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Abstract  

This study presents the design of an open-circuit, suction-type subsonic wind tunnel and a 

comparative evaluation of three turbulence models: Shear Stress Transport (SST) k-omega, 

Realizable k-epsilon, and Spalart-Allmaras. The main components of the wind tunnel, including the 

test section, diffuser, and contraction nozzle, were designed using a combined cubic profile for the 

contraction geometry. Empirical correlations were applied to estimate pressure losses throughout 

the system. The internal flow behavior was analyzed using computational fluid dynamics (CFD) 

simulations with the three turbulence models. The final design resulted in a wind tunnel with a total 
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length of 6.36 m, a square test section with a side length of 0.56 m, and a design velocity of 63 m/s. 

Numerical results showed good agreement with analytical predictions, with deviations below 0.4% 

for the test section velocity and below 1.3% for the dynamic pressure at the test section inlet. 

Velocity contours, dynamic pressure distributions, and velocity profiles showed strong agreement 

among the turbulence models, indicating low sensitivity of the flow to the turbulence model under 

the studied conditions. Among the evaluated models, the Spalart-Allmaras model provided accuracy 

comparable to the others while requiring lower computational cost, making it the most suitable 

model for this type of analysis. 

Keywords: Wind tunnel; Computational fluid dynamics; Spalart-Allmaras; Realizable k-epsilon; 

SST k-omega. 

 

1. Introduction 

Aerodynamics is a fundamental field of fluid mechanics responsible for investigating the 

interactions and forces that gases, especially air, exert on objects. This area of study gained 

prominence in the 20th century, particularly during the interwar period, when the need to enhance 

performance and reduce fuel consumption in cars and aircraft increased (Matos, 2008). However, 

the application of aerodynamic principles extends far beyond terrestrial and aerial vehicles (Barbosa 

et al., 2021). 

Currently, research in aerodynamics is primarily driven by the quest for greater performance, 

agility, operational cost reduction, and noise mitigation. Consequently, the study of airflow and its 

implications have become essential in various fields, ranging from the aerospace and automotive 

industries to construction and the development of special devices such as parachutes and sports 

equipment. For example, Souza et al. (2023) experimentally analyzed the aerodynamic behavior of 

tennis balls in wind tunnels, demonstrating how different geometric parameters can directly impact 

sports performance. 

To understand these phenomena and predict the forces involved in interactions between fluids 

and solid bodies, various investigative methods are employed. These methods combine 

experimentation, theory, and computational simulations, which gained momentum starting in the 

1960s. While it was expected that the integration of theoretical and computational methods would 

provide detailed design guidance in many practical problems, simulations still represent 

simplifications of the reality of the phenomenon. Thus, despite significant advancements in 

computational capability, experimental tests remain the primary source for final and refined 

decisions by designers in many applications. In this context, the wind tunnel stands out as the main 

equipment of experimental aerodynamics for model validation (Barlow et al., 1999). As highlighted 

by Reddy and Subramanian (2025), a conventional subsonic wind tunnel is an essential tool for both 

fundamental research in fluid dynamics and for validating mathematical models and numerical 

codes, in addition to enabling tests of models or prototypes intended for the development of 

engineering devices that interact with airflow. Given this relevance, understanding the structure and 

operation of wind tunnels becomes fundamental. 

Wind tunnels primarily function to simulate the behavior of air in relation to solid objects. 

They come in different shapes and sizes and can generally be classified according to their geometry, 

speed range, and flow direction. Although experimental tests are indispensable for model validation, 

integrating this method with numerical simulations represents the most suitable approach as it 

allows for obtaining more precise and reliable results. 

In this context, the comparison between different turbulence models becomes particularly 

relevant. The Spalart-Allmaras, Realizable k-ε, and Shear-Stress Transport (SST) k-ω models were 

selected for having distinct characteristics that make them suitable for different flow conditions, in 

addition to representing three of the most commonly used formulations in industrial applications 

and research in aerodynamics. Thus, these models encompass different levels of complexity, 

computational cost, and capacity to predict essential flow characteristics, allowing for a 

comprehensive and well-founded comparative analysis. 
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Therefore, considering the relevance of experimental and computational methods for 

analyzing problems, the present article aims to size a subsonic educational wind tunnel and perform 

computational fluid dynamics simulations using three distinct turbulence models: Spalart-Allmaras, 

Realizable k-ε, and SST k-ω. 

 

2. Theoretical Background 

Studies such as those conducted by Barlow et al. (1999), Bell and Mehta (1989), Lins (2018), 

and Zart et al. (2018) address the design and analysis of wind tunnel components, which are essential 

for proper operation and for ensuring the reliability of experimental results. 

In the present study, particular emphasis is placed on the test section, the contraction nozzle, 

and the diffuser, followed by the evaluation of the corresponding total pressure losses. Additionally, 

the turbulence models Spalart-Allmaras, Realizable k-ε, and SST k-ω, which are employed in the 

computational simulations, are discussed. 

 

2.1 Pressure Loss 

Each wind tunnel component, except for the fan and propeller, is subject to pressure losses, 

since mechanical energy is partially converted into thermal energy due to viscous effects between 

the airflow inside the tunnel and the solid surfaces in contact with it. 

The pressure loss across a wind tunnel component is defined as the mean reduction in total 

pressure of the flow after passing through a given section (Barlow et al., 1999). 

According to Pereira (2011), the total pressure loss of the wind tunnel (∆𝑝𝑡𝑜𝑡𝑎𝑙) can be 

determined as the sum of the pressure losses of each individual component and expressed as the 

product of a loss coefficient and the dynamic pressure at the component inlet, as shown in Equation 

1: 

 

∆𝑝𝑡𝑜𝑡𝑎𝑙 = ∑ 0,5𝜌𝑉𝑖
2𝑘𝑖

𝑛
𝑖=1                   (1) 

 

where 𝑖 denotes each wind tunnel component, 𝑘 represents the local pressure loss coefficient, 𝜌 is 

the air density, and 𝑉 is the average velocity at the inlet section of component 𝑖. 
 

