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Abstract: Computational fluid dynamics employs the Large Eddy Simulation (LES) and Reynolds-
averaged Navier-Stokes (RANS) models and combines both models to perform a hybrid RANS/LES 
simulation of the transient state flow field, within which there are the Detached Eddy Simulation (DES) 
and Scale-Adaptive Simulation (SAS) models. In the present work, the objective is to evaluate the DES 
and SAS turbulence models for flow (water) in a Venturi tube, for 2D computational domains. The 
domain was discretized for grids with quadrilateral cells, and the flow field was studied for four flow 
rates. The results of the pressure flow field simulations for the DES and SAS models were compared 
with experimental data reported in the literature, which fit the experiments. However, the DES k-ε model 
presented a negative pressure drop for a region of the flow adjacent to the wall, at the entrance of the 
throat section, the other models DES S-A, DES SST k-ω and SAS presented positive pressures. The 
discharge coefficients yielded values in the range of 0.94-0.951, which were lower than the experiments, 
for errors in the range of 1.57-2.76%. 

Key Words: discharge coefficient, incompressible flow, DES and SAS models, pressure, RANS/LES 
hybrid simulation, Venturi tube 

1. INTRODUCTION 

Turbulence models used in computational fluid dynamics (CFD) [1] have different 
mathematical structures for modeling the flow turbulence, which are used for single-phase, 
two-phase or three-phase flows. 

They have their own characteristic response to flow velocity conditions, adverse pressure 
gradients, boundary layer separation and flow recirculation, for low and high Reynolds 
numbers [2], [3], [4]. 
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The Reynolds number is related to the inertia forces and viscous forces, the higher the 
Reynolds number, the lower the boundary layer thickness [4], [5], [6]. 

In 1904 Prandtl introduced the boundary layer approximation, which divided the flow into 
two regions: an outer non-viscous flow region and an inner flow region defined as boundary 
layer, where the viscous force and fluid rotationality are taken into account [3], [4]. 

Turbulent flow is dissipative, where viscosity causes large eddies to propagate and 
dissipate on a smaller scale, according to the Kolmogorov length, time and velocity scale. 
Eddies transport mass, amount of motion and energy to other regions of the flow, thus 
influencing the behavior of adjacent regions, which causes them to increase their mass, amount 
of motion, as well as, increased heat transfer due to friction and pressure differences [2], [3], 
[4]. The evaluation of turbulence models for different flow field regimes allows to determine 
which turbulence model best fits the required conditions of flow behavior from experimental 
data of pressure, velocity, temperature, discharge coefficient, among others, for subsequent 
application to complex domains that cannot be solved with analytical equations. 

The Venturi tube is used in the process industry to measure the flow rate, and is a venous 
contraction head loss instrument, which was invented by Clemans Herschel (1842-1930) and 
named after Giovanni Battista Venturi (1746-1822) for his pioneering work on flow in conic 
sections [4]. 

Experimental and numerical studies of the flow field in a Venturi tube have been 
addressed by different authors, for liquid, gas, and cavitation flow [7], [8], [9], [10], [11], [12], 
[13], [14], [15], [16], [17], [18], [19], [20], [21]. 

The work reported in [13] regarding numerical simulations of the pressure exerted by 
water flow on the walls for a type of Venturi tube, reported negative pressure drops at the inlet 
of the throat section, for Reynolds numbers greater than 29400; the flow was simulated with 
the Reynolds-Averaged Navier-Stokes (RANS) model and two turbulence models, standard 
𝑘𝑘 − 𝜀𝜀 of Launder and Spalding [22] and standard 𝑘𝑘 − 𝜔𝜔 of Wilcox [23], in COMSOL 
Multiphysics 4.3 which applies the Finite Element Method (FEM). 

The flow (water) was simulated in steady state, without the presence of particles and water 
bubbles, therefore, the results of the simulations with negative magnitude pressure drops 
motivated to continue with the research, this time, to simulate the flow with the ANSYS-Fluent 
16.2 code that applies the Finite Volume Method (FVM), for the flow conditions in transient 
state, in order to corroborate if for other turbulence models they present the same results of 
negative pressure values. 

