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In this study, numerical simulation of turbulent flow in an axisymmetric diffuser was carried out at Reynolds 
number Re = 1.56 × 104 and different diffuser expansion angles: α = 14°, 18° and 90°. The results obtained were 
compared with data from previously conducted experiments from the ERCOFTAC database. The inlet flow in the 
diffuser was considered to be fully developed and turbulent, identical to the experimental data. To simulate the 
flow, a recently developed two-fluid turbulence model was used in the Comsol Multiphysics 6.2 software package. 
The study also presented the results of numerical simulations using well-known turbulence models: the two-
parameter SST model and the one-parameter SA model, built into the Comsol Multiphysics software package. It 
was found that the two-fluid turbulence model in the Comsol Multiphysics software package provides more 
accurate results compared to the considered models. In addition, a higher degree of convergence and stability of 
this model was noted than the standard turbulence models that are built into Comsol Multiphysics.  
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1. Introduction 

 
 The description of flow under axisymmetric expansion represents a typical example of turbulent flow, 
which is widespread in various engineering scenarios. For example, diffusers with different expansion angles 
are widely used as a hydraulic element in various technical and technological devices. Sudden expansion is 
also widely used in combustion chamber design. It can act as a flame stabilizer or serve as an element for 
dissipating instantaneous emissions. Experimental and theoretical studies show that the flow in diffusers is 
quite complex. Under certain conditions, phenomena such as flow separation, reverse flow and increased 
turbulence can be observed. Moreover, the flow separation in the diffuser strongly depends on its geometry 
and flow parameters. For this reason, it is critical to determine whether boundary layer separation from the 
surface will occur and to precisely determine the location of this separation in the flow. This phenomenon is 
important both in theoretical and practical aspects, which is confirmed by many studies. Flow separation occurs 
when the boundary layer overcomes a positive pressure gradient [1-3]. Finding the break-off point is a difficult 
task. The work of Chebechi et al. [4] calculated the separation point in incompressible turbulent flows, where 
four prediction methods were used: the Goldschmid, Stratford, Head and Chebechi-Smith method. The results 
obtained were subsequently confirmed experimentally. Researchers such as Knob et al. [5] have studied the 

 
* To whom correspondence should be addressed 



122  Numerical study of turbulent separated flows in axisymmetric … 

dynamics of boundary layer separation using PIV (Particle Image Velocimetry) and time-resolved 
biorthogonal decomposition. Gustavsson [6], Yang et al. [7] also experimentally investigated flow separation 
using PIV, comparing the results with conventional measuring instruments such as hot wire anemometer and 
Preston tubes. Works that consider flows passing through a backward-facing step are also devoted to the study 
of flow separation. These studies play a key role in the development of fundamental fluid mechanics and have 
a wide range of practical applications. All the difficulties associated with the separation and reattachment of a 
turbulent flow with a positive pressure gradient are observed in this case [8-12]. Similar phenomena also occur 
in sudden expansion channels [13-16], which is a common phenomenon in various engineering applications 
such as combustion chambers, aircraft, pipelines, nuclear reactors, turbomachinery heat exchangers, building 
fairings, etc. A study of flow separation depending on the diffuser cone angle for axisymmetric expansion was 
carried out in the work of Chandavari et al. [13]. Also, experimental and numerical studies based on 
longitudinal flow separation vortices were studied by Thornblom et al. [17]. 
 Stieglmeier M., Tropea C., Weiser N., Nitsche W. [20-21] conducted an experimental study of flow in 
an asymmetric diffuser with different diffuser angles ( ),   and 14 18 90α = ° ° ° , and since then their diffuser 
has become widely recognized as the standard. Many numerical studies of flow in an asymmetric planar 
diffuser have been carried out using various turbulence models. Dheeraj Sagar, Akshoy Ranjan Paul, Anuj Jain 
[22] used the k-ε turbulent model. Although interest in the study of flows has led to many experimental and 
numerical studies of their fields, as well as their influence on heat and mass transfer coefficients, turbulent 
properties, especially in regions of recirculating flow, have not been studied in sufficient detail. 
 Relatively recently, a work was published in which a new approach to describing turbulence was 
proposed [23]. In this work, it was shown that turbulent flow can be described as a heterogeneous mixture of 
two fluids with different velocities. Thus, a mathematical model of turbulence was built based on the dynamics 
of two fluids. In this work, it was revealed that the main difference between the two-fluid approach and the 
Reynolds approach is that the two-fluid approach leads to a closed system of equations, while the Reynolds 
approach describes an open system of equations. In [24-26], solutions to various turbulence problems were 
obtained based on the two-fluid model. These studies demonstrated the ability of the model to describe 
thermodynamics in a free turbulent jet, in a rotating flow, and also in flow around a plate. The study showed 
that the two-fluid turbulence model has high accuracy, ease of application in engineering problems, and the 
ability to adequately describe turbulence anisotropy. 
 Therefore, the purpose of this work is to validate the two-fluid turbulence model and verify the 
computational algorithm on a number of simple test problems, axisymmetric expansion with different semi-
angles of the diffuser ( ),   and 14 18 90α = ° ° °  and compare the results obtained with the results of the known 
turbulence models SST [27] and SA [28, 29] (which are built into the COMSOL Multiphysics program) and 
experimental data [15, 35].  

