details of geometry in numerical model 
 

 
 

Figure 3. General and magnified view of the grids 
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Table 1. Constants of realisable k-epsilon model [24] 

 

1C   
2C  

k    

1.4 1.9 1.0 1.2 

 

Table 2. Discretization methods of governing equations 

 

Equations 
Discretization 

Methods 
Order of 
Accuracy 

Momentum MUSL Third Order 

Energy MUSL Third Order 

Turbulence kinetic energy Upwind Scheme Second Order 

Turbulence dissipation rate 
(k-ε model) 

Upwind Scheme Second Order 

Turbulence specific 
dissipation rate (k-ω model) 

Upwind Scheme Second Order 

 

Table 3. Boundary conditions of the problem 

 
Name Type Description 

ab 
Constant 
Pressure 

Total pressure & temperature are 
equal to the reservoir conditions. 

bc Rigid Wall 
No-slip condition for velocity & 

adiabatic condition for temperature 

cdef 
Pressure 
Far-Field 

The boundary is taken to be far away 
from the nozzle outlet.. 

fa Axisymmetric 
Zero normal gradients is considered 

at this boundary 

 

Table 4. Main parameters of the numerical model 

 

Parameter Symbol Value 

Pressure of reservoir (atm) P0 6.6 

Pressure of ambient (atm) P∞ 1.0 

Temperature of reservoir (K) T0 293 

Initial temperature of ambient (K) T∞ 293 

2.8 Time steps and grid sizes 
 
The thickness of shock waves is in order of free molecular 

length and fluid properties sharply change by crossing 
through them [17]. Therefore, to predict flow changes 
appropriately, grid sizes in the area near to the nozzle is 
intended equal to one micrometer. In Figure 3 small size of 
control volumes near the nozzle area was clearly 
demonstrated. To avoid divergence of numerical simulation, 
problem was solved as an unsteady case with time steps equal 
to one microsecond. 

 
 

3. RESULTS AND DISCUSSION 
 

3.1 Thermodynamic properties 
 

In this section predicted results of thermodynamic 
properties of gases by real gas and ideal gas EOSs were 
compared with experimental data of Lemmon et al. [28]. In 
Figure 4 results of specific volume of air versus temperature 
are provided for pressures of 1, 10 and 100 atm. It is clear 
that at high pressures and low temperatures, difference 
between the results of ideal gas EOS and experiment are 
noticeable. Therefore, due to rapid changes in temperature 
and pressure in underexpanded sonic free jets, using ideal gas 
EOS is not suitable in current problem. Closer examination of 
Figure 4a and 4b showed that at T=81 and 105 K, sharp 
changes in specific volume of air were occurred which were 
due to fluid phase changes. The results indicated that the 
numerical method calculated the phase change points 
correctly and fluid properties in both liquid and gas phases 
were predicted in accordance with experimental data. 

 

3.2 Grid independency 

 

 
(a) P=1 atm (b) P=10 atm (c) P=100 atm 

 

Figure 4. Specific volume of air versus temperature changes 
 
To determine grid independency of numerical solution, 

simulations were achieved by 4 different types of grids. In 
Figure 5, axial velocity at distance of 2.7 mm from nozzle 
outlet was plotted versus radial distance from center line of 
jet stream. Nozzle outlet is end part of the nozzle which is 
connected to environment. This part was clearly shown in 
Figure 1. Figure 5 showed that by finning grid type 3 (with 
103 thousand control volumes) results didn’t change 
significantly. Therefore, to reduce computational costs, future 
simulations were conducted with grid type 3. 

 

3.3 Wall Yplus analysis 
 

Due to high velocity gradients near walls, relatively fine 
grids must be generated in this area. To capture correct 
velocity profile wall Yplus should range from 30 to 300. In 
other words, wall adjacent cell should be located within the 
log-law layer [29]. Wall Yplus is defined as Eq(18) [20]: 
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which 
*u ,   and y are friction velocity, kinematic viscosity 

and distance to nearest wall. In Figure 6 wall Yplus were 
plotted along nozzle wall for both Realisable k-epsilon and 
SST k-omega models. Results showed that wall Yplus value 
varies from 75 to 175 which higher values were related to 
areas with higher velocities (near to nozzle outlet). Based on 
numerical results it’s clear that mesh density near the wall 
were well adjusted. 

 

3.4 Flow structure 
 

In Figure 7 structure of flow at high pressure tanks outlet 
was shown. Figure 7a presents the result of experimental 
study of Eggins and Jackson [5] which was visualized by 
shadowgraphy technique. In this method, due to the changes 
in thermodynamic properties of fluids, flow pattern gets 
visible. In Figure 7b and 7c results of numerical simulations 
by Realisable k-epsilon and SST k-omega models were 
shown. These figures show the density contours of fluid 
which darker areas correspond to higher densities. By 
comparing numerical results with experimental data, it could 
be concluded that Realisable k-epsilon turbulence model 
predicted overall structure of flow with applicable 
approximation. In addition to acceptable prediction of flow 
structure, the SST k-omega turbulence model also predicted 
details of sonic free jets. The details include expansion fans, 
compression waves, Mach disk and slip lines which were 
predicted according to previous analytical studies [4]. 