For transient state flow field simulations, Large Eddy Simulation (LES) and RANS 
models are combined to perform a hybrid RANS/LES simulation; within which are the hybrid 
turbulence models Detached Eddy Simulation (DES) and Scale-Adaptive Simulation (SAS) 
[24]. The equations of the DES and SAS models are modifications of base turbulence models. 
The 𝑘𝑘 − 𝜀𝜀 [22], 𝑘𝑘 − 𝜔𝜔 [23], as well as the SST 𝑘𝑘 − 𝜔𝜔 model of Menter [25] and S-A model 
of Spalart-Allmaras [26] are widely used in CFD. 

For compressible flows, simulations of the flow with adverse pressure gradients and 
boundary layer separation are recurrently compared with experimental data, and each model 
has a particular behavior [27], [28]. For incompressible flows, the density is constant, so the 
iteration time is much shorter with respect to the variable density of compressible flows. 

In the present work, the transient state incompressible flow field is simulated for 2D 
computational domains of a Venturi tube, for DES and SAS models, in order to determine how 
well the numerical results are matched with the experimental data of pressure, discharge 
coefficient and Reynolds number. 
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Section 2 presents the mathematical fundamentals, the domain, the meshing, the boundary 
conditions, the mesh sensitivity study, and the computational solution method. Section 3 
presents the results, and Section 4 presents the conclusions. 

2. MATERIALS AND METHODS 

The Venturi tube used by Tolentino [13] to perform experimental tests of water flow pressure 
is shown in Fig. 1, who reported manometric pressures of water columns; in his work he 
describes the steps of how the experiment was performed. The domain, dimensions, and 
positions of the references from A to L shown in the same figure, were used in the domains 
for the flow field simulations in the present work. 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 

Fig. 1 – (a) Venturi tube with eleven piezometric readings of water columns. (b) Geometry, dimensions and 
positions of the references from A to L [13]. 

2.1 Mathematical fundamentals 

The governing equations for the solution of the incompressible flow field in the ANSYS-
Fluent 16.2 code are the conservation of mass (1) and momentum (2) equations [24], which 
are expressed as: 

Mass conservation: 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ ∇ ∙ (𝜌𝜌𝑢𝑢𝑖𝑖) = 0 (1) 

where 𝑡𝑡 is time, 𝜌𝜌 is density and 𝑢𝑢 is velocity. 
Momentum: 

𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜌𝜌𝑢𝑢𝑖𝑖) + ∇ ∙ �𝜌𝜌𝑢𝑢𝑖𝑖𝑢𝑢𝑗𝑗� = −∇𝑝𝑝 + ∇ ∙ (𝜏𝜏̿) + ∇ ∙ �−𝜌𝜌𝑢𝑢𝚤𝚤′𝑢𝑢𝚥𝚥′������� (2) 

where 𝑝𝑝 is the pressure and 𝜏̿𝜏 is the stress tensor; −𝜌𝜌𝑢𝑢𝚤𝚤′𝑢𝑢𝚥𝚥′������ is the Reynolds stresses, which closes 
to equation (2), and is a function of the turbulent viscosity, 𝜇𝜇𝑡𝑡. 

The stress tensor is expressed as [24]: 
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𝜏𝜏̿ = 𝜇𝜇 ��∇𝑢𝑢𝑖𝑖 + ∇𝑢𝑢𝑗𝑗� −
2
3
𝛿𝛿𝑖𝑖𝑖𝑖∇ ∙ 𝑢𝑢𝑙𝑙� (3) 

where 𝜇𝜇 is the molecular viscosity, 𝑙𝑙 is the unit tensor, 𝛿𝛿𝑖𝑖𝑖𝑖 is the Kronecker delta, if 𝑖𝑖 and 𝑗𝑗 are 
equal, their value is one, if they are different, then their value is zero. 

