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Abstract: 
 

Specific dense gases, so-called BZT gases, 

display non-classical properties when 

flowing in the transonic regime. These 

properties can be exploited to achieve high 

levels of efficiency when using such gases 

as working fluids in Organic Rankine Cycle-

based turbines. The complexity of setting up 

experimental studies for such dense gas 

flows motivates the development of efficient 

numerical tools. A turbulent (RANS) code is 

applied to the simulation and analysis of the 

flow of a BZT fluid in a turbine for a range 

of thermodynamic conditions. 

 

Keywords: compressible flow, simulation, 

gas density, turbulent  

 

 

Introduction  
The gas vapors are dense single phase with 

properties that deviate significantly from those 

predicted by the ideal gas law when operating at 

temperatures and pressures  close to the critical 

values. A particular interest has grown in recent 

years to  a specific class of dense gases, known as 

gas Bethe- Zel'dovich -Thompson  or, in short, BZT 

gas. For such gas BZT, non -classical behaviors are 

theoretically  planned for the thermodynamic 

conditions lie above the coexistence curve liquid / 

vapor, such as the derivative of the fundamental gas 

dynamics, defined   

 

    
 

 
(
  

  
) 

 

with half the density of the fluid, c the speed of 

sound and sl'entropie,  becomes negative. When ¡ < 

0, for a specific range of temperature and pressure  

in the vapor phase, the shock compression of 

classical theory of perfect gases violent  inequality 

and entropy are no longer eligible. BZT fluids can 

be fluid  used in commercial refrigeration 

equipment in particular. Phenomena nonclassiques  

observed with such fluids as they flow at high 

speed ( transonic regime )  have several practical 

consequences which include the possibility of using 

these  fluid to reduce losses caused by the wave 

drag and shock interactions / layer  limit in the 

nozzles and turbomachinery, especially in the 

context of cycles  Organic Rankine (or Organic 

Rankine Cycle, ORC for short). The difficulty of 

setting  up experimental studies for such gas ( 

Colonna et al (2007)) has motivated the 

development  digital tools to analyze the 

performance associated with fluid flow as BZT, 

assess the value of their use as motive fluids and 

define their optimal implementation.  Transform a 

simulation code for compressible flows originally 

developed to calculate transonic flows of perfect 

gas in a solver of dense gas flows required to 

change the way digital processing to be able to 

process a complex gas equation of state, as the 

equation of state of Martin-Hou for example, 

necessary to describe correctly the behavior of the 

gas flow. The choice of the equation of state impact 

on both the formula used to stream digital discretize 

the system of Euler equations, Navier-Stokes or 
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Navier-Stokes averaged (RANS) based on the 

degree of complexity adopted for modeling, but 

also the conditions boundaries away from the solid 

walls which are generally used to Riemann 

invariants depend directly on the equation of state 

used.  Of previous work by authors have developed 

a solver unstructured finite volume for flow dense 

gas Congedo et al (2007), this digital tool has 

recently been extended to simulation of three-

dimensional configurations and applied by the 

authors to study the performance aerodynamics of 

dense gas flows in transonic regime and in the 

absence effects of viscosity.  Another line of 

evolution of the digital tool focused on taking 

account the viscous effects in laminar flow and 

turbulent flow in.  The purpose of this work is 

precisely to describe the developments made to 

model the effects of turbulence in compressible 

flows of dense gases and analyze simulations 

turbulent flows of dense gases for different 

operating points to assess more realistically the 

efficiency gains potentially achievable through the 

use of such gases. 
 

 Physical description of flow  
 

The dense gas flows studied are governed 

by the Navier -Stokes equations, expressed  

for flows at equilibrium and non -reactive. 

In this work, we consider these  equations 

in their integral form, written for Ω a 

control volume boundary   : 

 
 

  
 
 
      

  
(  ( )    (    )))     

                                    ( ) 
 

 

 

That          the vector of 

conservative variables (½ the density, V 

the  velocity, specific total energy E 

)       (   )     (   
 ) )convective flow or Euler flux   
(       (    )   (    )diffusive 

or viscous flow   is  the viscous stress 

tensor, q the vector flux  

heat, q and qt are respectively the Reynolds 

stress tensor and the vector turbulent heat 

flux ). The system (1) is supplemented by 

an equation of state and a thermal  thermal 

equation of state of the form: 

 

   ( ( )  ( ))( ) 

   ( ( )  ( ))( ) 

 

where e denotes specific internal energy, T 

is temperature. 

 

Modelling thermodynamic  

The equation of state considered in this 

work is called the Martin- Hou and 

Cinnella Congedo  (2005) using five terms 

of the development of ten virial and 

thermodynamic constraints satisfied.  This 

equation is one of the best models 

available to account for effects of dense 

gases while maintaining a level of 

complexity of digital implementation  

reasonable and Cinnella Congedo (2005), 

it provides an accurate description of the 

behavior  gas in the vicinity of the 

saturation curve using a reduced number of 

input data  thermodynamics. However, it is 

established that this equation of state tends 

to underestimate  the extent of the area 

known as inversion in which the derivative 

of the fundamental dynamic  gas becomes 

negative, and this failure is not really a 

problem since the results of  simulation 

obtained using the equation of state will 

simply tend to undervalue  (slightly) the 

expected benefits from the use of BZT 

fluids. In the case considered here the 

simulation of dense gas flows taking into 

account  effects of viscosity, 

thermodynamic models are also required to 

bind  ¹ dynamic viscosity and thermal 

conductivity k to temperature and gas 

pressure.  These physical properties of 

BZT fluids are calculated using the models 

proposed by  Chung et al (2005): 
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In these formulas M is the molar mass of 

the fluid is the critical volume
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is the collision integral, R is the 

gas constant, and Fc ª are coefficients  

specific fluid considered dependent, in 

particular, the acentric factor of the fluid 

and its  dipole moment. Models (4) and (5) 

have been used in previous work (Cramer 

and  al (1996)), (Cramer and Park (1999)). 