 

2.2 Wind Tunnel Design 

Wind tunnel design begins with the definition of a reference model that establishes the 

minimum test section dimensions. This study adopts the standard wing of the AeroDesign team 

Skywards UFVoa (Federal University of Viçosa) as the reference geometry. The wing has a mean 

aerodynamic chord 𝑐 = 0.45 mand a semi-span 𝑏 = 1.30 m. The aircraft maximum operating 

velocity, 𝑉 = 21 m/s, defines the target test section velocity. A geometric scale of 𝑒 = 1: 3limits 

the overall tunnel dimensions while preserving aerodynamic similarity. Although immediate 

construction is not planned, maintaining realistic geometric parameters ensures future technical 

feasibility. 

The test section is dimensioned after selecting the reference model. Its geometric 

configuration must ensure adequate accessibility, facilitate model installation, and accommodate 

instrumentation for data acquisition (Lins, 2018). 

To ensure compatibility between the aerodynamic coefficients of the model and the prototype, 

dynamic similarity of the flow is required. According to Barlow et al. (1999), for low-speed wind 

tunnels, the similarity parameter depends solely on the Reynolds number, which can be calculated 

as shown in Equation (2).  

 

𝑅𝑒 =
𝜌∙𝑉∙𝑐

𝜇
                    (2) 

 

where 𝜌 is the air density, 𝑉 is the velocity, 𝑐 is the mean chord, and 𝜇 is the dynamic viscosity of air é a  
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Since the Reynolds number must be identical for both the model and the prototype, the 

required test section velocity (𝑉𝑆𝑇) can be determined from Equation 3. 

 

𝑉𝑆𝑇 =
𝑅𝑒∙𝜇

𝑐∙𝑒∙𝜌
                    (3) 

 

where 𝜇 is the dynamic viscosity of air, 𝑐 is the mean chord, 𝑒 is the working scale, and 𝜌 is the air 

density. 

The minimum dimension of the test section edge is determined by considering the interference 

effects between the boundary layers of this component and the model to be tested. Since the wall 

boundary layer thickness may reach approximately 10% of the test section edge length, a minimum 

clearance margin of 20% is required (Barlow et al., 1999). This condition leads to Equation 4: 

 

𝑊𝑆𝑇 =
𝑏∙𝑒

0,8
                     (4) 

 

where 𝑊𝑆𝑇 is the minimum dimension of the test section edge, 𝑏 is the wing semi-span, and 𝑒 is the 

working scale. 

The pressure loss coefficient of the test section is obtained using Equation 5, as proposed by 

Fox et al. (2010):  

 

𝐾𝑆𝑇 = 𝑓 ∙
𝐿𝑆𝑇

𝐷ℎ𝑆𝑇
                               (5) 

 

where 𝐿𝑆𝑇is the test section length, 𝐷ℎ,𝑆𝑇is the hydraulic diameter, and 𝑓is the Darcy friction factor. 

The friction factor is determined from the implicit Prandtl–von Kármán relation given in 

Equation 6. 

 

𝑓 = [2 ∙ 𝑙𝑜𝑔10 ∙ (𝑅𝑒√𝑓) − 0,8]
−2                 (6) 

 

in which the Reynolds number is evaluated using the hydraulic inlet diameter. 

The contraction nozzle defines the quality of the flow entering the test section. It reduces 

turbulence intensity and enhances flow uniformity (Almeida et al., 2018; Su, 1991). Derbunovich 

et al. (1987) showed that the contraction aligns and accelerates the flow. Hussain and Ramjee (1976) 

demonstrated that it suppresses mean velocity non-uniformities more effectively than longitudinal 

turbulence, although it may amplify transverse fluctuations. The acceleration produced by the 

contraction also reduces the required operating power (Kareem et al., 2021). 

To produce a uniform and stable flow at the exit of a subsonic contraction nozzle, specific 

geometric design requirements must be satisfied. The contraction nozzle wall profile, typically 

described by a polynomial function, must present zero first- and second-order derivatives at both 

ends to ensure smooth flow acceleration and eliminate curvature discontinuities (Mehta & 

Bradshaw, 1979). 

The boundary layer developing along the contraction wall should remain as thin as possible. 

Shorter contractions limit boundary layer growth and therefore reduce viscous effects. However, 

excessive reduction of the contraction length increases the risk of boundary layer separation, which 

may generate flow non-uniformities and instability at the contraction exit (Mathew et al., 2005; 

Mehta & Bradshaw, 1979). 

The contraction ratio (𝑅𝐶), defined as the ratio between inlet and outlet areas, strongly 

influences flow uniformity and separation risk. For low-speed wind tunnels with test section areas 

smaller than 0.5 m², recommended values range from 6 to 10 (Barlow et al., 1999; Bell & Mehta, 

1988). 
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The ratio between the contraction length (𝐿𝐵𝐶) and the inlet edge dimension (𝑊𝐵𝐶), defined 

as the contraction aspect ratio (𝐴𝑅𝐵𝐶), should range from 0.89 to 1.79 to prevent boundary layer 

separation (Bell & Mehta, 1989). 

In addition to this constraint, the contraction length must satisfy the geometric criterion 

expressed in Equation 7, as recommended by Morel (1977). 

 

0,75 ∙ 𝐷𝑖 ≤ 𝐿𝐵𝐶 ≤ 1,25 ∙ 𝐷𝑖                                (7) 
 

where 𝐷𝑖 represents the diameter of the contraction nozzle inlet base. In the case of a square 

contraction nozzle section, 𝐷𝑖 represents the edge length. 

The inlet edge dimension of the contraction nozzle is calculated using Equation 8: 

 

𝑊𝐵𝐶,𝐼𝑁 = 𝑊𝑆𝑇√𝑅𝐶                    (8) 

 

where 𝑊𝐵𝐶,𝐼𝑁 represents the edge length of the contraction nozzle inlet cross section and 𝑅𝐶 is the 

contraction ratio. 

The contraction length can also be expressed in terms of the aspect ratio 𝐴𝑅𝐵𝐶, as shown in 

Equation 9: 

 

𝐿𝐵𝐶 = 𝑊𝑆𝑇 ∙ 𝐴𝑅𝐵𝐶                   (9) 

 

where 𝐿𝐵𝐶 is the length, and 𝐴𝑅𝐵𝐶  is the aspect ratio of the contraction nozzle. 