For the modeling of the transient state turbulence in the present work, the hybrid 
turbulence models DES and SAS are used. 

DES and SAS are based on one set of momentum equations throughout the RANS and 
LES portions of the domain. The models used are classified as, DES: DES S-A [26], [29], 
[30], DES Realizable 𝑘𝑘 − 𝜀𝜀 [31], and DES SST 𝑘𝑘 − 𝜔𝜔 [32]; as well as the SST-SAS model 
[33], [34]. 

The SAS concept is based on the introduction of the von Karman length-scale into the 
turbulence scale equation. 

The formulation of a scale-equation has been developed by Rotta (1968, 1972). This SAS 
source term originates from a second order derivative term in Rotta’s transport equations [35]. 

The transport equations for the SST-SAS model as implemented in Ansys-Fluent are 
based on transforming Rotta’s approach to 𝑘𝑘 − 𝜔𝜔 (SST) [33], [34]. The 𝑘𝑘 − 𝜀𝜀 and 𝑘𝑘 − 𝜔𝜔 
models are two-equation transport models, where 𝑘𝑘 is the turbulent kinetic energy, 𝜀𝜀 is the 
turbulent dissipation rate, and 𝜔𝜔 the specific dissipation rate. 

The Spalart-Allmaras S-A model [26] is a one-equation model that solves a modeled 
transport equation for the kinematic viscosity of turbulent eddies. In [24] the mathematical 
expressions of the governing equations and the DES and SAS turbulence models are reported 
and detailed. 

The discharge coefficient 𝐶𝐶𝑑𝑑 [4] is determined from the following expression: 

𝐶𝐶𝑑𝑑 =
𝑄𝑄𝑟𝑟
𝑄𝑄𝑡𝑡

 (4) 

where, the flow rate 𝑄𝑄𝑟𝑟  is the real or experimental flow rate and is a known data obtained in 
the laboratory. 𝑄𝑄𝑡𝑡 is the theoretical flow rate and is expressed as: 

𝑄𝑄𝑡𝑡 = 𝐴𝐴𝑔𝑔�2𝑔𝑔∆ℎ (1 − 𝛽𝛽4)⁄  (5) 

where 𝐴𝐴𝑔𝑔 is the cross-sectional area of the throat section at reference D, 𝑔𝑔 is gravity. ∆ℎ =
ℎ𝐴𝐴 − ℎ𝐷𝐷, where ℎ𝐴𝐴 is the gauge pressure of the water column at reference A, and ℎ𝐷𝐷 at the 
throat section, at reference D. 

𝛽𝛽 is the ratio between the throat diameter (reference D) and the larger diameter (reference 
A) of the Venturi tube inlet, where 𝛽𝛽 = 𝐷𝐷𝐷𝐷 𝐷𝐷𝐴𝐴⁄ . 

For the calculation of the flow rate 𝑄𝑄𝑡𝑡, the head loss due to the effect of flow friction is 
not taken into account. 

The Reynolds number 𝑅𝑅𝑒𝑒 [4] is a dimensionless number, being the ratio of the inertial 
forces to the viscous forces: 

𝑅𝑅𝑒𝑒 =
𝜌𝜌𝜌𝜌𝜌𝜌
𝜇𝜇

 (6) 

where 𝜌𝜌 is the density, 𝑉𝑉 is the average velocity, D is the diameter, and 𝜇𝜇 is the dynamic 
viscosity. 

For values less than 2300 the flow is laminar, for values greater than 4000 the flow is 
turbulent; for the range 2300-4000 the flow is in transition [4]. 
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2.2 Meshing and boundary conditions 

Because of the symmetry of the Venturi tube in the radial direction, it was considered to 
simulate the flow for 2D domains, and this is very common for symmetric geometries of bodies 
of revolution. 

Therefore, going from a 3D to 2D domain reduces the computational cost and data 
processing iteration time. 

