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ABSTACT: In recent years, the impact of wind on structures has become an increasing concern, particularly 

in areas affected by extreme climatic conditions. This research focuses on the aerodynamic design and 

analysis of a greenhouse optimized for these conditions, using Autodesk CFD software to evaluate wind 

distribution and pressure on the structure. The design is based on a mathematical surface described by the 

equation z = acos(Sqrt(cos(xy))), forming a ribbed vault. Additionally, Autodesk Inventor was used to 

create a 3D model of the simulated structure. The simulation results reveal variations in wind speed around 

the surface and the location of negative pressure zones, which helped identify the most vulnerable areas 

and improve aerodynamic efficiency under adverse climatic conditions. To validate these results, 

comparative tests were conducted using a wind tunnel and a scaled prototype of the structure. This study 

demonstrated the effectiveness of aerodynamic simulation software, providing a deeper understanding of 

wind behavior and its impact on buildings. The findings can contribute to the development of more resilient 

and efficient structures in areas with extreme climatic conditions, fostering innovative solutions in the 

design of agricultural infrastructure and buildings.            
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INTRODUCTION 

 

In recent years, many structures have collapsed due to the forces exerted by the wind, primarily as a result of 

underestimating this load [1]. Changes in wind speed and their impact on structures have been topics of significant interest 

and concern in the construction industry. Wind can generate substantial forces on buildings, causing stresses and 

deformations that, if not properly managed, can lead to structural failure. 

As time progressed, innovations emerged to implement buildings that met this purpose. As construction techniques 

advanced, the need arose for more efficient structures that could be modified according to architectural requirements. 

This is the case for surfaces designed based on mathematical equations, which often aim to emulate existing designs while 

increasing their complexity to adapt to new environments where they are needed. These surfaces are created using 

mathematical algorithms that define their shape and structure. Similarly, they offer greater flexibility and precision in 

architectural design, as they can be adjusted and optimized to meet specific load and resistance requirements. 

The use of these equations gives rise to curvilinear and complex forms that can minimize stress points and reduce areas 

of high pressure, resulting in more stable and durable constructions. Among these forms are double-curvature surfaces, 

which are common in structures such as ribbed vaults. These structures benefit from their own weight to achieve stability. 

As the size increases, self-weight surpasses additional loads, preventing collapse and allowing for more slender and 

efficient designs [2]. 

Ribbed vaults, with their interlocking ribs, are particularly well-suited for structures that require both strength and 

lightness. This design efficiently distributes weight, allowing for greater heights and spans without compromising 

stability. These characteristics are essential in greenhouse architecture, where the need to create a controlled environment 

for plant cultivation coincides with the requirement to withstand adverse climatic conditions. Due to their lightweight, 

low stiffness, and high flexibility, ribbed vaults are highly sensitive to wind loads. Therefore, these loads are critical in 

the design of greenhouses to ensure structural reliability [3]. 

As previously emphasized, in addition to structural strength, aerodynamics is a crucial factor that must be considered. An 

efficient design can minimize wind resistance and distribute pressures evenly, thereby reducing the risk of damage and 

enhancing the stability of the construction. Although arch structures are very popular today, there is still a need for 

comprehensive research to more accurately estimate wind loads and define the characteristics of wind pressure 

distribution [1]. 
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Based on this premise and highlighting the limited information available related to this specific topic, it is possible to 

obtain insights with the aid of technology. A viable solution for this issue is the use of Autodesk CFD, which is effective 

for performing simulations as well as analyzing and visualizing the aerodynamic environment in greenhouses [4]. 

This tool allows us to study airflow behavior and pressure conditions in various designs. Utilizing the information 

provided earlier, the following question arises: How can we understand the behavior of velocities and pressures on a 

ribbed vault greenhouse model, and how does this design affect aerodynamic performance? This research aims to analyze 

the distribution of velocities and pressures on a greenhouse design based on the mathematical surface model 

z=acos(Sqrt(cos(xy))), which simulates the design of a ribbed vault. This will be conducted both experimentally, using a 

wind tunnel, and computationally, using Autodesk CFD, to evaluate the locations where drag forces will act on the 

structure. 