Lins (2018) noted that no universally satisfactory method exists for designing contraction 

nozzle profiles, and many early designs relied primarily on visual judgment. Bell and Mehta (1988) 

later formalized these geometries by representing the profiles using third-, fifth-, and seventh-degree 

polynomial functions. 

For axisymmetric contraction nozzles, Assato et al. (2004) and Girardi et al. (2002) proposed 

an effective design approach in which the wall profile is divided into two distinct regions described 

by cubic polynomials, 𝑓1(𝑥)and 𝑓2(𝑥), connected at an inflection point (𝑥𝑚, 𝑦𝑚). In addition to 

enforcing zero first- and second-order derivatives at the extremities to ensure smooth flow 

acceleration, the method requires continuity at the inflection point by imposing the condition 

𝑓1(𝑥𝑚) = 𝑓2(𝑥𝑚). 
The contraction pressure loss coefficient follows the relation proposed by Wattendorf (1938), 

given in Equation 10: 

 

𝐾𝐵𝐶 = 0,32 ∙ 𝑓𝑚 ∙
𝐿𝐵𝐶

𝐷ℎ𝑆,𝐵𝐶
                 (10) 

 

where 𝑓𝑚 is the mean friction factor based on the average Reynolds number between inlet and outlet 

sections, and 𝐷ℎ𝑆,𝐵𝐶 is the hydraulic diameter at the contraction outlet. 

The diffuser, located downstream of the test section, decelerates the flow to recover static 

pressure and reduce overall energy losses (Arifuzzaman & Mashud, 2012; Oliveira et al., 2015; Zart 

et al., 2018). 

To minimize boundary layer separation, Barlow et al. (1999) recommend a maximum diffuser 

half-angle of 𝛼𝐷 = 3
∘ and a maximum aspect ratio 𝐴𝑅𝐷 = 2.5. Based on these constraints, the 

minimum diffuser length (𝐿𝐷) is determined using Equation 11. 

 

𝐿𝐷 =
√
4∙𝐴𝑅𝐷∙𝐴𝑆𝑇

𝜋
−𝑊𝑆𝑇

2∙tan (𝛼𝐷 )
                  (11) 

 

where 𝐴𝑆𝑇 is the cross-sectional area of the test section.  
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The diffuser diameter (𝐷𝐷) is calculated according to Equation (12).  

 

𝐷𝐷 = 2 ∙ 𝐿𝐷 ∙ tan (𝛼𝐷) +𝑊𝑆𝑇                            (12) 

 

The total diffuser loss coefficient (𝐾𝐷𝐹) is defined as the sum of the friction loss coefficient 

(𝐾𝑓) and expansion loss coefficient (𝐾𝑒𝑥𝑝), as expressed in Equation 13 (Barlow et al., 1999): 

 
𝐾𝐷𝐹 = 𝐾𝑓 + 𝐾𝑒𝑥𝑝                  (13) 

 

The friction loss component is calculated using Equation 14 (Barlow et al., 1999): 

 

𝐾𝑓 = (1 −
1

𝐴𝑅𝐷𝐹
2 )

𝑓

8∙sen(𝜃)
                (14) 

 

The expansion loss component is obtained from the empirical correlation presented in 

Equation 15 and depends on the factor 𝐾𝑒(𝜃), which is a function of the equivalent conical angle, 

and on 𝐴𝑅𝐷𝐹, which is the ratio between the outlet and inlet areas (Barlow et al., 1999). 

 

𝐾𝑒𝑥𝑝 = 𝐾𝑒(𝜃) (
𝐴𝑅𝐷𝐹−1

𝐴𝑅𝐷𝐹
)
2
                (15) 

 

The factor 𝐾𝑒(𝜃) depends on the shape of the diffuser cross section and is based on empirical 

relationships, as given by Equation (16) (Van Dommelen, 2013). 

 

𝐾𝑒(𝜃)(𝑞𝑢𝑎𝑑𝑟𝑎𝑑𝑜) =

{
 
 

 
 
0,09623 − 0,004152𝜃 para 0° ≤ 𝜃 ≤ 1,5°

0,122156 − 0,0458960𝜃 + 0,02202816𝜃2

−0,003269152𝜃3 − 0,0006144896𝜃4

+0,00027999008𝜃5 − 0,000023373888𝜃6

para 1,5° ≤ 𝜃 ≤ 5°
−0,1322 + 0,05866𝜃 para 5° < 𝜃

                                                            (16) 

 

 

2.3 Turbulence Models 

Turbulence is an inherently chaotic phenomenon characterized by velocity fluctuations and 

strong nonlinear interactions across multiple length and time scales. It is present in a wide range of 

practical engineering flows, including open-cavity flows, bubble dynamics, wind turbines, aircraft 

aerodynamics, and combustion systems (Treto et al., 2020). 

No turbulence model is universally superior for all flow configurations (Ansys Inc., 2013). 

Nonetheless, the appropriate selection of a turbulence model is crucial to ensure that CFD 

predictions adequately represent the underlying physical behavior of the flow (Çengel & Cimbala, 

2007). The choice of model depends on several factors, including the governing flow physics, the 

required level of predictive accuracy, available computational resources, and time constraints 

associated with the simulation. 

Turbulence modeling approaches are conventionally grouped into three principal categories: 

Reynolds-Averaged Navier-Stokes (RANS), Large Eddy Simulation (LES), and Direct Numerical 

Simulation (DNS) (Versteeg & Malalasekera, 2007). The present study employs the RANS 

approach due to its computational efficiency and its demonstrated suitability for industrial and 

engineering flow analyses. 

RANS Models: The RANS formulation remains the most widely employed turbulence 

modeling approach in industrial and engineering applications. For most design-oriented analyses, 

time-averaged flow quantities, such as mean velocity and static pressure, are sufficient to 

characterize aerodynamic performance (Versteeg & Malalasekera, 2007). Moreover, RANS models 
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provide a favorable compromise between computational cost and predictive capability (Ansys Inc., 

2013). 

The RANS formulation represents one of the most widely adopted classes of turbulence 

models in industrial applications for turbulent flow calculations. For engineering applications, time-

averaged flow quantities, such as mean velocity and static pressure, are generally sufficient to 

characterize flow behavior (Versteeg & Malalasekera, 2007). RANS formulation provides the most 

computationally economical approach for turbulent flow prediction while delivering the level of 

accuracy required for a broad spectrum of engineering analyses (Ansys Inc., 2013). 