The geometry of the Venturi tube for a 2D domain is shown in Fig. 2. The domain is 
meshed with structured mesh and quadrilateral cells; the enlarged detail shows how the 
quadrilateral elements are distributed on the walls and in the throat section. The same figure 
shows the boundary conditions. 

 
 
 
 
 
 
 
 

 
Fig. 2 – 2D domain of the Venturi tube. Structured mesh with 11480 quadrilateral elements. Cell distribution, 

radius for length: straight section 70x7, convergent 70x30, throat 70x60, divergent 70x60, straight section 70x7. 
Bias factor: 22, towards the wall. Bias factor: 5, towards throat, left side. Bias factor: 6, towards throat, right side 

The experimental data [13] needed in the present work are presented in Table 1, where 
the gauge pressure in units of millimeters of water (mmH2O), flow rate, mass flow, velocity 
and Reynolds number at reference D, and the discharge coefficient 𝐶𝐶𝑑𝑑 are given. It should be 
noted that the velocity in the throat section was calculated with the experimental flow rate, and 
with the experimental and theoretical flow rate the discharge coefficient was calculated with 
Equation (4). 

Table 1 – Parameters for four experimental flow rate readings [13] 

Exp. 

Pressure 
∆𝑃𝑃𝐴𝐴−𝐿𝐿 

(mmH2O) 

Flow  
Rate 104 
(m3/s) 

Mass 
flow rate 

(kg/s) 

Velocity 
(m/s) 

Ref. D 

Reynolds 
number 
Ref. D 

Discharge 
coefficient  

𝐶𝐶𝑑𝑑 
2 14.5 2.583 0.257551 1.28468 22489 0.955 
3 18 2.991 0.298233 1.48760 26041 0.971 
4 23 3.382 0.337120 1.68206 29445 0.977 
5 26.5 3.704 0.369326 1.84221 32249 0.979 

 

The gauge pressures at each reference, from A to L, are used to compare the numerical 
results of the turbulence models. 

The pressure differences (∆𝑃𝑃𝐴𝐴−𝐿𝐿), at the inlet, A, and outlet, L, of the water flow in the 
Venturi tube, were taken as references in the simulations to identify for each experiment: Exp. 
2 (∆𝑃𝑃𝐴𝐴−𝐿𝐿 = 14.5 mmH2O), Exp. 3 (∆𝑃𝑃𝐴𝐴−𝐿𝐿 = 18 mmH2O), Exp. 4 (∆𝑃𝑃𝐴𝐴−𝐿𝐿 = 23 mmH2O) 
and Exp. 5 (∆𝑃𝑃𝐴𝐴−𝐿𝐿 = 26.5 mmH2O), respectively. The same values of the water temperature 
at 24°C were taken into account, being the density 𝜌𝜌 = 997.1015 kg/m3, and the dynamic 
viscosity 𝜇𝜇 = 9.1135x10−4 Pa ∙ s. 
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The boundary conditions for the flow at the inlet and outlet of the Venturi tube are shown 
in Table 2. 

The values of the pressures are the same as those reported by Tolentino [13], and when 
entering the data into the ANSYS-Fluent code they should be entered in Pascal units. The 
domain wall was considered adiabatic. 

In axial symmetry, in the x-axis in the radial direction, the flow velocity is zero; at the 
wall also the velocity is zero due to the no-slip condition. 

Table 2 – Boundary conditions at the inlet and outlet of the Venturi tube 

  ∆𝑃𝑃𝐴𝐴−𝐿𝐿 (mmH2O) 
  14.5 18 23 26.5 
Inlet: 
Inlet: 

Velocity (m/s) 0.4865 0.56335 0.63699 0.69764 
Pressure (mmH2O) 170 179 190 199.5 

