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Abstract 
 
A numerical model was performed to represent the expansion phenomenon resulting from the leakage of 
pressurized gases in a pipe using the Ansys Fluent 2021 R1 software. The free underexpanded jet was 
produced by a nozzle with an outlet diameter of        operating at a stagnation pressure and temperature 
respectively equal to         and      , being compared with the experiment conducted by Eggins and 
Jackson (1974) for qualitative (visual analysis) and quantitative validation requirements (through the statistical 
model proposed by Hanna (1993)). After the validation of the proposed numerical model, some important 
results can be highlighted, such as the temperature, pressure and velocity profiles, showing important regions, 
such as the barrel-shaped shock and the transition limit region from Mach   to Mach    denominated 

“Mach disk”, other important results obtained such as a peak velocity of approximately        , the Mach disk 

position obtained at          , a position necessary for the correct plotting of the upstream and downstream 
velocity profile graphs of the Mach disk. In general, the numerical model managed to meet expectations very 
well, agreeing with the experiment, it had excellent results for the expected velocity profiles, obtaining 
maximum average error for each of the compared cases of      ,       and       for the worst case, thus 
validating the proposed numerical model clearly showing the main characteristics of an underexpanded free 
jet so necessary for leak analysis of pressurized gases. 

 
1.  Introduction 

 

The increasing attention to safety in industries has 

influenced the risk assessment process, emphasizing the 

importance of modeling the consequences of possible 

accidents and their resulting scenarios. This process is 

fundamental, as there are regulations, strict laws, as well 

as standards, such as, for example, NBR ISO/IEC 31010 

2012 [1] highlights that the risk management process 

includes the application of logical and systematic 

methods to establish the context to identify, analyze, 

evaluate and treat the risk associated with any activity, 

process, function or product trying to answer, for 

example, what can happen and what are the 

consequences [1]. An experimental or numerical 

evaluation of this phenomenon is necessary to answer 

the questions pertinent to the standard. Industries that 

work with pressurized vessels carry out the transport of 

these fluids through gas pipelines, and although they are 

relatively safe, they are subject to some failures caused 

by corrosion, maintenance errors, external impacts and 

operator errors causing the accidental release of gases 

from a rupture (partial or total) or hole in the ducts [2], 

[3]. 

 

The problem of accidental leakage, in addition to the 

closure of plants and interruptions of production 

processes, is the exposure of humans and the 

environment to toxic gases and contaminants. For 

example, once leaked, CO2, as an asphyxiant and a 

heavy gas, would accumulate in low-lying areas, posing 

a significant risk to life [4]. A classic example happened 

in 1986 when an abundant amount of CO2 released 

from Lake Nyos in Cameroon killed 1,700 people and 

several domestic animals [6]. In the same way that the 

leakage of other well-known gases causes damage, the 

most diverse, such as the leakage of ammonia in 

refrigerators [6], or fuel gas (CH4) which has a high risk 

of explosion [7]. 

 

Given the importance of studying pressurized gas leaks, 

it is essential to highlight how the leak happens, 

emphasizing the main physical phenomena. The leak of 

gases at high pressures begins with the depressurization 

in the duct through an orifice or the total rupture of the 

same, thus occurring in a decompression wave where all 

the accumulated pressure and temperature energy will 

be transformed into kinetic energy (by the conservation 

of mass and energy) occurring to the reduction of 

pressure and temperature, thus increasing the speed [8]. 

The decompression wave will start a rapid expansion 

from the stagnation pressure to the ambient pressure; the 

flow of the expansion part is usually throttled and 

reaches sonic speeds, that is, with very high momentum. 

This flow category occurs when the ratio between the 

two pressures is greater than the critical value [9]. When 
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the ratio is more significant than five, an underexpanded 

jet and a Mach disk formation occur after the orifice 

[10], as shown in  Figure 1. After expansion, the 

underexpanded jet with very high momentum disperses 

through the environment; after traveling for a certain 

distance, the “cloud” will lose its momentum until its 

concentration is neglected [11]. 

 

 
Figure 1: Structure of an underexpanded jet - Mach 

Disk. Adapted from (LEES, F. [12]). 