According to Menter et al. (2011), Osborne Reynolds proposed an averaging concept for the 

Navier-Stokes equations that substantially reduces the complexity of turbulent flow simulations. 

The resulting RANS equations are formulated in terms of the mean flow field, while turbulent 

fluctuations are removed from the governing equations through the averaging process. 

However, as reported by Menter et al. (2011), Moreira et al. (2014), and Wilcox (1998), the 

averaging procedure introduces the Reynolds stress tensor into the RANS momentum equations. 

The presence of this additional term results in a system with more unknowns than governing 

equations, thereby leading to the classical closure problem of turbulence. The primary objective of 

RANS turbulence models is to achieve closure by establishing mathematical relationships between 

the Reynolds stresses and the mean velocity field (Menter et al., 2011). 

RANS turbulence models are commonly classified according to the number of additional 

transport equations solved in conjunction with the RANS flow equations (Versteeg & Malalasekera, 

2007), as summarized in Table 1. 

 

Table 1 – Classification of RANS turbulence models. 

Number of Extra Transport Equations Model Name 

Zero Mixing Length Model 

One Spalart-Allmaras Model 

Two k-ε Model 

Two k-ω Model 

Two Algebraic Stress Model 

Seven Reynolds Stress Model 
Source: Versteeg & Malalasekera (2007).  

 

One-equation turbulence models solve a single partial differential equation that describes the 

transport of a turbulent scale, typically used to estimate the turbulent viscosity (Rezende, 2009). In 

this class of models, the turbulent length scale is not computed explicitly; instead, it must be 

prescribed in order to determine the dissipation rate of the transported turbulent kinetic energy 

(Versteeg and Malalasekera, 2007). 

Two-equation turbulence models, in contrast, allow both the turbulent length and time scales 

to be obtained through the solution of two separate transport equations (Ansys Inc., 2021). These 

models are the most widely employed in industrial applications and constitute the principal families 

adopted in industrial flow simulations (Ansys Inc., 2013; Menter et al., 2011). The turbulence 

models selected for the present study are the Realizable k-ε and the SST k-ω. 

The RANS approach is derived from the application of Reynolds decomposition to the Navier-

Stokes equations for incompressible flow, yielding governing equations for mean flow quantities 

(Rezende, 2009). Under this decomposition, instantaneous flow variables are represented as the sum 

of a mean component and a random fluctuating component about that mean. 

Within this statistical framework, the instantaneous velocity component 𝑢𝑗  is expressed as the 

sum of its mean value 𝑢‾𝑗  and its fluctuating component 𝑢𝑗
′, as shown in Equation 17. 

 

𝑢𝑗 = 𝑢̅𝑗 + 𝑢′𝑗                  (17) 
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Accordingly, the Reynolds decomposition may be extended to any flow variable, as presented 

in Equation 18. 

 

∅𝑗 = ∅̅𝑗 + ∅′𝑗                  (18) 

 

where ∅̅𝑗 represents the mean value and ∅′𝑗 characterizes the instantaneous fluctuation about the 

mean. 

Substituting this decomposition into the continuity and linear momentum equations for 

incompressible flow leads to the RANS equations. 

 
𝜕𝑢̅𝑗

𝜕𝑥𝑗
= 0                                   (19) 

𝜌
𝜕𝑢̅𝑖

𝜕𝑡
+
𝜕𝑢̅𝑖

𝜕𝑥𝑗
𝜌(𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅) = −

𝜕𝑝̅

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
(𝜇

𝜕𝑢̅𝑖

𝜕𝑥𝑗
− 𝜌𝑢′𝑖𝑢

′
𝑗

̅̅ ̅̅ ̅̅ ̅) + 𝜌𝑔𝑖                         (20) 

 

where 𝜌 is the fluid density,  𝑝̅ is the mean pressure, 𝑡 is time, 𝜇 is the dynamic viscosity of the fluid, 

𝑔𝑖 is the component of gravitational acceleration in the 𝑖, 𝑥𝑗 is the spatial coordinate in the 𝑗 

direction, 𝑢̅𝑖 and 𝑢̅𝑗  represent the mean velocity components in the 𝑖 and 𝑗 directions, respectively, 

while 𝑢′𝑖 and 𝑢′𝑗 are the fluctuating velocity components in the 𝑖 and 𝑗, directions, respectively. 

Equation 20 is commonly referred to as the RANS equation, and the additional term that 

arises, −𝜌𝑢′𝑖𝑢′𝑗̅̅ ̅̅ ̅̅ ̅, is known as the Reynolds stress tensor. This tensor represents the effect of 

turbulent fluctuations on the mean flow field. As noted by Wilcox (1998), the Reynolds stress tensor 

is symmetric and therefore contains six independent components that are introduced into the system 

without the addition of corresponding governing equations. Consequently, the system becomes 

underdetermined, giving rise to the turbulence closure problem. To overcome this limitation, the 

introduction of a turbulence model is required. 

The Spalart-Allmaras model, originally developed by Spalart and Allmaras (1992), is a one-

equation turbulence model that solves a single transport equation for the turbulent viscosity. As a 

result, the computational effort associated with this formulation is comparatively lower. As 

discussed by Versteeg and Malalasekera (2007), in one-equation turbulence models the turbulent 

length scale is not directly computed and must instead be specified in order to determine the 

dissipation rate of the transported turbulent kinetic energy. 

The Spalart-Allmaras model was originally developed for external aerodynamic applications 

involving wall-bounded flows over solid surfaces. Owing to its formulation, the model typically 

exhibits improved predictive capability relative to k-ε  models in flows subjected to adverse pressure 

gradients and incipient separation. As noted by Versteeg and Malalasekera (2007), the Spalart-

Allmaras model has also been increasingly employed in turbomachinery analyses. Nevertheless, its 

applicability to more general internal flows is limited, primarily because the appropriate turbulent 

length scale is not explicitly determined within the model formulation. Santos (2012) further 

indicates that the model may yield relatively large errors in certain free-shear flows, particularly in 

circular and planar jets, which restricts its suitability for general industrial flow simulations. 