Outlet: Pressure (mmH2O) 155.5 161 167 173 
For numerical convergence, a sensitivity study of the mesh with quadrilateral cells was 

performed in the ANSYS-Meshing platform. 
The domain was refined three times: a first meshing for 9840 elements, a second meshing 

for 10660 elements and a third meshing for 11480 elements. 
Pressure loading for ∆𝑃𝑃𝐴𝐴−𝐿𝐿 = 14.5 mmH2O and the DES S-A turbulence model were 

applied and compared with experimental data [13]. 
The numerical results yielded results adjusted to the experimental ones (Fig. 3a), as well 

as, yielded lower values of 𝑦𝑦+ < 1, except for the regions at the entrance and final section of 
the convergent joining with the throat, which obtained 𝑦𝑦+ < 1.45 (Fig. 3b). The third meshed 
domain with 11480 elements is the most satisfactory, so it was taken into consideration in the 
simulations of the flow field of the present work. 
 
 
 
 
 
  
 
 
 
 
 
 
 

Fig. 3 – Numerical simulations with the DES S-A turbulence model, for three refined grids. (a) Comparison of 
gauge pressure profiles at the Venturi tube wall with experimental data [13]. (b) Profiles 𝑦𝑦+ evaluated at the wall 

2.3 Computational solution method 

In ANSYS-Fluent 16.2 the following considerations were taken into account: in Solver, Type: 
pressure-based; Velocity formulation: absolute; Time: transient; 2D space: axisymmetric. In 
viscous model, Model: DES, y RANS model: S-A, Realizable 𝑘𝑘 − 𝜀𝜀, SST 𝑘𝑘 − 𝜔𝜔. Also, the 
Model: SAS. 
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In the solution methods, in pressure-velocity coupling, scheme: SIMPLE. In spatial 
discretization, Gradient: Least Squares Cell Based; pressure: Second Order; Momentum: 
Bounden Central Differencing; Modified turbulent viscosity: Second Order Upwind. 

In transient formulation: Second Order Implicit. For the residual monitor, a fixed value of 
1×10-7 was determined. The hybrid initialization method was applied. 2000 iterations were 
performed to obtain the flow field results for pressure and velocity. 

A computer with the following characteristics was used for data processing: Dell CPU, 
Optiplex 7010 model, i5 3470, four 3.2 GHz processors and 8 GB of RAM memory. 

3. RESULTS AND DISCUSSIONS 

Flow field simulations for pressure are shown in Fig. 4 for ∆𝑃𝑃𝐴𝐴−𝐿𝐿 = 14.5 mmH2O, ∆𝑃𝑃𝐴𝐴−𝐿𝐿 =
18 mmH2O, ∆𝑃𝑃𝐴𝐴−𝐿𝐿 = 23 mmH2O and ∆𝑃𝑃𝐴𝐴−𝐿𝐿 = 26.5 mmH2O. 

The pressure distributions are similar between the DES and SAS models, where the 
magnitude differences in the flow field are observed. 

The pressure contour lines in the central region of the flow are different between the 
turbulence models, which have a defined behavior in the direction of the flow; and this is a 
consequence of the structures of the mathematical models to model turbulence, for each 
specific, such as for DES S-A, DES 𝑘𝑘 − 𝜀𝜀, DES SST 𝑘𝑘 − 𝜔𝜔 and SAS. 

In the throat section, pressure drops and increased flow velocity are present. For ∆𝑃𝑃𝐴𝐴−𝐿𝐿 =
26.5 mmH2O, the DES 𝑘𝑘 − 𝜀𝜀 model presents a negative magnitude of −0.16 mmH2O (Fig. 
4d) for the flow region adjacent to the wall between the converging section and the throat, 
indicating that the flow there presents cavitation. Similar results with negative values of the 
pressure in that indicated region below −20 mmH2O were reported in [13], where the steady-
state flow field was simulated with the COMSOL Multiphysics code and Solver PARDISO, 
for the standard 𝑘𝑘 − 𝜀𝜀 [22] and standard 𝑘𝑘 − 𝜔𝜔 [23] turbulence models. 

Although the flow during the experiments [13] did not present bubbles, what the 
numerical results of the present work indicate in transient state is that the apex at the throat 
inlet influences abrupt pressure drops, when the flow velocity increases in the throat section. 