 

 
 

Figure 5. Axial velocity versus distance from center line of 
jet stream 

 

 
 

Figure 6. Wall Yplus evolution along the nozzle length 

3.5 Flow velocity field 

 
Contours of velocity magnitude and path lines were 

presented in Figure 8. Results show that at exhaust region of 
the tank, flow was chocked and its velocity was got sonic 
(about 313 ms-1). Also, the fluid velocity before and after the 
exhaust region were respectively less and more than sound 
speed. This flow pattern can be easily explained according to 
choking phenomenon. 

By comparing Figure 7 and Figure 8 it could be also 
observed that fluid velocity was severely reduced by passing 
through Mach disk area. The reason for this trend is 
combination of oblique shock waves and creation of normal 
shock wave at Mach disk area. In other words, normal shock 
waves always are followed by sharp velocity decrease. 

For a closer look in velocity field, in Figure 9a and 9b 
velocity of fluid at upstream and downstream of Mach disk 
were plotted, respectively. These areas were indicated in 
Figure 8 by A-A and B-B lines. In Figure 9 the horizontal 
axis is the distance from center line of jet stream which 
position r/R=0 is consistent with the symmetry axis. By 
comparing numerical results with experimental data it could 
be seen that SST k-omega model predicted velocity profile 
better than Realisable k-epsilon model. 

Moreover, scrutiny through Figure 8a showed that by 
getting away from the central axis of jet stream, fluid velocity 
gradually decreases. This process is similar to velocity profile 
of subsonic free jets [30]. In contrast, Figure 9b shows that 
fluid velocity in middle region was reduced sharply. This area 
includes from the central axis of jet stream to slip line. 

 

 
(a) experimental results of Eggins and Jackson [5] 

 
(b) numerical results- Realisable k-epsilon model 

 

M=1

Slip Line

Reflected Shock

Compression Waves

Expansion Fans
Mach Disk

 
(c) numerical results- SST k-omega model 

 

Figure 7. Flow structure at outlet of high pressure tanks 
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Figure 8. Velocity magnitude countors and path lines  
 

 
(a) line A-A: upstream of Mach disk with 0.2 mm distance 

 
(b) line B-B: downstream of Mach disk with 0.2 mm distance 

 

Figure 9. Axial velocity against distance from center line of 
jet stream 

 

3.6 Flow pressure field 
 

In the numerical simulations, in addition to velocity field 
other flow parameters such as pressure and temperature also 
could be achieved. Accordingly, static and total pressure 
contours at outlet of high pressure tanks were shown in 
Figure 10a and 10b, respectively. Results showed that fluid 
static pressure at nozzle outlet was higher than atmospheric 
pressure and it reduced in the downstream. This pressure 
reduction was due to expansion waves which fluid was passed 
through them. After collision of expansion waves with 
boundary of jet stream, they got reflected as compression 

waves. Combinations of these waves drove the Mach disk 
area. In this region, pressure of fluid increased extremely. 
Results also showed that flow with total pressure of 6.5 atm 
discharged to the atmosphere and after crossing Mach disk 
area, it suddenly dropped to 1.5 atm. 

In Figure 11 static pressure at center of jet stream was 
plotted versus distance from nozzle outlet. It could be 
observed that due to compression and expansion waves, fluid 
pressure was oscillating in near field of nozzle outlet. By 
moving to downstream of the flow, due to shear forces, 
pressure fluctuations gradually reduced and finally its 
pressure got equal to ambient pressure. 

 

 
(a) Static pressure 

 
(b) Total pressure 

 

Figure 10. Pressure countors at outlet of high pressure tanks 
 

 
 

Figure 11. Static pressure of jet steam versus distance from 
nozzle outlet 

 

3.7 Flow temperature field 
 

In Figure 12 static and total temperature contours were 
presented at the outlet of high pressure tanks. The results 
showed that in behindhand of the Mach disk, fluid 
temperature was reached to its minimum value. By comparing 
Figure 10a and Figure 12a, it could be seen that fluid pressure 
was also minimum in this area. In fact, pressure reduction was 
followed by temperature drop which this process could be 
explained by Joule-Thomson concept. Positive values of 
Joule-Thomson coefficient indicate fluids such as refrigerant 
which temperature of these fluids have direct relation with 
pressure Therefore, due to positive value of Joule-Thomson 
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coefficient for air constituent (oxygen and nitrogen) [17], air 
temperature was reduced in expansion processes. Results also 
showed that in boundary layer region of jet stream, total 
temperature gradients were higher.  