The Ansys Inc. (2013) manual emphasizes that the Spalart-Allmaras model, in its full 

implementation, is particularly effective for low-Reynolds-number applications. Consequently, the 

computational mesh within the boundary layer region must be sufficiently refined to ensure an 

adequate resolution of near-wall flow behavior. The document further states that this refinement 

should be guided by the dimensionless parameter 𝑦+, which represents the non-dimensional 

distance from the wall to the first mesh node. For improved numerical accuracy when employing 

the Spalart-Allmaras model, recommended values are 𝑦+ ≈ 1 or 𝑦+ ≥ 30 , whereas values in the 

range 3 < 𝑦+ < 30 are generally discouraged. 
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The Realizable k-ε model represents an improved variant of the Standard k-ε turbulence 

model and employs two transport equations: one for the turbulent kinetic energy (k)and another for 

the turbulence dissipation rate (ε). 
As described by Soares (2013) and Ansys Inc. (2021), the term “realizable” refers to the 

capability of the model to satisfy certain mathematical constraints on the Reynolds stresses that are 

consistent with the physics of turbulent flows, which are not satisfied by the Standard and RNG 

(Renormalization Group) models. 

The Realizable k-ε model, proposed by Shih et al. (1994), was developed to address 

deficiencies of the original formulation through two principal modifications. The first consists of 

adopting a new formulation for the turbulent viscosity that incorporates the variable 𝐶𝜇, originally 

introduced by Reynolds. The second involves a modified transport equation for the dissipation rate 
(ε), derived from the dynamic equation of the mean-square vorticity fluctuation (Ansys Inc., 2021; 

Soares, 2013). Nevertheless, the Ansys Inc. (2013) manual notes that one limitation of this model 

is associated with the prediction of nonphysical turbulent viscosities in situations where the 

computational domain contains both rotating and stationary fluid regions. This behavior arises 

because the model incorporates the effects of mean rotation in the formulation of the turbulent 

viscosity. As reported by Dantas (2017), the rotational effects captured by this model are more 

accurately represented than those predicted by the Standard k-ε model. With regard to near-wall 

resolution requirements, recommended 𝑦+ values lie within the range 30 ≤ 𝑦+ ≤ 300, allowing 

the turbulence model to properly account for boundary layer effects. 

The SST k-ω model was developed by Menter (1994) and also employs two transport 

equations: one for the turbulent kinetic energy and another for the turbulence dissipation rate or 

specific dissipation frequency. Versteeg and Malalasekera (2007) and Fiuza and Rezende (2019) 

explain that this model combines the robustness and near-wall accuracy of the Wilcox k-ω 

formulation with the far-field performance of the Standard k-ε model. Consequently, as reported by 

Shelil (2021), the SST k-ω model generally exhibits superior predictive capability compared with 

the Standard k-ω and Standard k-ε turbulence models. 

All variants of the k-ω model share a similar theoretical foundation. However, as described 

in the Ansys Inc. (2013) manual, the SST k-ω formulation differs from the Standard k-ω model 

primarily in two aspects: 

• Gradual transition from the Standard k-ω model in the inner region of the boundary layer 

to a high–Reynolds-number k-ε model in the outer region of the boundary layer.  

• A modified turbulent viscosity formulation that accounts for the transport of turbulent 

shear stresses. 

These improvements resulted in the SST k-ω model, which provides enhanced accuracy and 

robustness for a wide range of flow conditions. Typical applications include flows with strong 

adverse pressure gradients, airfoil aerodynamics, and transonic shock-wave interactions (Dantas, 

2017). For the SST k-ω model, a near-wall resolution corresponding to 𝑦+ ≈ 1 is recommended. 

 

3. Methodology 

The methodology employed in this study began with the development of a computational 

design routine for sizing the main components of the wind tunnel using Matlab© and EES© 

(Engineering Equation Solver). 

The dimensions of the test section were determined from the geometry of the reference model, 

the selected geometric scale, and the Reynolds number associated with the full-scale configuration. 

This Reynolds number was used exclusively to determine the required test section velocity, thereby 

ensuring dynamic similarity between the model and the prototype.  

The mathematical description of the contraction nozzle was established by imposing 

geometric constraints that ensure flow smoothness and continuity. The contraction profile was 

defined by two curves represented by cubic polynomial functions, connected at an inflection point 

located at half of the contraction length. 
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For the diffuser design, empirical relationships were employed to gradually reduce the flow 

velocity while preventing adverse pressure gradients that could degrade the flow quality in the test 

section. 

After completing the geometric design, pressure losses across the wind tunnel components 

were estimated using empirical correlations implemented in EES© and in a spreadsheet 

environment. Three-dimensional models of the wind tunnel components were then created using 

SolidWorks©. 

Following the geometric design stage, pressure losses across the wind tunnel components 

were estimated using empirical correlations implemented in EES© and spreadsheet calculations. 

Three-dimensional models of the wind tunnel components were subsequently developed in 

SolidWorks©. 

CFD simulations were then conducted to analyze the internal flow field of the wind tunnel 

using three turbulence models: Spalart-Allmaras, Realizable k-ε, and SST k-ω. The simulations 

were performed in ANSYS Fluent© in order to assess the influence of the turbulence model on the 

velocity and pressure fields as well as on the overall pressure losses. 

For spatial discretization, a MultiZone meshing strategy was employed. This approach enables 

the automatic decomposition of the computational domain into structured and unstructured regions, 

which is particularly advantageous for geometries where the generation of a fully structured mesh 

is impractical. In near-wall regions, prismatic layers generated through the Inflation tool were 

applied to adequately resolve the boundary layer and improve the accuracy of the numerical 

solution. 

Mesh quality was assessed using the skewness metric, which is highly sensitive to element 

distortion and directly associated with numerical stability. This parameter quantifies the deviation 

of a cell from its ideal geometric configuration. A value of 1 corresponds to a fully distorted element, 

whereas a value of 0 represents an ideal equilateral element (Ansys Inc., 2021). In the present study, 

a maximum skewness value of 0.60 was considered acceptable. 

Several simplifying assumptions were introduced in the CFD analysis. Although real fluids 

exhibit density variations, these variations remain below approximately 5% for Mach numbers 

lower than 0.3. Under such conditions, density variations may be neglected without significantly 

affecting the flow solution. Since the wind tunnel designed in this work operates under subsonic 

conditions and is intended for didactic purposes, the incompressible flow assumption was adopted. 