 

Expanding (illustrated in Figure 1) stands out among the 

phenomena presented in this article. It is a very 

important study as it is a type of flow that involves 

compressibility effects, high gradients of velocity, 

temperature, and pressure; in addition, there is the 

formation of the barrel-shaped region (where Mach  ) 

[13] and the transition boundary region called “Mach 

disk” [14]. These sub-regions and the characteristics of 

the expansion phenomenon, as well as the maximum 

leak velocity and the Mach disk position, are parameters 

that are difficult to obtain precisely. 

 

There are many challenges to the accurate modeling of 

the expansion phenomenon. In recent years, several 

works have studied the leakage phenomena, including 

the expansion model. The works of Wareing et al. [15] 

and Witlox et al. [16] adopted analytical methods that 

are based on the HEM model (Homogeneous 

Equilibrium Model), which considers that the velocity, 

temperature and pressure of the phases are the same and 

obtained consistent results, but with limitations 

regarding the application to pipes in smaller leak 

diameters [17]. Another analytical model that is widely 

used proposed by Bilicki and Kentin [18] and managed 

to meet leaks with smaller diameters was the HRM 

model (Homogeneous Relaxation Model), which 

maintained the assumption of mechanical equilibrium. 

Also, temperature changes are controlled by non-

equilibrium effects between the liquid and vapor phases 

and by the metastability of liquid before evaporation. 

For analytical models, CFD techniques have been 

widely used in the studies of high-pressure gas releases 

due to the availability of improved computing resources. 

Chuech et al. [19] investigated the structure of 

underexpanded jets using numerical simulations and 

experimental methods. A version of the     

turbulence model was proposed, introducing a 

compressibility correction factor for turbulent viscosity. 

They found that the CFD model produced encouraging 

results. Sand et al. [20] and Novembre et al. [21] studied 

accidental releases of natural gas in high-pressure 

pipelines. In their work, far-field dispersion was also 

investigated. In these studies, the fluids were modeled 

as ideal gases. This treatment has considerably 

simplified the problem but is not appropriate for 

correctly predicting the leakage parameters. That is 

because the ideal gas equation of state cannot accurately 

reflect the thermodynamic properties of gases at very 

high pressures or very low temperatures. Wareing et al. 

[22] and Woolley et al. [23] found that a real gas 

equation was considerably superior to an ideal gas 

equation in predicting near-field temperature and 

velocity profiles of jet streams. Currently, many real gas 

equations are available [24], [25] that can more 

accurately predict the vapor-liquid behavior of the flow, 

providing a better perspective for simulating the release 

of pressurized gases. Bin Liu [26] conducted a complete 

study of the leakage of pressurized gases through the 

total rupture of pipes using CFD. It is noteworthy that in 

the expansion model, the velocity in the profile        

upstream of the Mach disk was well represented; 

conversely, there was a discrepancy in the profiles on 

the axis just after the exit of the converging nozzle and 

       downstream of the Mach disk. The experiment 

carried out by [27] is also highlighted, who measured 

the velocity fields at the jet’s exit        upstream and 

downstream of the Mach disk using the Fabry-Perot 

Laser-Doppler technique. This article contributes to the 

literature review presented by improving the numerical 

model for the expansion phenomenon present in the 

work of Bin Liu [26] in addition to the qualitative and 

quantitative validations (this one was not performed in 

the work of [26]  compared to the experiment by Eggins 

and Jackson [27] which proved to be very accurate and 

a great basis for comparison for the numerical model 

proposed in this article. 

 

This article aims to validade the proposed numerical  

model against the experiments of Eggins and Jackson 

[27]. Also, to generate essential data such as velocity 

and temperature profiles and pressure fields around the 

Mach disc's spatial occurence, indicating that the 

expansion phenomenon's main characteristics are well 

represented by an air underexpanded jet. Such a study is 

fundamental, as its results serve as a basis for further 

analysis of the dispersion of gases from industrial 

accidents involving pressurized fluids in gas pipelines. 