1.1 Energy Equation 

The general energy equation, known as an extension of Bernoulli's equation, allows for the analysis of fluid behavior 

through a flow system by considering two sections of the system [5]. The general energy equation can be seen in Equation 

(1). 
2 2

1 1 2 2
1 2

2 2
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p v p v
z z h
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+ + = + + +                          (1) 

𝑝1= Gauge pressure in the first section. 

𝛾 = Specific weight of the fluid. 

𝑧1 = Position height in the first section. 

𝑣1 = Fluid velocity in the first section. 

𝑔 = Gravity. 

𝑝2 = Gauge pressure in the second section. 

𝑉2 = Fluid velocity in the second section. 

𝑧2 = Position height in the second section. 

ℎ𝑇 = Total losses due to friction and accessories. 

1.2 Von Kármán Effect 

The effect of vortex shedding, also known as the "Vortex Street effect," was first described and mathematically formalized 

by Theodore von Karman, the genius of aeronautics, in 1911. This effect is produced by the lateral forces of the wind on 

an object immersed in laminar flow. The wind flow generates a cyclical pattern of vortices, which can pose an engineering 

challenge for slender structures such as towers, masts, and chimneys [6]. 

1.3 Drag Force 

n a particle system, when bodies are submerged in a moving fluid, they are subjected to a force with two components 

known as drag force. The two components are the friction exerted by the fluid and the form drag, which depends on the 

pressure distribution acting on the object [7]. The equation for drag force is presented in Equation (2). 
2

2
D D

v
F C A


=                                                  (2) 

FD = Drag force. 

CD = Drag coefficient. 

A = Front area. 

V = Fluid velocity. 

𝝆 = Density of the fluid. 

1.4 Navier-Stokes Equation 

The Navier-Stokes equation allows us to determine the motion of a fluid at any given moment, whether it is ideal or 

viscous [8]. The reduced form of the Navier-Stokes equation is presented in Equation (3). 

( ) 2v
v v p g v

t
  

 
+  = − + +  

 
                (3) 

𝜌 = Fluid density. 

𝑣 = Fluid velocity. 

𝑡 = Time. 

p = Fluid pressure. 

𝜂 = Absolute viscosity coefficient. 

g = Gravity. 

1.5 Lift Force 

The lift force is the perpendicular component of the force exerted by an airflow on a body, resulting from pressure fields 

and shear stresses on its surface [9]. The lift force is presented in Equation (4). 
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FL = Lift force. 

CL = Lift coefficient. 

A = Front area.  

V = Fluid velocity.  

𝜌 = Fluid density  

 

1.6 Reynolds Number 

The Reynolds number is a dimensionless value that compares inertial forces to viscous forces in a fluid. This number 

determines the transition of fluid flow [10]. When the Reynolds number is below 2300, the flow is considered laminar; 

however, if it exceeds 2300, the flow is deemed turbulent. The Reynolds number is presented in Equation (5). 

Re hD v 



 
=                                                             (5) 

Dh = Hydraulic diameter. 

V = Fluid velocity. 

ρ = Fluid velocity. 

μ = Fluid viscosity. 

 

1.7 Turbulence in CFD 

Turbulence is a dynamic and chaotic phenomenon that occurs in most flows with high Reynolds numbers. It is 

characterized by rapid and irregular variations in fluid properties, such as pressure and velocity. Accurately representing 

and predicting these motions remains one of the major challenges in computational fluid dynamics (CFD). To address 

this, AUTODESK CFD provides various simulation methods that differ in terms of accuracy and computational demand. 

[11]. 

 

1.8 Selection of the Model Based on Flow Physics 

Laminar flows or flows with a low Reynolds number: When the flow is orderly and characterized by a low Reynolds 

number, a turbulence model is not required. 