Furthermore, although fluid flows are inherently unsteady, a steady-state formulation was 

considered adequate because the objectives of the present analysis are not strongly influenced by 

transient effects. 

Regarding the boundary conditions, the contraction inlet surface was defined as a mass-flow 

inlet with a prescribed mass flow rate of 24.20 kg/s. The diffuser outlet surface was specified as a 

pressure outlet with the static pressure set to ambient conditions. All wind tunnel surfaces were 

modeled as no-slip walls. A turbulence intensity of 5% was imposed at the inlet boundary in order 

to represent the turbulence-generating effects of screens and honeycombs, which were not explicitly 

modeled in the computational domain. 

For the numerical solution procedure, the SIMPLEC (Semi-Implicit Method for Pressure-

Linked Equations-Consistent) algorithm was employed for pressure-velocity coupling. Air was 

defined as the working fluid with the standard properties available in ANSYS Fluent© (𝜌 = 1.225  

kg/m³ and 𝜇 = 1.7894 × 10−5 kg/(m·s)). 

For spatial discretization, the Least-Squares Cell-Based scheme was employed for gradient 

evaluation. The Second-Order Upwind scheme was used for the discretization of the transport 

equations, while pressure interpolation was performed using the Standard scheme. Although the 

PRESTO (Pressure Staggering Option) scheme is generally recommended for domains with 

pronounced curvature, it was not adopted in the present simulations due to its higher computational 

cost. 

The High Order Term Relaxation option was enabled to enhance numerical stability. 

Convergence was assumed when the residuals of the governing equations decreased to the order of 
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10−5. In addition, monitoring points were defined for static and total pressure at the wind tunnel 

inlet, as well as for velocity at the entrance of the test section, in order to ensure solution 

convergence. A maximum of 4000 iterations was prescribed for each turbulence model considered: 

Spalart-Allmaras, Realizable k-ε, and SST k-ω. 

 

4. Results and Discussion 

The analysis was conducted based on the component sizing procedure, the three-dimensional 

modeling, the evaluation of pressure losses, and the computational simulation of the wind tunnel. 

 

4.1 Component Dimensioning 

Test section: A square test section was selected due to its geometric simplicity, which 

facilitates the development of the three-dimensional model and enables the generation of structured 

meshes with improved uniformity and quality control. The Reynolds number was calculated using 

Equation 2, resulting in 𝑅𝑒 ≈ 6.47 × 105. This value was used exclusively to determine the required 

velocity in the test section, which was calculated using Equation 3 as 𝑉𝑆𝑇 = 63 m/s, considering the 

working scale of 𝑒 = 1: 3 and the maximum velocity of the full-scale model, equal to 21 m/s. 

Equation 4 was used to determine the dimension of the test section edge, resulting in 𝑊𝑆𝑇 = 0.542 

m. However, since Equation 4 provides a minimum value, a rounded dimension of 𝑊𝑆𝑇 = 0.56 m 

was adopted. In addition, the length of the test section was defined as 𝐿𝑆𝑇 = 1.1 m. 

Diffuser: The diffuser aspect ratio and half-angle were defined following the 

recommendations of Barlow et al. (1999), and the values 𝐴𝑅𝐷 = 2.1 and 𝛼𝐷 = 2.75° were adopted. 

Substitution of these parameters into Equations 9 and 10 yielded a diffuser length of 𝐿𝐷 = 3.70 m 

and a diffuser diameter of 𝐷𝐷 = 0.92 m, respectively. 

Contraction nozzle: The contraction section was designed with a square cross-section and 

outlet width equal to that of the test section, 𝑊𝐵𝐶,𝑂𝑈𝑇 = 0.56 𝑚. An aspect ratio 𝐴𝑅𝐵𝐶 = 1was 

adopted to prevent abrupt variations in cross-sectional area. A contraction ratio 𝑅𝐶 = 7.7was 

selected to avoid an excessively long wind tunnel, which would increase both manufacturing cost 

and installation space requirements. Equations 8 and 9 provided the inlet edge and the length of the 

contraction nozzle, calculated as 𝑊𝐵𝐶,𝐼𝑁 = 1.56 m and 𝐿𝐵𝐶 = 1.56 m respectively. 

The contraction profile was defined by a third-order polynomial with an inflection point 

located at mid-length, as presented in Table 2. 

 

Table 2 – Mathematical model of the contraction nozzle profile. 

Match point (𝑋𝑚 = 0.78 m) Equation 

For 𝑥 < 𝑋𝑚  𝑦 = −0.4415𝑥3 + 0.7770 

For 𝑥 > 𝑋𝑚 𝑦 = −0.08830𝑥3 + 0.8232𝑥2 − 1.919𝑥 + 1.605 

 

The generated contraction nozzle profile is shown in Figure 1. 
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Figure 1 – Contraction nozzle profile defined by combined cubic polynomials. 

Figure 2 presents a comparison between the generated combined-cubic curve and the 

mathematical profile proposed by Morel (1977). 

 
Figure 2 – Comparison between the generated curve and the curve proposed by Morel 

(1977). 

 

The curve generated in EES, Figure 1, constrained by the conditions previously established in 

this study, closely matches the profile proposed by Morel (1977). Several studies reported in the 

literature adopt the profile proposed by Morel (1977) for the design of contraction nozzles, including 

the works of Assato et al. (2004), Martin (2019), and Zanoun (2017). Therefore, the contraction 

nozzle profile obtained in the present study exhibits promising characteristics, indicating strong 

agreement with profiles commonly reported in the literature. 
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4.2 Three-Dimensional Modeling 

For the CFD analysis, the wind tunnel geometry was simplified by neglecting secondary 

details without compromising the representativeness of the model. This procedure was adopted to 

reduce the computational cost and to facilitate the mesh generation process. The three-dimensional 

geometry was developed using SolidWorks© and is presented in Figure 3. 

 
Figure 3 – 3D drawing of the simplified wind tunnel. 

 

4.3 Pressure Loss Coefficients of the Wind Tunnel Components 

Table 3 summarizes the pressure loss coefficients associated with each wind tunnel 

component. 

 

Table 3 – Pressure loss coefficients. 