 

2.  Methodology 

 

All methodology was described in this section, 

highlighting the numerical modeling of the expansion 

process of a pressurized fluid through a converging 

nozzle using as a basis for comparison the air jet 

experiment conducted by Eggins and Jackson [27] for 

subsequent qualitative and quantitative validation. The 

numerical model presented was performed using the 

Ansys Fluent 2021 R1 software. 
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In the experiment [27], high pressure air was released 

from a converging nozzle with an outlet diameter of 

      , stagnation pressure and temperature 

respectively equal to         and      . Velocity field 

measurements were made using the Fabry-Perot Laser-

Doppler technique. Therefore, the numerical model 

proposed was based on the experiment by  [27]. 

 

Subsequent subsections describe the development of the 

geometry, mesh, equation, boundary conditions, 

solution methods and statistical model used for 

quantitative validation. 

 

2.1 Geometry and mesh 

To correctly represent the converging nozzle used in the 

experiment, geometry was generated in a two-

dimensional domain with an axial symmetry axis 

represented by Figure 2  thus reducing the processing 

time of numerical simulations. 

 

 
Figure 2: Geometry and mesh for the expansion 

model. 

 

The domain is composed of a converging nozzle with an 

outlet diameter equal to        operating at a pressure 

of         with an outlet to the atmosphere 

(represented by the rectangular domain (100 mm x 300 

mm)), the mesh was made aiming at better capture the 

behavior of the nozzle outlet to the atmosphere, so four 

transitions were made as shown by the zoom in Figure 

2, it can be observed that the closer the nozzle is, the 

more refined the mesh, thus, the better use is made. of 

the number of elements avoiding possible indeterminacy 

resulting from null gradients, thus reducing the 

processing time of the simulations. 

 

The preliminary mesh test was performed in order to 

obtain the best mesh configuration for the model 

following the transitions shown in the zoom of Figure 2, 

in addition, some preliminary tests showed that the 

mesh still needed a specific refinement right in the 

output region. , due to the high pressure and velocity 

gradient, as a result, an adaptive mesh was used to better 

capture the gradients of these variables, thus obtaining 

the configuration presented in Figure 3, this specific 

refinement resulted in a significant improvement in the 

results that will be shown in the section 3 totaling 

104502 elements. 

 

 
Figure 3: Adaptive mesh. 

 

2.2  Equations for the numerical model 

In the model in question was used the three 

conservation equations (mass, momentum and energy), 

    turbulence model, Peng Robinson's equation of 

state and the use of a source term in the momentum 

equation were used to quantify the effects of buoyancy  

due to the density change caused by the Peng Robson 

equation [28]. 

 

The mass conservation equation for a two-dimensional 

geometry with an axis of axial symmetry is written as 

follows: 

 
  

  
 

 

  
      

 

  
      

   

 
    (2.1) 

 

Where   is the density of the fluid,   is the axial 

cordinate,   is the radial cordinate,    is the axial 

velocity,    is the radial velocity and    is the source 

term of the mass transferred from the continuous to the 

dispersed phase. 

 

The axial and radial momentum conservation equations 

are given by: 
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Where,   is the static pressure,   is the viscosity,    and 

   are respectively the body forces in the axial and 

radial direction,        is the divergence of the velocity 

which is written as: 

 

       
   

  
 

   

  
 

  

 
 (2.4) 

 

We have that in the equation (2.3)    is the rotation 

speed given by: 

 
 

  
      

 

 

 

  
         

 
 

 

 

  
         

 

 

 

  
   

   

  
   

 

  

 

  
    

 

  
 
  

 
    

    

 
 

(2.5) 

 

The energy conservation equation is described as 

follows: 

 
 

  
                   

                

(2.6) 

 

where       is the term radiation heat source,      

effective thermal conductivity and the energy   is given 

by: 

 

    
 

 
 

     

 
 (2.7) 

 

Where   is the enthalpy. 

 

The turbulence model chosen was the     standard 

due to its simplicity, which is given, respectively, by the 

turbulent kinetic energyta   (2.8) and by dissipation   

(2.9): 
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(2.9) 

 

where    represents the component of velocity in the 

corresponding direction,     represents the strain rate 

component,       
  

 
 represents the turbulent 

viscosity. 