Steady turbulent flows (RANS models): In most practical cases where a balance between accuracy and computational 

efficiency is required, Reynolds-Averaged Navier-Stokes (RANS) models, such as k-epsilon and k-omega SST, are 

employed. These models are well-suited for applications involving duct flows, ventilation, structural aerodynamics, and 

fluid transport system design. 

Transient flows and large turbulent structures (LES models): When capturing large-scale turbulent structures that evolve 

over time is crucial, Large Eddy Simulation (LES) models, such as Smagorinsky or Dynamic Smagorinsky, are more 

appropriate. These models are employed in simulations of flows around complex geometries, vehicle aerodynamics, 

vortex formation prediction, and atmospheric flow simulations. 

High-precision complex flows (DNS): When it is necessary to resolve all turbulence scales without approximation 

models, Direct Numerical Simulation (DNS) is employed. Although it offers extremely high accuracy, its significant 

computational cost restricts its application to academic research, model validation, and fundamental fluid dynamics 

studies, particularly in flows with low Reynolds numbers. 

1.9 Recommendations for Selecting a Turbulence Model 

Start with simplified models: If there is limited experience in turbulence simulation, it is advisable to begin with RANS 

models, such as k-epsilon or k-omega SST, as they provide a balance between accuracy and efficiency without demanding 

excessive computational resources. 

Consider computational demand: If resources are limited, RANS models are the most suitable option, as they require less 

processing time and computational power. However, if capturing more complex turbulent structures is necessary, LES 

can be considered, although it entails significantly higher computational requirements. 

Application in designs with complex geometries: When working with geometries that involve boundary layer separation 

or intricate structures, it is preferable to use LES or more advanced RANS models, such as k-omega SST, as they provide 

more accurate results in these scenarios. 

Flows near solid surfaces: For flows in proximity to solid surfaces, such as in aerodynamics or wind-exposed structures, 

k-omega SST or WALE (LES) models are suitable, as they enable a more accurate representation of flow-surface 

interactions. 

1.10 Law of SimilarityThe law of dynamic similarity is a principle used in fluid engineering and aerodynamics to 

ensure that the results from a scale model are representative of the behavior of a real prototype. This law implies that 

models and prototypes must have similar geometric proportions and flow relationships [12]. 
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1.11 Ribbed Vault 

The ribbed vault is a versatile architectural system that represented a significant improvement over other methods, as it 

facilitated both the design and construction process, as well as the adaptation to various ground plan geometries. This 

structure is composed of two main elements: the ribs and the webbing. The ribs act as guides during construction, forming 

a framework over which the webbing, a double-curved surface that closes the space, is placed. This method allows for an 

efficient definition of the vault through the arrangement of linear arches [13]. 

1.12 Autodesk Fusion 

Autodesk Fusion 360 is computer-aided design (CAD) software that enables rapid design exploration through AGD 

technology. This software generates multiple solutions simultaneously based on manufacturing constraints, costs, and 

product performance requirements. The generated solutions are compatible with any CAD/CAM system [14]. 

1.13 Autodesk Inventor Professional 

Autodesk Inventor is CAD software for creating 3D models by combining solids and surfaces. It uses three-dimensional 

basic bodies and algorithms to form complex geometries by combining, cutting holes, and sweeping cross-sections. It is 

essential for engineers and designers in product visualization and simulation [15]. 

1.14 Autodesk CFD 

The Autodesk CFD program integrates disciplines such as fluid dynamics, computational methods, and computer 

graphics. CFD numerical simulation involves solving the fundamental equations that govern the movement of fluids using 

numerical methods to simulate the behavior of fluids. This allows for the derivation of discrete physical quantities in the 

field, such as win speed and direction, at different spatial locations [16]. 

1.15 Wind Tunnel 

A wind tunnel is a research tool used to simulate and study airflow behavior around objects or scale models, replicating 

specific atmospheric conditions. It allows for the observation and measurement of parameters such as wind speed, 

turbulence intensity, and wind profile relative to height. Wind tunnel tests aim to meet similar criteria between the model 

and the real prototype to obtain representative results [17]. 