Therefore, it should be taken into account for comparison with other steady-state 
turbulence models if they present similar results, for different types of meshing and for 
algorithm schemes other than SIMPLE, in order to have a wider scope in the analysis of the 
flow behavior in the throat section. 

The flow pressures at the walls and at the axial symmetry of the Venturi tube are shown 
in Fig. 5, and define a similar pattern of behavior, although the magnitudes of the pressures at 
the inlet and outlet of the Venturi tube undergo changes. 

The lowest pressure drop of the flow in the wall occurs at the junction between the 
convergent section and the throat, and the other pressure drop with lower intensity occurs for 
the other end of the throat, thus, the throat section is a critical region for the flow. 

The pressures in the axial symmetry have a similar behavior. The wall pressure and axial 
symmetry pressure profiles of the DES and SAS models border and intercept with the 
experimental pressure data [13]. 

It is observed that the DES S-A and DES 𝑘𝑘 − 𝜀𝜀 models fit best with the experimental data. 
While the DES SST 𝑘𝑘 − 𝜔𝜔 and SAS models diverge at the Venturi tube inlet, in reference A, 
however, they fit with the experimental pressure data better at the throat section, in reference 
D. In the divergent, the pressure profiles evaluated at wall and axial symmetry follow the same 
pattern throughout the experimental data, showing that the pressures tend to behave 
perpendicular to the flow direction. 
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Fig. 4 – Pressure field (mmH2O) for DES and SAS turbulence models 
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Fig. 5 – Pressure profiles of DES and SAS turbulence models compared with experimental data [13]. 

(a-d) Pressure patterns at the wall. (e-h) Pressure patterns in axial symmetry 
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In references C and G the profiles are intercepted, there the magnitudes of the pressures 
(Fig. 5) remain constant, however, there the velocities are not constant. It should be noted that 
the pressure behavior of the experimental data in references C and G [13], is because the flow 
rate is controlled by the valve at the inlet of the Venturi tube, which is not shown in Fig. 1, 
and the valve at the outlet of the Venturi tube the opening remains unchanged. The air trapped 
in the manifold keeps the water columns in equilibrium in the absence of atmospheric pressure. 
Similar results of the curves of the numerical simulations, for references C and G were reported 
by Tolentino [13], therefore, the numerical results for domains discretized by FEM and FVM 
are congruent. 

The discharge coefficients and Reynolds numbers from the simulations for the DES and 
SAS models are compared with experimental data, which are shown in Fig. 6. The discharge 
coefficient and Reynolds number calculated based on the mass flow in the throat section at 
reference D are shown in Fig. 7a and 7e, and those based on the average velocity are shown in 
Fig. 7b and 7f. 

The discharge coefficients and Reynolds number calculated with equations (4) and (6), 
with the local average pressure in references A and D are shown in Fig. 6c and 6g; for the local 
wall pressure, in references A and D, they are shown in Fig. 7d and 7h. 

The numerical results of the discharge coefficients that fit best with the experimental data 
(Table 1, 𝐶𝐶𝑑𝑑: 0.955 − 0.978) are for the average pressures (Fig. 6c), which are in the range of 
𝐶𝐶𝑑𝑑: 0.946 − 0.957, and for percentage errors in the range of 0.85 − 2.19%. While the 
discharge coefficients calculated for the wall pressures (Fig. 6d) have smaller magnitudes, and 
are in the range of 𝐶𝐶𝑑𝑑: 0.94 − 0.951, for percentage errors they are in the range of 1.57 −
2.76%. 

From these two results, the numerical solution to be taken into account is for the discharge 
coefficients calculated for the wall pressures (Fig. 6d), since for the experiments, the discharge 
coefficients were calculated with the gauge pressures (water columns, mmH2O), which are 
lower than those reported by the experiments (Table 1). The results of the DES S-A and DES 
𝑘𝑘 − 𝜀𝜀 models are closer to the experimental data, and the DES SST 𝑘𝑘 − 𝜔𝜔 and SAS models 
slightly away. 