For a closer look at temperature distribution, in Figure 13 
temperature changes at center of jet stream is plotted versus 
distance from the nozzle outlet. The results show that 4.4 mm 
from the outlet, fluid temperature is reduced to 86 K. Thus, in 
gas leakage from high pressure tanks and pipelines, freezing 
and fragility of equipment will happen in adjacent regions. 
Accordingly, in design of high pressure tanks and pipelines, 
insulation of sensitive equipment and installation of 
equipment with safe distance seems to be necessary. 

 

 
(a) Static temperature 

 
(b) Total temperature 

 

Figure 12. Temperature countors at outlet of high pressure 
tanks 

 

 
 

Figure 13. Static temperature of jet steam versus distance 
from nozzle outlet 

 

3.8 Turbulence field 
 

TKE and TI countors at outlet of high pressure tanks are 
presented in Figure 14a and 14b, respectively. TKE is 
kinematic energy of velocity fluctuations and TI is turbulence 
intensity which was calculated using Eq(19): 

 

u
TI

u




 

                                                                (19) 

 

In this equation u  and u are the root-mean-square of the 

turbulent velocity fluctuations and the mean velocity. Results 
show that due to high velocity fluctuations, TKE and TI are 
maximum at the boundaries of jet stream. In Figure 15 
turbulence kinetic energy are plotted versus radial distance in 
different sections from nozzle outlet. It’s clear that the 
turbulence kinetic energiy increases by radious and reaches to 
its maximum at the boundary layers and then gradualy drops 
to ambient condition (TI=0). Also results indicate that by 
getting away from nozzle out, peak value of TKE reduces and 
its domain gets larger. In other words, by expansion of jet 
srtream in the atmosphere, maximim value of TKE reduces. 
 

 
(a) Turbulence kinetic energy 

 
(b) Turbulence intensity 

 

Figure 14 Turbulence countors at outlet of high pressure 
tanks 

 

 
 

Figure 15. Turbulence kinetic energy against distance from 
center line of jet stream 

 

3.9 Parametric studies 
 

To investigate the effects of inlet pressure on the flow 
structure some parametric simulations were performed. 
Therefore, beside the base condition (case B: Ptotal=6.6 atm), 
three different inlet pressures (case A: Ptotal=3.3 atm, case C: 
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Ptotal=9.9 atm and case D: Ptotal=13.2 atm) were also 
considered in the simulations. Results of simulations were 
presented in Table 5. In this table, total and static pressure, 
total and static temperature, velocity magnitude, fluid density, 
TKE and mass flow rate were reported. Results showed that 
inlet pressure increases did not have any effects on fluid 
temperature and velocity because flow was chocked in nozzle 
outlet and fluid velocity was reached to its maximum value 
(sound speed). But pressure increases raised fluid density and 
as a result mass flow rate were also raised up. This process 
was clearly shown in Figure 16a. In this figure mass flow rate 
was plotted against different inlet pressures. 

For analyzing the effects of nozzle geometry on flow 
structure, beside the base condition (case B: L=20R), three 
different nozzle lengths (case E: L=15R, case F: L=10R and 
case G: L=5R) were also considered in the simulations. In 
these simulations other parameters such as nozzle inlet and 
outlet radius were kept constant. Therefore, by changing 
nozzle length, its angle was also changed. Results of these 
parametric simulations were presented in Table 6. Results 
indicated that geometry variation have negligible effects on 
flow parameters. But generally, the maximum release rate 
was occurred in case E (nozzle angle=3.82o) which was 
clearly demonstrated in Figure 16b. In this figure mass flow 
rate was plotted against different nozzle angles. 

 
 

4. CONCLUSIONS 
 

In this study leakage process from high pressure tanks and 
pipelines were numerically investigated. The results showed 
that due to high pressure difference between reservoir and 
ambient, gas leaked by sonic velocity and higher pressure 
than atmosphere. Also, compression and expansion shock 
waves were observed in near field of cracked area. Further 
results were summarized in the following paragraphs: 

• Existence of shock waves at outlet of high pressure 
tanks and pipelines make the structure of flow different from 
typical subsonic free jets. In this case, up to 40 mm from the 
cracked point, rapid changes in velocity, pressure and 
temperature occurred. Changes in fluid temperature and 
pressure led to changes in fluid properties such as density. 

• In the leakage process from high pressure tanks, due 
to sharp changes in fluid properties, using ideal gas EOS was 
not suitable. The numerical results declared that by using 

Aungier-Redlich-Kwong EOS, fluid properties were 
estimated in accordance with experimental data. 