Scale models are generally used to reduce costs or because the actual object is too large. However, the size of the model 

affects the test results, the larger and more realistic the model, the better the experimental outcomes. Various elements 

and variables such as pressures, forces, boundary layer information, and flow streamlines can be visualized and measured, 

depending on the object being tested and the desired results [18]. 

 

METHODOLOGY 

 

To carry out this research, measurements were first taken from the wind tunnel of the Universidad Privada del Norte at 

the Breña campus, with these measurements we carried out the 3D modeling of the wind tunnel using the Inventor 

program. Then, the model to be studied was established using a mathematical equation that could form a surface like the 

structure of a ribbed vault. Equation (6) shows the study model. 

( ) ( )( )( ), cos cosf x y a sqtr xy=                          (6) 

Equation (6) was loaded into an online 3D graphed called CalcPlot3D. This tool allows us to determine the meshing and 

thickness of the surface, as well as download the information in format .STL. This process can be seen in Fig. 1. 

 

 
Fig. 1. Three-dimensional surface model using CalcPlot3D [19]. 

 

Using Autodesk Fusion 360, as shown in Fig. 2, the file in format .STL was converted to a .STEP, which can be read by 

Autodesk Inventor. After this, the file in format .STEP was loaded into Autodesk Inventor to scale and modify the hollow 

parts of the solid. Subsequently, the file was saved in format .IPT. 
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Fig. 2. Creation of the three-dimensional solid using Autodesk fusion 360. 

 

The transformed file, now with the extension .IPT, along with the simulated wind tunnel, were uploaded in format .IAM, 

which was used within the Autodesk CFD software. 

 

 
Fig. 3. Creation of the mesh in the wind tunnel. 

 

Within the Autodesk CFD program, the simulation was carried out, in which it was necessary to create a meshing of the 

tunnel with the object inside it, as shown in Fig. 3. This mesh was generated to solve the Navier-Stokes equations by 

points using finite difference numerical methods, allowing a more accurate simulation of the behavior of the airflow inside 

the wind tunnel. In the diagram of Fig. 4, the construction process diagram used for this research work can be seen. 

 

 
Fig. 4. Work flowchart for the research process. 
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RESULTS 

 

This section analyses and compares the results obtained both computationally and experimentally for the physical and 

virtual models of a mathematical surface resembling a ribbed vault. For the CFD simulation, the following conditions 

were established: the flow was considered incompressible and steady, and only pressure and velocity variables were 

considered. 

Two different cases were analysed, each corresponding to a distinct flow of velocity. This allowed us to obtain more 

precise and comparable results to assess the aerodynamics of the model. The object was placed in the wind tunnel under 

identical conditions for both simulations, with the goal of verifying that our model meets the necessary conditions to be 

classified as aerodynamic. 

3.1. Simulation Results with Autodesk CFD 

The values of the velocities used in the simulation with Autodesk CFD were 1 m/s and 5 m/s. The gauge pressure at the 

entrance of the wind tunnel was 30 Pa for both cases. To perform the simulation, it was assigned about 4000 iterations, 

but the program found a solution in 522 iterations for the first speed and in 608 iterations for the second case. The 

following figures show the velocity and pressure fields obtained from the simulations, observing the flow in three different 

views. 

A. Simulation Results with Autodesk CFD 

The results obtained with the inlet velocity 1m/s, inlet pressure 30 Pa and outlet pressure 0 Pa in a side view are shown 

in Fig. 5. It is observed that the velocity of entry of the fluid through the wind tunnel is 1 m/s, but when it reaches 

approximately the lower half of the object, it generates the stagnation point and then disperses in all directions. When it 

reaches the top of the object, the velocity of the flow rises to an interval of 3.20 to 5.88 m/s, close to the area where the 

velocity reaches its highest point, in addition to the posterior area of the solid a trail is formed in which the velocities 

begin to decrease reaching a minimum value of 0 m/s. 