 

The equations (2.8) and (2.9) has adjustable constants, 

where their values have been obtained by numerous 

iterations of fitting data for a wide range of turbulent 

flows, and are as follows: 

 

                           

                    
 

The equation of state must predict changes in density 

due to compressible flow into air, it is a constitutive 

equation that provides a mathematical relationship 

between two or more state variables associated with 

matter, such as its temperature, pressure, volume, or 

internal energy. Many different types of equation of 

state are used in the gas industry [29], [30] their use 

depends on the fluid and the phase to be analyzed to 

calculate its thermodynamic properties. 

 

The ideal gas equation of state is approximately 

accurate for gases at low pressures and high 

temperatures [31], [32], however, at higher pressures 

and lower temperatures, such as pipeline operating 

conditions, it is not as effective. 

 

The equation chosen was that of Peng Robinson, which 

is widely used in industrial processes, can be used for 

simulation in the gas phase, as it has a simple form and 

proven accuracy in the modeling of thermodynamic 

properties [33]. It is a cubic equation and is described 

by (2.10):  
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whith: 

 

  
           

 

  
        

 

  
  

 

 

  
         

  
 

                             
 

where   is the pressure,   is the absolute temperature,   

the molar specific volume,   the universal gas constant, 

  the 'acentric factor' of the gas,    and    is the 

temperature and pressure at the critical point, 

respectively. 

 

As the density variation was adopted following the 

equation presented above, the effects of thrust are 

directly linked to this variation, as a result of which a 

source term was implemented for the moment equation 

to account for these effects and is related to the equation 

(2.11): 
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A UDF was made that represented the effects of 

buoyancy based on the equation (2.11) and compiled 

together with the proposed case in Ansys Fluent. The 

entire development of the UDF source term and its 

respective code is available at Appendix A. 

 

2.3 Boundary conditions and solution methods 

As boundary conditions for each of the regions shown 

by Figure 2 we have: 

 Inlet (Yellow line): Prescribed temperature and 

pressure; 

 Wall (Green lines): Non-slip and adiabatic; 

 Axisymmetric (purple line): Null gradients; 

 Outlet (Blue line): Atmospheric temperature and 

pressure; 

 

Some of the considerations used were that the system is 

in steady state, since the stabilization of the jet occurs in 

approximately       [13], it was also considered that air 

entry and viscous forces in the expansion zone are 

negligible [20].  

 

2.4  Numerical Integration 

The method used in Ansys Fluent to discretize 

conservation equations is the finite volume method, here 

the computational domain is divided into a series of 

sub-regions called 'control volumes' or 'cells'. The 

governing equations are integrated over all control 

volumes of the computational domain. The resulting 

integral equations are expressed as algebraic equations 

that are solved numerically. [34]. 

 

The pressure-based solver was chosen because it is 

compatible with the two-dimensional model with axial 

symmetry axis used, it employs an algorithm that 

belongs to a general class of methods called projection 

method [35]. In the projection method, the mass 

conservation constraint of the velocity field is obtained 

by solving a pressure equation (or pressure correction). 

The pressure equation is derived from the continuity and 

momentum equations so that the velocity field, 

corrected for pressure, satisfies continuity. Since the 

governing equations are nonlinear and coupled to each 

other, the solution process involves iterations in which 

the entire set of governing equations is repeatedly 

solved until the solution converges to a proposed 

residue which in this case was of     , a summary of 

all solution methods used in the simulations are 

described in Table 1. 

 

Table 1: Solution methods used for the simulations. 

Pressure-velocity coupling Coupled 

Spatial 

discretization 

Gradients 
Least Squares 

Cell Based 

Pressure Second order 

Density 
Second order 

upwind 

Momentum 
Second order 

upwind 

Turbulent kinetic 

energy 

Second order 

upwind 

Turbulent 

dissipation rate 

Second order 

upwind 

Energy 
Second order 

upwind 

 

2.5 Statistical model 

For validation of the numerical model presented, it was 

performed in the section 3 in addition to the qualitative 

analysis of the results through the standard deviation of 

    in the experimental results, a quantitative analysis 

of the experimental and numerical results was 

performed using the statistical method proposed by 

Hanna, et.al [36]. 