• In sonic free jets, effects of flow compressibility 
should be considered in turbulence modeling. Numerical 
results| indicated that SST k-omega turbulence model could 
predict flow details more precisely than Realisable k-epsilon 
turbulence model does. The SST k-omega turbulence model 
predicted the position of Mach disk and flow structure 
according to experimental data. 

• According to the countors of turbulence results, it 
was shown that maximum turbulence kinetic energy and 
turbulence intensity were occurred in boundary layer of free 
jet. Also, results indicated that maximum value of TKE 
decreased by getting away from nozzle outlet. 

• Parametric studies showed that inlet pressure 
increase didn’t change fluid velocity and temperature. But 
due to density increment, mass flow rate had direct relation 
with inlet pressure. 

• Parametric simulations showed that nozzle geometry 
did not have any insignificant effects on release rate. 
However, release rate was maximum in case E with nozzle 
angle and length of 3.82o and 15R, respectively (R was radius 
of nozzle outlet). 
 

 
(a) Inlet total pressure varation 

 
(b) Geometry (nozzle lengh and angle) variation 

 

Figure 16. Mass flow rate diagram 

 

Table 5. Results of parametric study on inlet pressure variations 

 

Case 
Name 

Nozzle Inlet Nozzl Outlet Mass 
flow rate 

(gs-1) 
Pressure (atm) Pressure (atm) Temperature (K) Velocity 

(ms-1) 
Density 
(kgm-3) 

TKE 
(m2s-2) Total Static Total Static Total Static 

3 3.3 3.27 3.26 1.73 293 244 313 2.50 84.86 4.49 
B 6.6 6.54 6.53 3.46 293 244 313 4.99 74.39 8.91 
C 9.9 9.81 9.82 5.19 293 244 313 7.48 68.79 13.38 
D 13.2 13.07 13.11 6.92 293 244 314 9.98 65.15 17.86 

 

Table 6. Results of parametric study on geometry variations 

 

Case 
Name 

Nozzle Geometry Nozzl Outlet Mass 
flow rate 

(gs-1) 
Lengh 

Angle 
(degree) 

Pressure (atm) Temperature (K) Velocity 
(ms-1) 

Density 
(kgm-3) 

TKE 
(m2s-2) Total Static Total Static 

B 20R 2.86 6.53 3.46 293 244 313 4.99 74.39 8.91 
E 15R 3.82 6.56 3.55 293 246 308 5.09 69.93 8.93 
F 10R 5.71 6.58 3.66 293 247 302 5.20 64.53 8.93 
G 5R 11.32 6.59 3.83 293 250 291 5.38 52.49 8.85 
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NOMENCLATURE 
 

a(T) temperature coefficient of ARK EOS, Pa mol2 kg-2 

a0 constant of ARK EOS, Pa mol2 kg-2 

b constant of ARK EOS, mol kg-1  

c constant of ARK EOS, mol kg-1  

C1, C2, 
C3, Cμ 

constants of turbulence equations  

D cross diffusion term in turbulence equations  

e internal energy, J m3 kg-1  

F2 blending function in turbulence equations  

g gravity, m s-2  

G, G  generation of turbulence kinetic energy, kg m-1s-3  

k turbulence kinetic energy, m2 s-2  

L nozzle length, m 

m power constant of ARK EOS 

M Mach number 

P pressure, Pa  

q heat flux, W m-2  

r radius, m  

R nozzle outlet radius, m  

R  universal gas constant, J mol-1 K-1  

S source term, W m-3  

t time, s  

T temperature, K  

TI turbulence intensity, %  

TKE turbulence kinetic energy, m2 s-2  

u  velocity, m s-1  

u   average velocity, m s-1  

u   velocity fluctuation, m s-1  

*u
  

frictional velocity, m s-1  

V specific volume, m3 mol-1  

x  position, m  

y distance from nearest wall, m  

Y dissipation term in turbulence equations, kg m-1 s-3  

YM constant of turbulence equations, kg m-1 s-3  

Y    wall Yplus 

 

Greek symbols 

 
*  Reynolds number correction in turbulence equation 

1  constants of turbulence equations 

  effective diffusivity in turbulence equations 

  Kronecker delta 

  turbulence dispersion rate, m2 s-2 

  angular coordinate  

μ dynamic viscosity, kg m-1s-1 

  kinematic viscosity, m2 s-1 

ρ density, kg m-3  

  turbulence Prandtl numbers 

  tension tensor, Pa  

  turbulence specific dissipation rate, s-1  

  eccentricity factor of ARK EOS 

 

Subscripts and superscripts 

 

0 reservoir condition 

b buoyancy effect 

c critical point 

i coordinate index 

j coordinate index 

k coordinate index, turbulence kinetic energy index 

r reduced state of fluid 

sat saturated state of fluid 

t turbulence index 

total total condition of flow 

  turbulence dispersion rate index 

  turbulence specific dissipation rate index 

  ambient condition 
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