Fig. 6 shows in more detail the formation of the wake at the back of the solid and the stagnation point in the frontal area, 

where the velocity is very low, with an interval of 0 to 1.60 m/s. On the sides, the flow area is reduced and the velocity 

increases, reaching values between 4.81 and 7.48 m/s. In this area are located the points of detachment, where the flow 

moves away and takes another direction. 

 

 

 
Fig. 5. Side view of the velocity distribution for flow inlet conditions at 1m/s. 

 

 

 
Fig. 6.  Plan view of the velocity distribution for flow inlet conditions at 1m/s. 

 

In the case of the front view, in Fig. 7, it is possible to visualize how the flow advanced through the solid. The velocity 

begins to increase in magnitude as it separates from the solid, registering a velocity with values between 6 to 7.5 m/s. 
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Fig. 7. Front view of the velocity distribution for flow inlet conditions at 1m/s. 

 

In view of Fig. 8, we can see that the vectors show an acceleration in the narrowing zone and a deceleration at the back 

of the solid, with a clear recirculation behind the constriction, where the vectors change direction and form circular 

patterns. These visualizations indicate how the flow accelerates and decelerates, generating drag forces. 

 

 
Fig. 8. View of the trajectory of the vectors for the speed of 1m/s. 

 

B. Computational Simulation with a Speed of 5 m/s 

 

Fig. 9 shows the results obtained with an inlet velocity of 5 m/s, an inlet pressure of 30 Pa and an outlet pressure of 0 Pa. 

The velocities begin to vary as the flow approaches the solid, in the front part where the stagnation point is located, the 

velocity is very low, reaching the value of 0 m/s, in the same way it happens in the back where the wake is formed. In the 

upper part, the point of detachment begins to be noticed and as the flow separates from the model, the speed increases, 

thus reaching a maximum value of 12.79 m/s and then decaying in magnitude until the outlet. 

 

 
Fig. 9. Side view of the velocity distribution for flow inlet conditions at 5m/s. 

 

 
Fig. 10. Plan view of the velocity distribution for flow inlet conditions at 5m/s. 

 

In Fig. 10, it is observed how, at the rear, the wake formed takes a different shape than when a velocity of 1 m/s was 

assigned. The separation points are located on the sides, and it is notably seen how the velocity increases as the flow area 

decreases and the flow moves away from the solid. At the front, velocity values are high, but at the stagnation point, it 

begins to decrease as the flow starts to move along the sides. 
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Fig. 11. Front view of the velocity distribution for flow inlet conditions at 5m/s. 

Fig. 11 shows that the velocities closest to the solid are higher than those farther away. When close to the solid, they 

register between 8.74 and 9.54 m/s, indicating how the flow detaches from the figure, reducing the flow's magnitude as it 

moves away.    

 

 
Fig. 12. View of the trajectory of the vectors for the speed of 5m/s. 

Fig. 12 shows that the vectors indicate acceleration in the narrow area and a decrease in velocity at the rear and lower rear 

part of the solid. An evident recirculation is also observed behind the narrowing zone, where the vectors change direction 

and form circular patterns. These visualizations illustrate how the flow accelerates and decelerates, generating drag forces.  

 

C. Computational Simulation with a Pressure of 30 Pa and Speed of 1 m/s 

Fig. 13 shows the pressure distribution. At the front, the pressure reaches high values, up to 30 Pa, while the flow reaches 

the upper part and begins to separate from the solid, with values starting to decrease at an approximate velocity of 6.28 

m/s. In the rear zone, where the wake was formed, there was a significant pressure drop, reaching negative values around 

-33.26 Pa. As previously observed, the flow reached its maximum velocity in this narrow region. 

 

 
Fig. 13. Lateral view of the pressure distribution for flow inlet conditions at 1m/s. 

In Fig. 14, the losses throughout the system can be observed. As the flow moves away from the separation points, shifting 

to the sides, the pressure noticeably decreases. In this view, the pressure drop in the narrow region of the duct is significant, 

with negative values of -1.63 Pa, indicating a considerable acceleration of the flow until the end of the narrowing zone, 

where the pressure decreases to a value of -33.26 Pa. 