The effects of turbulence are taken into 

account using the Spalart-Allmaras model, 

whose  implementation details are 

provided in the following section. It is 

important to note that  the underlying 

assumption that justifies this choice is to 

assume that a first approximation,  the 

structure of turbulence is not affected by 

the effects of dense gases, for conditions  

sufficiently far from the thermodynamic 

critical point liquid / steam anyway. in  As 

part of a study conducted in parallel with 

this work, we are interested in studying the 

validity  this hypothesis by conducting 

simulations of large-scale configuration  

single gas flow channel dense and evolving 

on the basis of the behavior  obtained the 

statistical model we wish to implement for 

the simulation of flows  in complex 

geometries ( 2D and 3D turbines ). 

2.2 Modelling of turbulence  

The Spalart-Allmaras model is a model for 

a transport equation for turbulent viscosity  

Spalart and Allmaras (1994), which has the 

advantage of not requiring a resolution of  

mesh than that associated with the 

implementation of algebraic turbulence 

models;  the version used in this study is an 

extension of the initial model for the 

simulation  of compressible flows Deck et 

al (2002). The transport equation for the 

variable turbulent  Working  ̃ is given by: 

The turbulent viscosity  that 

appears in the expression of the stress 

tensor   

 

 

  
 
     

(  ̃)  

  
  
((  ̃) 

 (
 

 
( 

   ̃)  ̃))    ∑   
 
 (    )               ( ) 

 

 

Reynolds is related to the variable work  

by the relation: 
    ̃    

 

where the function  is given by:     
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The various functions appearing in (7) are 

themselves defined by: 
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In the above formulas, S is the magnitude 

of the vorticity, d is the distance between 

the  current point and the nearest solid 

wall, dt is the distance between the current 

and  location of the abscissa transition (trip 

) to the wall - assumed specified   is the 

vorticity  wall at this transition and 

abscissa  is the difference between the 

speed at  current point and the speed at the 

abscissa of transition. the amount    is 

defined by        (    
  

     
)       is 

no space a the wall at the abscissa of  
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transition. Finally, the different model 

constants are set to the following 

 

  
 

 
                                             

      

    
   
  
 
     
 

                            

                   

                                                       
 

 

The turbulent heat flux is conventionally 

described by introducing a number of 

turbulent Prandlt  equal to 0:9.  As can be 

seen in the review of equations (6) and (7) 

the equation turbulence model  is solved in 

a fully decoupled equations of 

conservation (mass, amount  motion, 

energy) mean field. 

 

Discretization in time and space  

Unstructured solver uses a finite volume 

discretization system conservation laws for 

the mean field (1), formulated in two-

dimensional meshes  general type 

triangular, quadrilateral or mixed. Euler 

flows are calculated at  of each face of a 

cell of the mesh using a Riemann solver 

approached  type HLL Luo et al (2005); 

accuracy of order 2 in space is achieved 

through a technique  polynomial 

reconstruction ( MUSCL approach known 

) of the conservative variables. the  used 

linear reconstruction uses the gradient of 

the conservative variables in each  grid 

location, the gradient is estimated using a 

least squares technique. in the Since the 

solver is applied to compressible flows in 

transonic regime that may contain 

discontinuities, the formula includes a step 

of reconstruction  limiting gradient, based 

on the approach now proposed in standard 

Barth  and Jespersen (1989) and revisited 

in Venkatakrishnan (1995), which provides 

a snapshot of shock devoid of oscillation. 

Rapid convergence to the steady state is 

obtained by implicit  the diagram, a 

procedure inspired by Luo et al (1998), in 

which a single phase  an implicit order 

based on the Rusanov scheme is associated 

with the explicit phase of order 2  based on 

the HLL scheme, this choice is sufficient 

to ensure the stability of the method when  

large CFL is used. As, moreover, the 

implicit stage can be resolved at low  cost 

using a relaxation method by point, the 

diagram thus constructed allows for  

effectively stationary solutions of the flows 

studied. The digital stream in  Borders 

faces is calculated using conditions based 

on the theory of characteristics  and the 

introduction of ghost cells and is important 

to note that these conditions  must be 

adapted according to the state equations 

describing the fluid studied. 

The equation turbulence model is solved 

by employing the same ingredients:  to the 

extent that a simple scalar equation is 

solved, the pattern of spatial discretization  

used is an upwind scheme based on the 

speed of mean-field, extended to the order  

2 by MUSCL reconstruction technique. It 

is necessary for the success of the 

simulation  RANS using the SA model, to 

ensure non -negative values of eddy 

viscosity  at any mesh point and at any 

time. To satisfy this constraint, we 

followed  the approach proposed in ( 

Spalart and Allmaras (1994)) which 

introduces a particular linearization  

adapted from advection, diffusion and 

source terms in the equation of  model. At 

a solid wall and far-field ~ º variable is set 

to zero. 

 

Conclusion 
The code developed on the basis of models 

and methods described above is currently  

applied to the simulation of turbulent flows 

of dense gases in two dimensions of space,  

for external configurations ( airfoils ) and 

internal ( inter-blade channels ). these 

simulations  are conducted by 

systematically varying the thermodynamic 

conditions of the state  generator to cover a 

full range of operation, the results are  
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compared to those associated with 

conventional flow of ideal gas under the 

same conditions  Mach, Reynolds and 

incidence. A full analysis of the results will 

be presented  at the Conference, which will 

also include a comparison of some of the 

results  those recently obtained and 

published in Cinnella and Congedo (2008). 
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