With respect to the discharge coefficients shown in Fig. 6a, the values are around 1, and 
for Fig. 6b they are greater than 1. In both cases, the calculation was performed for the mass 
flow and average velocity in the throat section, at reference D, and that is why the results are 
different with respect to the calculation of the theoretical flow that is determined by pressure 
differences (Fig. 6c and 6d) and without considering the losses due to flow friction. For both 
cases, the behavior of the Reynolds number is shown, where, in Fig. 6e the Reynolds number 
of the numerical simulation is superimposed over the experimental Reynolds number, and Fig. 
6f shows that it is below the experimental data. In Fig. 6g and 6h, the Reynolds numbers are 
higher than the experimental data, which were calculated with the theoretical flow velocities 
that take into account the pressure differences. The Reynolds number presented percentage 
errors in the range of 4.5 − 5.6% for the average pressure (Fig. 6g) and 5.1 − 6.3% for the 
local pressure (Fig. 6h). 

The pressure and velocity profiles in the radial direction in the throat section at reference 
D are shown in Fig. 7a-d. The pattern of the pressure profiles is shown, where the pressure is 
higher in the central region, and their behavior are similar to each other as the flow rate 
increases. The one with the lowest pressure is the DES 𝑘𝑘 − 𝜀𝜀 model, followed by the DES S-
A model, the other two DES SST 𝑘𝑘 − 𝜔𝜔 and SAS models are together, and the one with the 
highest pressure is the DES SST 𝑘𝑘 − 𝜔𝜔 model. 
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Fig. 6 – Comparison of discharge coefficients and Reynolds number with experimental data (Table 1) 
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Fig. 7 – Pressure (mmH2O) and velocity (m/s) flow patterns in the throat section at reference D for the DES and 

SAS turbulence models 
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The flow velocity behavior pattern due to flow turbulence and boundary layer are shown 
in Fig. 7e-h, where the velocity tends to be normal in the axial direction, and the flow region 
adjacent to the wall tends to curve to meet the rest by the no-slip condition. At the upper right 
end where a corner is formed, at the estimated position 𝑟𝑟 = 7.5 mm, the DES 𝑘𝑘 − 𝜀𝜀 model of 
the velocity profiles is less pronounced, the other models: DES S-A, DES SST 𝑘𝑘 − 𝜔𝜔 and SAS 
are slightly overlapping each other; therefore, in the region adjacent to the wall, the DES and 
SAS models present different velocity patterns. 

4. CONCLUSIONS 

The DES and SAS turbulence models were simulated in 2D domains with structured mesh 
with quadrilateral cells, which present different pressure and velocity behaviors in the flow 
field. 

The profiles of the DES and SAS turbulence models fit the experimental pressure data. 
The percentage errors of the numerical results of the discharge coefficients for the average 
pressure (Fig. 6c) are in the range of 0.85 − 2.19%, for the local wall pressure (Fig. 6d) in the 
range of 1.57 − 2.76%. 

The percentage errors of the numerical results of the discharge coefficients for the average 
pressure are in the range of 0.85 − 2.19% for the local wall pressure in the range of 1.57 −
2.76%. The percentage errors for the Reynolds number are in the range of 4.5 − 5.6% for the 
average pressure, and 5.1 − 6.3% for the local pressure. 

In the throat section, at the throat entrance, the only turbulence model that presents 
negative pressure is the DES 𝑘𝑘 − 𝜀𝜀 model for Reynolds greater than 32000, whereas, the DES 
S-A, DES SST 𝑘𝑘 − 𝜔𝜔 and SAS models present positive pressures. 

In future work, it is planned to evaluate different turbulence models for steady state flow 
for 2D and 3D domains of the Venturi tube used in the present work, applying different 
computational codes, in order to compare the numerical results with the experimental pressure 
data reported in [13]. 
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