 

 
Fig. 14. Plan view of the pressure distribution for flow inlet conditions at 1m/s. 

In Fig. 15, we have a frontal view, where the area closest to the model, on the sides, exhibits lower pressures, reaching a 

value of -13.49 Pa. Conversely, as the flow moves away, the pressures are slightly higher, with values of 10.23 Pa.  
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Fig. 15. Front view of the pressure distribution for flow inlet conditions at 1m/s. 

 

D. Computational Simulation with a Pressure of 30 Pa and Speed of 5 m/s 

The lateral view of the simulation, shown in Fig. 16, illustrates a slight decrease in pressure as the flow approaches the 

constriction, reaching values close to 19.79 Pa where the reduced area of the duct causes an increase in flow velocity and 

a corresponding drop in pressure. In this case, lower pressures were obtained, with the minimum recorded pressure 

reaching -77.98 Pa, compared to the first case, as the velocity is higher. 

 

 
Fig. 16. Lateral view of the pressure distribution for flow inlet conditions at 5m/s. 

 

In Fig. 17, it can be observed that on the sides of the solid, where the separation points are located, regions of negative 

pressure down to -24.65 Pa are identified, indicating the formation of vortices or recirculating flow zones. This highlights 

the area where the flow begins to detach. 

  
Fig. 17. Plan view of the pressure distribution for flow inlet conditions at 5m/s. 

 

 
Fig. 18. Front view of the pressure distribution for flow inlet conditions at 5m/s. 

The zones with negative pressures on the sides of the model, as shown in Fig. 18, are lower in the areas closest to the 

solid, particularly on the sides and slightly on the top, with values ranging from -33.54 Pa to -10.90 Pa. In these areas, it 

can be observed, as in previous images, that as the velocity increases, the pressure decreases. 

3.2. Wind Tunnel Simulation Results 

Fig. 19 shows the results obtained when the 3D model was simulated inside the wind tunnel, assigning it a speed of 1 m/s. 

In this experiment, smooth flow lines were generated that closely follow the surface of the model design. These flow lines 
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show how the air moves evenly around the object. However, as it passes over the top of the model, these flow lines deviate 

and begin to form a wake at the back, where the airflow becomes uneven and becomes turbulent. 

 

 
Fig. 19. Profile view of the wind tunnel with a flow speed of 1m/s. 

 

 
Fig. 20. Profile view of the wind tunnel with a flow velocity of 5m/s. 

 

A second simulation was conducted at a velocity of 5 m/s, as shown in Fig. 20. The resulting flow lines are sharper, 

indicating that as they deviate while passing over the top of the model, the wake formed is slightly larger than in the 

previous case. 

 

CONCLUSION 

 

During simulations using Autodesk CFD, it was observed that, in the central region of the wind tunnel, where the flow 

area decreases, the velocity increases significantly, and the pressure drops to negative values. This phenomenon is due to 

the increase in velocity and the constant change in direction vectors, which intensify frictional losses and generate drag 

forces. To compensate for the resulting energy loss, the pressure decreases. This relationship can be explained using the 

general energy equation, which shows how pressure must decrease to balance the increase in velocity and energy losses. 

Additionally, the von Kármán effect was observed, with the formation of vortices on the lateral sides of the object, which 

detach and form a wake behind the model. 

In the wind tunnel, the flow around the structure was observed and compared to the CFD simulation. The use of smoke 

allowed for the visualization of the flow, identifying fluid separation and wake formation, with results that were similar 

to those from the simulation. This confirms the compliance with the laws of dynamic and geometric similarity, as the 

flow lines and the scales of the model and prototype are very similar. In both cases, the point of separation and the size 

of the wake were practically identical. After conducting both computational and physical simulations, it was concluded 

that CFD simulations are useful for analyzing velocity and pressure at each point in the flow. However, due to the multiple 

external and internal factors within the fluid itself, results may vary. If one were to attempt to account for all these factors 

in the simulation software, it is likely that a solution would not be achievable. 
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