 

This method consists of evaluating two statistical 

indices that are the geometric mean      and the 

geometric variance     , represented respectively by 

the equations (2.12) and (2.13), where      is the value 

obtained in the numerical simulations and      is the 

experimental value of a given parameter to be 

compared. 

 

    
    

    
    

  
 

(2.12) 

    
     

    
    

  

 

 

 
(2.13) 

 

”A perfect model would have    and    equal to  , 

while values of    of     and   can be thought of as a 

“factor of two” over- and under-forecasts on the 

average, respectively” [36]. In this way, it is possible to 

analyze the percentage that each of the obtained indices 

are of factor 1, this percentage being the efficiency of 

the proposed numerical model. 

 

3.  Results 

The recurring results in this section refer to the entire 

methodology presented above. First, the visual and 

statistical analysis of the results obtained for the 

velocity profile on the axis were performed. After the 

qualitative and quantitative validation for the axis speed, 

a comparison was made with the velocity profile 

       upstream and downstream of the Mach disk 

with their respective validations. 

 

The results obtained for the horizontal velocity profile 

just after the pipe exit are shown in Figure 4 and Figure 

5, it can be observed that the values obtained 

numerically followed the same behavior when 

compared to the experimental data and, in addition, the 

formation of the Mach disk is visible, so the physics of 

the problem was very well represented. 
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Figure 4: Axis speed. 

 

 
Figure 5: Speed profile. 

 

Cheks by the Figure 4 and Figure 5 that the velocity is 

around         at the exit of the tube, with a gradual 

increase with the distance until reaching the peak (about 

       ) around       . After that, the velocity 

drops significantly and then drops marginally with 

distance, furthermore, the formation of the barrel-

shaped region where Mach    [13] and also the 

transition boundary region called “Mach disk” [14] 

respecting the physics of the problem.  

 

After the qualitative validation presented in the previous 

paragraphs, the quantitative analysis was also carried 

out through the statistical model proposed in the section 

2.5. The errors obtained from the comparison of each 

numerical and experimental value through the 

parameters of the    and    are shown in Figure 6 and 

Figure 7, It is worth noting that the average error 

obtained for the analyzed parameters is respectively 

       and       , therefore, it meets the 

requirements for quantitative validation. 

 

 
Figure 6: MG statistical parameter for axis velocity 

profile. 

 

 
Figure 7: VG statistical parameter for axis velocity 

profile. 

 

It remains to be validated for the upstream and 

downstream speed profiles of the Mach disk. Various 

profiles before and after the abrupt velocity transition 

were tested for later comparison purposes with the 

experiment conducted by [27]. After several tests, the 

best possible result happened at the positions of 

        and        respectively for the upstream and 

downstream velocity profiles of the Mach disk, so the 

position where the transition called Mach disk takes 

place occurs in               . 

 

According to the literature, the position where the 

transition occurs         is represented by the 

formulation proposed by Franquet, et al. [37] described 

by the equation (3.1), where      is the release diameter, 

     and      are the release and ambient pressures, 

respectively.  

 

                
    

    

 (3.1) 

 

Using the results obtained by the formulation proposed 

by the equation (3.1) and the result obtained 

numerically (by averaging the positions of the profiles 

upstream and downstream of the Mach disk) was 

obtained the following values listed in Table 2, it can be 

observed that the values had a lag of only       , 

being statically equal and, therefore, within the allowed 

range. 
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Table 2: Relative error for Mach disk position. 

      value      Error     

Franquet, et al. 

(2015) 
             

Numeric              

 

With the validation of the numerically obtained 

position, the respective profiles were compared for 

qualitative and quantitative validation. The Figure 8 and  

Figure 11 show respectively the comparison of the 

profiles        upstream and downstream of the Mach 

disk, it can be observed that the results are well 

represented, having the same behavior compared to the 

experimental data considering a standard error of     

for each of them. The Figure 9, Figure 10, Figure 12 and 

Figure 13 show respectively the error behavior for each 

numerical value against measurements based on the 

parameters of    and    for the profiles        

upstream and downstream of the Mach disk, the 

quantitative results were satisfactory, as they had an 

average error for each of the parameters in the 

respective profiles of       ,       ,        and 

      . 