 
2. Physical and mathematical formulation of the problem 
 
 This study focuses on the systematic analysis of separated flow under axisymmetric expansion with 
different values of diffuser half-angles, as presented in Fig.1. The geometric parameters of the diffuser are 
given in Tab.1. The work investigates turbulent flow in a diffuser with half-angle expansion 

,   and 14 18 90α = ° ° °  at Reynolds number Re . 41 56 10= × . The obtained numerical results are compared 
with experimental data [15]. 
 
Table 1. Geometric parameters of an axisymmetric diffuser. 
 

Step height (h mm) Half angle (α°) Base length (x mm)
15 14 60 
15 18 46.17 
15 90 0.0 
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Fig.1. Scheme of the computational domain in an axisymmetric diffuser. 
 

 To describe the motion of a turbulent fluid in an axisymmetric diffuser, as mentioned earlier, a two-
fluid turbulence model was used. The unsteady system of turbulence equations according to the two-fluid 
model in a cylindrical coordinate system has the following form [17]:  
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 In the given equations ,z rV V – respectively the axial and radial components of the averaged flow 
velocity vector, p – hydrostatic pressure, ,z rϑ ϑ – relative axial and radial components of fluid velocity, 
ν  – molar kinematic viscosity, ' , ' , 'zz rr zrν ν ν – effective molar viscosities, d  – closest distance to a solid wall, 

maxλ – largest root of the characteristic equation.  
 
  det( ) ,A E 0− λ =  (2.2) 
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The largest root of the equation of the characteristic is equal to: 
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  max 0λ = ,     if     .D 0<  
 
The constant coefficients of Eq.(2.1) are equal . , . .1 2C 0 7825 C 0 306= =  
 To numerically implement system [1], it is necessary to select a suitable computational grid. It is 
known that the numerical solution depends on the quality of the computational mesh [24]. To obtain 
satisfactory results, it is necessary to increase the mesh density in areas close to hard surfaces. Many turbulence 
models such as k-ω, SST k-ω [21], [25] and Reynolds stress methods require a very fine mesh near the wall, 
which leads to increased computational resources for applying them to engineering problems. In Fig.2, 
calculation grids are shown. 
 For axisymmetric diffusers with corners and 14 18α = ° °  a mesh size of 50 300×  was used. In the 
case of an angle 90α = ° , a mesh size of 50 50×  was chosen for the inlet part of the channel, while a mesh 
size of 100 200×  was used for the expanding part. 
 The initial and boundary conditions were specified as follows: 
 For all turbulence models, the input flow velocity was taken from the experimental data presented in Fig.3. 
 
No-slip conditions were set on the boundary walls, and a zero-pressure gradient was used at the outlet. 
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Fig.2. Calculation grids for axisymmetric diffusers.
 

 
Fig.3. Input flow rate.

 
3. Solution method 
 
 COMSOL Multiphysics provides a variety of solvers to solve a wide range of physics problems. The 
choice of a particular solver depends on the type of physics being modeled, the complexity of the problem, the 
required accuracy, and the available computing resources. To solve the two-fluid turbulent model equations, a 
fully coupled method using the PARDISO direct solver algorithm was chosen in this study. Newton's method 
with a damping coefficient of 0.1 was chosen as the iteration method. The iterative process continued until 250 
iterations were reached. The tolerance factor was set to 1 and the residual factor to 1000. These parameters 
play an important role in the solution process and allow us to achieve the necessary balance between calculation 
accuracy and computational efficiency. 
 Standard COMSOL Multiphysics solvers were used for the standard SST and SA turbulence models. 
 
4. The discussion of the results 
 
 Figures 4-6 show graphs comparing calculated and experimental data for an axisymmetric diffuser 
with 14α = ° . For comparison, these plots also show the numerical results obtained using the SST and SA 
turbulence models. Figure 4 shows the profiles of the axial U-component of velocity; Fig.5 profiles of the 
radial V-velocity component and Fig.6 profiles of flow pulsation u’v’ in various sections. 
 From Fig.4 you can see that for the initial sections at ( ) ( )andx 0 mm x 10 mm= =  the results of all 
models are approximately the same. However, starting from ( )x 20 mm=  and in all subsequent sections, the 
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results of the SST and SA models significantly diverge from the experiment, while the results of the two-fluid 
model show good agreement with the experimental data. 