Component Loss Coefficient / (-) 

Test Section 𝐾𝑆𝑇 = 0.019855 

Contraction Nozzle 𝐾𝐵𝐶 = 0.009594 

Diffuser 𝐾𝐷𝐹 = 0.02817 

 

The coefficients were calculated using the EES© software and subsequently employed to 

estimate the corresponding pressure losses, whose results are discussed in the following sections. 

 

4.4 Computational Simulation 

A baseline mesh was generated and employed in all simulations, with differences restricted to 

the near-wall treatment in order to properly resolve boundary-layer effects. For the Realizable k-ε 
turbulence model, two prism-layer regions were required to maintain 𝑦+ within the recommended 

range. 

The mesh generation process was conducted iteratively, with successive refinements 

performed until the predefined skewness criterion described in the Methodology was satisfied. Table 

4 summarizes the main characteristics of the meshes adopted for each turbulence model. 

 

Table 4 – Grid parameters. 

Grid characteristics SST k-ω Realizable k-ε Spalart-Allmaras 

Number of elements 1877352 1192132 1877352 

Number of nodes 1917256 1231496 1917256 

First layer height / m 1.0 × 10−5 
Zone 1: 3.364 × 10−3 

Zone 2: 9.953 × 10−4 
1.0 × 10−5 

Growth rate 1.3 
Zone 1: 1.2 

Zone 2: 1.2 
1.3 

Maximum number of layers 29 
Zone 1: 6 

Zone 2: 9 
29 
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The meshes employed for the SST k-ω and Spalart-Allmaras models follow the same 

configuration and present characteristics comparable to those of the Realizable k-ε mesh, as 

illustrated in Figure 4. 

 
Figure 4 – Wind tunnel meshes and detail of the inflation at the contraction nozzle inlet. 

 

In addition to monitoring the static and dynamic pressure at the contraction nozzle inlet and 

the velocity at the test section, the mass balance of the computational domain was also verified. The 

Flux Report available in the Solution module of ANSYS Fluent© indicated a maximum mass flow 

ratio on the order of 10−6kg/s for all simulations, confirming global mass conservation within the 

domain and the reliability of the numerical convergence. 

Table 5 presents the results obtained from the numerical simulations for the three turbulence 

models. 

 

Table 5 – Results obtained from the numerical simulation. 

Parameter SST k-ω Realizable k-ε Spalart-Allmaras 

Number of iterations 655 483 664 

Simulated velocity / m/s 

(Test section) 
63.24 63.22 63.24 

Dynamic Pressure / Pa 

(Test section inlet) 
2460.4 2458.5 2460.4 

𝑦+range < 0.90 31.3 - 256 < 0.91 

 

The velocities obtained from the simulations with the three turbulence models exhibit close 

agreement with the design velocity of 63 m/s. The relative errors were 0.38% for the SST k-ω 

model, 0.35% for the Realizable k-ε model, and 0.38% for the Spalart-Allmaras model. 

The dynamic pressure at the inlet of the test section presented a theoretical value of 2431.01 

Pa. The relative errors obtained in the simulations were 1.21% for the SST k-ω model, 1.13% for 

the Realizable k-ε model, and 1.21% for the Spalart-Allmaras model. 

Table 6 presents the pressure losses obtained for each wind tunnel component, considering the 

three turbulence models analyzed and the empirical value calculated. 

  

SST k-ω 

Spalart-Allmaras 
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Table 6 – Comparison between empirical and simulated pressure losses. 

Component 
SST k-ω / 

Pa 

Realizable k-ε / 
Pa 

Spalart-Allmaras / 

Pa 

Empirical / 

Pa 

Contraction Nozzle 58.54 54.12 55.50 0.3873 

Test Section 42.26 44.55 44.40 48.28 

Diffuser 173.42 145.85 155.75 68.47 

Total 274.22 244.52 255.66 117.14 

 

The total pressure losses predicted by the numerical simulations are higher than the empirical 

estimate. This discrepancy arises from the inherent simplifications of empirical correlations, which 

do not account for three-dimensional flow effects, separation phenomena, boundary-layer 

interactions, or additional losses associated with the boundary conditions imposed in the numerical 

model. Consequently, CFD simulations provide a more physically representative description of the 

flow and therefore predict higher dissipative effects than those obtained from empirical 

formulations. 

Despite the differences relative to the empirical estimate, the three turbulence models yielded 

highly consistent predictions, indicating that the numerical evaluation of pressure losses is robust 

and largely independent of the turbulence model employed. Among the models investigated, the 

SST k–ω model produced the highest total pressure loss. This behavior is consistent with its 

improved capability to capture adverse pressure gradients and near-wall flow dynamics. 

The diffuser was identified as the component that contributes most significantly to the overall 

pressure loss, due to the flow deceleration and the adverse pressure gradients inherently associated 

with this region (Mehta & Bradshaw, 1979). The largest discrepancy between empirical and 

numerical estimates occurs in the contraction nozzle, since the empirical formulation assumes an 

ideal contraction and considers only frictional losses. 

Similar discrepancies between empirical predictions and numerical results have also been 

reported in previous studies. For instance, Aboelezz (2019) performed a comparative investigation 

involving empirical, computational, and experimental approaches for the evaluation of pressure 

losses in a low-speed wind tunnel. Table 7 summarizes the results reported by the author. 

 

Table 7 – Comparison of pressure losses obtained using different methods.    

Components Empirical / Pa SST k-ω / Pa Experimental / Pa 

Contraction Nozzle 5.1 75 72 

Test Section 12.381 3 7 

Diffuser 22.189 63 61 

Total 39.67 141 140 
Source: Adapted from Aboelezz (2019). 

 

As shown in Table 7, the experimental results reported by the author exhibited close 

agreement with the numerical simulations, whereas the empirical correlations presented larger 

discrepancies, a behavior consistent with that observed in the present study. This trend arises 

because empirical methods rely on simplified representations of the flow and therefore tend to 

underestimate the associated losses, while numerical simulations are capable of capturing three-

dimensional effects and complex flow interactions more accurately. Consequently, the present 

results reinforce the reliability of the numerical simulations and the overall consistency of the 

analysis. 

Figure 5 presents the variation of velocity magnitude and dynamic pressure, whereas Figure 

6 illustrates the distribution of static pressure along the wind tunnel, obtained using the SST k–ω 

turbulence model. 
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Figure 5 – Variation of velocity and dynamic pressure along the wind tunnel. 