 

 
Figure 8: Velocity profile        upstream of 

Mach disk. 

 

 
Figure 9:    statistical parameter for velocity 

profile        upstream of the Mach disk. 

 

 
Figure 10:    statistical parameter for velocity 

profile        upstream of the Mach disk. 

 

 
Figure 11: Velocity profile        downstream of 

Mach disk. 

 

 
Figure 12:    statistical parameter for velocity 

profile        downstream of Mach disk. 

 

 
Figure 13:    statistical parameter for velocity 

profile        downstream of Mach disk. 
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It can be observed by Figure 8 and Figure 11 that the 

greatest transverse velocity occurs at the midpoint in 

terms of the profile        upstream of the Mach disk 

and gradually decreases after approximately       , as 

for the profile        downstream, it can be seen that 

the velocity is relatively low in the middle position thus 

respecting the physics of the problem with the barrel-

shaped regions [13] and also the transition region called 

Mach disk [14] in addition to qualitative and 

quantitative validations. 

 

Finally, observing the velocity (Figure 5), pressure 

(Figure 14) and temperature (Figure 15) profiles, the 

flow structure consists of a curved region, where the 

expanding flow is curved back towards the axis because 

of the shock with the external pressure, in this way the 

fully developed Mach disk can be seen. It is noticed that 

high speed generates low temperature due to energy 

conservation. The speed is maximum just a little 

downstream of the nozzle, while the temperature drops 

dramatically in this region. Downstream of the Mach 

disk, the velocity reduces and the temperature increases 

correspondingly. After the Mach disk is traversed, the 

speed gradually increases and the temperature tends to 

stabilize at room temperature. 

 

 
Figure 14: Pressure profile for expansion 

phenomenon. 

 

 
Figure 15: Temperature profile for expansion 

phenomenon. 

 

4.  Conclusion 

 

This article presented a CFD model to simulate air 

underexpanded jets. It was found that the results 

obtained by the model agree well with the 

measurements of [27]. The preliminary mesh test allows 

computational time saving that after 57700 elements, 

there was no significant gain. Although using an 

adaptive mesh through the pressure and velocity 

gradients and implementing a UDF that accounted for 

the effects of buoyancy, both proved to be a satisfactory 

model improvements. 

The model obtained excellent results, being able to 

recreate the main regions of the expansion phenomenon, 

which are the barrel shock shaped regions where Mach 

   and also from the transition boundary region called 

Mach disk where Mach becomes ≤ 1  abruptly, as can 

be observed in the temperature, pressure and velocity 

profiles obtained, also showing that as a result of the 

leakage of pressurized gases, all the energy accumulated 

in the form of pressure and temperature tends to be 

transformed into velocity, reaching values greater than 

       , in addition, the model was validated against 

the experimental data, first with the velocity profile 

right after the converging nozzle exit having maximum 

average error for the statistical parameter of the    and 

   of        and       , after this validation the 

vertical velocity profiles        upstream and 

downstream of the Mach disk were also validated with 

maximum mean errors respectively equal to the    and 

   of        and       ,        and       , in 

addition, the position where the formation of the Mach 

disk occurs in           it was also validated 

compared to the formulation proposed by [37], an error 

was obtained between the values of only       , 

showing that the numerical model proposed in the 

present article is a great tool to feed the input data for 

gas dispersion models. 
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Appendix A 

 

Development of the UDF for a source term that 

accounts for the buoyancy effects due to the density 

change related to the Peng Robson equation: 

 

The source term to be implemented is given by the 

deduction below from the radial direction moment 

equation only the terms related to the thrust: 

 

   
 

 

  

  
    

   
 

 
         

    
    

 
  

 

Deriving the above equation (2.11): 

 

    
    

 
  

   
      

 
  

  
   

 
 

  

 
 

     

 

 
   

  

  
    

 

  
 
 

 
   

 

  
    

  

  
      

 

  
  

 

With the source term and its respective derivative in 

relation to the dependent variable ( ) the UDF was 

created for the source term (DEFINE_SOURCE) given 

by the code below: 

 
 

 