 

 

( )x 0 mm=  
 

( )x 10 mm=   

 

( )x 20 mm=   
 

( )x 40 mm=   

 

( )x 60 mm=   
 

( )x 120 mm=   
 

Fig.4. Profiles of the axial U-component of the flow velocity. 
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( )x 160 mm=   
 

( )x 200 mm=   
 

Cont. Fig.4. Profiles of the axial U-component of the flow velocity. 
 

 
 

( )x 0 mm=  
 

( )x 10 mm=  

 

( )x 20 mm=  
 

( )x 40 mm=  
 

Fig.5. Profiles of the radial V-component of the flow velocity. 
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( )x 60 mm=  
 

( )x 120 mm=  

 

( )x 160 mm=  
 

( )x 200 mm=  
 

Cont. Fig.5. Profiles of the radial V-component of the flow velocity. 
 
 In a turbulent flow, it is extremely difficult to measure the radial velocity of the flow, which is clearly visible 
in Fig.5. Therefore, the correspondence of the numerical results with the experimental data is of a qualitative nature. 

 

 
 

( )x 0 mm=  
 

( )x 10 mm=  
 

Fig.6. Flow pulsation profiles u’v’. 
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( )x 20 mm=  

 
( )x 40 mm=  

 

 
( )x 60 mm=  

 
( )x 120 mm=  

 
( )x 160 mm=  

 
( )x 200 mm=  

 
Cont. Fig.6. Flow pulsation profiles u’v’. 
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 Figure 6 shows profiles for turbulent stresses. From the presented graph it can be seen that the results 
of the two-fluid model are in fairly accurate agreement with the experimental data, in contrast to the results of 
the SST and SA models. 
 Figures 7-9 show comparative graphs of calculated and experimental data for an axisymmetric diffuser 
with an angle 18α = ° . For a clearer comparison, numerical results from the SST and SA turbulence models 
are also presented. Figure 7 shows the profiles of the axial U-component of the velocity, Fig.8 shows the 
profiles of the radial V-component of the velocity, and Fig.9 shows the profiles of the flow pulsation u’v’- 
velocity component in various sections. 
 The numerical results of the models for this diffuser are similar to those for the previous diffuser. Not 
far from the diffuser entrance, the results of all models are approximately the same. However, as we move 
away from the entrance, the results of the SST and SA models diverge more and more from the experimental 
data. As for the two-fluid model, good agreement with experimental data is observed throughout the diffuser.  

 

 
( )x 0 mm=  

 
( )x 10 mm=  

 
( )x 20 mm=  

 
( )x 40 mm=  

 
Fig.7. Profiles of the axial U-component of flow velocity. 
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( )x 80 mm=  

 
( )x 120 mm=  

( )x 160 mm=  ( )x 200 mm=  
 

Fig.7. Profiles of the axial U-component of flow velocity. 
 

 
( )x 0 mm=  

 
( )x 10 mm=  

 
Fig.8. Profiles of the radial V-component of the flow velocity. 
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( )x 20 mm=  

 
( )x 40 mm=  

 
( )x 80 mm=  

 
( )x 120 mm=  

 
( )x 160 mm=  

 
( )x 200 mm=  

 
Cont. Fig.8. Profiles of the radial V-component of the flow velocity. 
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( )x 0 mm=  

 
( )x 10 mm=  

 
 
( )x 20 mm=  

 
( )x 40 mm=  

 
( )x 80 mm=  

 
( )x 120 mm=  

 
Fig.9. Ripple current profiles u’v’. 
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( )x 160 mm=  
 

( )x 200 mm=  
 

Cont. Fig.9. Ripple current profiles u’v’. 
 

 In Fig.9, showing pulsation profiles, there is also a more adequate agreement between the results of 
the two-fluid model and experimental measurements, compared to the results of known turbulence models. 

 

 

( )x 0 mm=  
 

( )x 5 mm=  

 
 

( )x 40 mm=  
 

( )x 80 mm=  
 

Fig.10. Profiles of the axial U-component of flow velocity. 
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( )x 120 mm=  

 
( )x 160 mm=  

 

 
 
( )x 200 mm=  

 
Cont. Fig.10. Profiles of the axial U-component of flow velocity. 