 
 

 
 Figure 6 – Variation of static pressure along the wind tunnel. 

 

Figures 5 and 6 show a pronounced increase in velocity within the contraction section, 

accompanied by a corresponding rise in dynamic pressure and a decrease in static pressure, 

consistent with the Bernoulli’s principle. In the test section, these variables remain nearly constant, 

indicating a stabilized and uniform flow field. Downstream of this region, a gradual reduction in 

velocity and dynamic pressure is observed, along with a recovery of static pressure, which is 

characteristic of the flow expansion occurring in the diffuser. It should be noted that the remaining 

turbulence models exhibited similar trends; therefore, only one representative case is presented. 

Figures 7, 8, and 9 illustrate the velocity and static pressure fields in the symmetry plane of 

the wind tunnel for the SST k-ω turbulence model, Realizable k-ε turbulence model, and Spalart-

Allmaras turbulence model, respectively. 

 
Figure 7 – Profiles obtained using the SST k-ω model.  
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Figure 8 – Profiles obtained using the Realizable k-ε model. 

 

 
Figure 9 – Profiles obtained using the Spalart-Allmaras model. 

 

All fields exhibit similar behavior: the velocity increases in the contraction nozzle region, 

while the static pressure decreases, reflecting consistency with Bernoulli’s principle. In the test 

section, the flow remains nearly uniform in all cases, indicating stable conditions suitable for 

experimental analysis. In the diffuser, the velocity gradually decreases while the static pressure 

increases, demonstrating the recovery of the flow pressure. The small variations observed among 

the distributions predicted by the turbulence models reflect differences in turbulence modeling; 

however, these differences do not alter the overall flow trend along the wind tunnel. 

Figures 10, 11, and 12 present the streamlines along the wind tunnel for the three turbulence 

models. 
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Figure 10 – Streamlines obtained using the SST k-ω model. 

 

 
Figure 11 – Streamlines obtained using the Realizable k-ε model. 

 

 
Figure 12 – Streamlines obtained using the Spalart-Allmaras model. 

 

Figures 10, 11, and 12 show that the flow remains fully attached throughout the wind tunnel, 

with no evidence of recirculation or flow separation. This behavior indicates that the geometric 

configuration of the contraction, test section, and diffuser ensures stable flow development along 

the entire domain. 
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Figures 13, 14, and 15 present the velocity profiles extracted along a vertical line located at 

the center of the contraction nozzle, test section, and diffuser, respectively, for the three turbulence 

models analyzed. 

 
Figure 13 – Velocity profiles in the contraction nozzle. 

 

 
Figure 14 – Velocity profiles in the test section. 

 

 
Figure 15 – Velocity profiles in the diffuser. 

 

Figures 13, 14, and 15 show that the three turbulence models produced nearly identical 

velocity profiles in all analyzed regions, indicating that the flow field was consistently predicted 

regardless of the turbulence model employed. 
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In the test section, the velocity profiles remain essentially uniform, with values close to the 

design velocity of 63 m/s, confirming the development of a well-established and homogeneous flow. 

Within the boundary layer region, the velocity decreases toward zero due to the no-slip condition at 

the wall. 

The largest differences among the turbulence models occur in the diffuser region, which is 

consistent with the expected physical behavior, as this region is characterized by adverse pressure 

gradients associated with flow deceleration. Under such conditions, the SST k-ω model generally 

provides improved predictions, as it is better suited to capture flows subjected to boundary-layer 

separation. Nevertheless, the discrepancies among the models remain minimal, indicating that, for 

the simulated conditions, all turbulence models were able to adequately reproduce the overall flow 

behavior within the wind tunnel. 

 

5. Conclusion 

This study presents the design of the main components of a suction-type wind tunnel and a 

numerical investigation of the flow behavior using ANSYS Fluent© with three turbulence models: 

SST k-ω, Realizable k-ε, and Spalart-Allmaras. Based on the theoretical backgrounded presented, 

the parameters and dimensions of the contraction nozzle, test section, and diffuser were determined, 

together with their respective pressure losses. The numerical analysis aimed to compare the results 

obtained for velocity, pressure, and pressure losses with theoretical predictions, in order to evaluate 

the influence of the turbulence model selection on simulation accuracy. 

The numerical results exhibited strong agreement among the turbulence models considered. 

The discrepancy between the calculated value and the numerical prediction for the mean velocity at 

the test section inlet remained below 0.4%, corresponding to 0.38% for the SST k–ω and Spalart-

Allmaras models and 0.35% for the Realizable k–ε model. The relative error associated with the 

dynamic pressure at the test section inlet, compared with the value obtained from the Bernoulli 

equations, remained below 1.25%, reaching 1.21% for the SST k–ω and Spalart-Allmaras models 

and 1.13% for the Realizable k–ε model. In addition, the velocity and static pressure contours, as 

well as the velocity profiles along the wind tunnel sections, displayed highly consistent distributions. 

Under the investigated conditions, the flow behavior exhibited limited sensitivity to the turbulence 

model employed. Although the Spalart-Allmaras model was originally developed for external 

aerodynamic applications, it produced predictions comparable in accuracy to those obtained with 

the two-equation models, even at the relatively high operating velocity of 63 m/s in the test section. 

This performance can be attributed to the stable flow regime observed throughout the tunnel, with 

no evidence of boundary-layer separation, which allowed the model to accurately reproduce the 

velocity and pressure fields. 

The pressure losses obtained through CFD exceeded the empirical estimates. This behavior is 

consistent with reports in the literature and arises from the simplifying assumptions inherent to 

analytical correlations, which neglect three-dimensional effects, local velocity variations, and 

boundary-layer-related phenomena. Consequently, the numerical simulations provide a more 

realistic representation of the flow behavior inside the wind tunnel and yield physically more 

consistent predictions.  

Among the evaluated models, the Spalart-Allmaras formulation represents a suitable 

alternative for this application, combining satisfactory predictive capability with reduced 

computational cost. Nevertheless, this performance may not extend to more complex flow 

configurations, for which two-equation turbulence models generally offer greater robustness. 

Therefore, the turbulence model selection should always consider the specific characteristics of the 

flow under investigation. 
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