 

 
( )x 0 mm=  

 
( )x 5 mm=  

 
Fig.11. Profiles of the radial V-component of the flow velocity. 
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( )x 40 mm=  

 
( )x 80 mm=  

 
( )x 120 mm=  

 
( )x 160 mm=  

 

 
 
( )x 200 mm=  

 
Fig.11. Profiles of the radial V-component of the flow velocity. 
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( )x 0 mm=  

 
( )x 5 mm=  

 
( )x 40 mm=  

 
( )x 80 mm=  

 
( )x 120 mm=  

 
( )x 160 mm=  

 
Fig.12. Flow pulsation profiles u’v’. 
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Cont. Fig.12. Flow pulsation profiles u’v’. 
 

 Similar results for a diffuser with an angle 90α = °  are presented in Figs 10-12. 
 
 The flow separation and return flow zone, as well as the length of subsequent connection for all diffusers, 
can be more clearly represented using a plot of streamlines and velocity contours. Therefore, Fig.13 demonstrates 
the visualization of these processes, allowing a better understanding of the physical characteristics of the flow.  

 
 
 
 
 
 
 
14α = °  

 
 
 
 
 
 
 
 
18α = °   

 
  
 Two fluid model SST model SA model 

 
Fig.13. Isoline and flow line. 
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90α = °   

  
 Two fluid model SST model SA model 

 
Cont. Fig.13. Isoline and flow line. 

 

 

 
 

Fig.14. Influence of the mathematical model on changes in the computational mesh. 
 

 These graphs provide the ability to study and analyze flow characteristics such as separation zones and 
return flow zones in detail, which is extremely useful when designing or optimizing a diffuser. Visualization of 
changes in velocities and Reynolds voltage reveals key areas where flow separation and reflux occurs. A closer 
look at Fig.13 can lead to a deeper understanding of the processes occurring in a particular system. Analysis of 



140  Numerical study of turbulent separated flows in axisymmetric … 

these graphs helps not only to identify problem areas, but also to find ways to eliminate them, which, in turn, 
helps to increase the efficiency and reliability of the system. This approach allows engineers and researchers to 
develop more optimal diffuser designs, minimizing energy loss and improving overall performance. 
 The influence of the mathematical model on the change in the computational mesh is an extremely 
important aspect. Figure 14 shows the variation of velocities and Reynolds stress at a cross section of 

 x 200 mm=  for a diffuser with an inclination angle of 14 degrees. In an axisymmetric problem, the simulation 
results depend on the number of nodes on the r axis. In this regard, three different grids were created: 

  ,     and    1 300 20 2 300 30 3 300 50− × − × − × . The calculation of a mathematical model allows for a 
detailed analysis of changes in flow characteristics, such as speed and Reynolds stress, at various points of the 
diffuser. This is especially important for the development and optimization of engineering solutions, since the 
accuracy of the simulation directly affects the efficiency and reliability of the final product. Changing the 
number of nodes in the grid allows you to evaluate the impact of discretization on the simulation results and 
select the most optimal grid option for further calculations. Thus, the construction and analysis of various 
meshes with different numbers of nodes is an important step in the research and development of mathematical 
models of complex engineering systems. 
 
5. Conclusions 
 
 As a result of the analysis of the presented data and graphs, it can be concluded that the behavior of 
the models differs depending on the distance from the initial section of the channel expansion. At the initial 
stage of expansion, all models show similar results. However, as we move away from this point, the two-fluid 
model turns out to be more adequate, providing more accurate agreement with experimental data. Thus, in this 
study, the two-fluid turbulence model is found to be an effective and accurate model for describing turbulent 
flow in an diverging channel. The physical significance of such analysis is that the models can more accurately 
predict the distribution of speeds and stresses, which are critical for the design of systems using expanding 
channels. For example, separation and reverse flow zones identified using a two-fluid model can be particularly 
important for optimizing aerodynamic performance and improving heat transfer efficiency. More accurate 
modeling of turbulent flows in an expanding channel allows engineers to develop designs that minimize energy 
loss and improve overall system performance. Additionally, the use of a two-fluid model facilitates a better 
understanding of the interactions between different flow components, which is important for a variety of 
applications including aircraft engines, piping systems and other industrial processes. This study demonstrates 
that the application of a two-fluid turbulent model can significantly improve the accuracy of prediction and 
analysis of complex flows, ultimately leading to more efficient and reliable engineering solutions. 
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Nomenclature 
 
 1C  – constant coefficient 

 2C  – constant coefficient 

 d  – closest distance to a solid wall 
 p  – hydrostatic pressure  
 rV  – radial components of the averaged flow velocity vector 

 zV  – the axial component of the averaged flow velocity vector 

 maxλ  – largest root of the characteristic equation. 
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 ν  – molar kinematic viscosity 
 'ν  – effective molar viscosity 
 ρ  – density 
 rϑ  – radial component of fluid velocity 

 zϑ  – axial component of fluid velocity 
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