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CFD model to evaluate the performance of a low-rise building exposed to hurricane wind loads with different configurations
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This paper is the second stage of a scientific investigation that presented a review of mitigation strategies in coastal areas. In order to evaluate parameters of interest for the design of low-rise buildings, such as pressure coefficients, Cp, and wind behavior around the structure, 36 configurations based on a Central Composite Design (CCD) were simulated using Computational Fluid Dynamics (CFD) with a RNG 𝒌 -𝝐 turbulence model. The results in terms of wind velocity and behavior, as well as turbulence kinetic energy, were validated with respect to the existing literature, obtaining similar and acceptable contours, streamlines and vectors. These results showed that the negative values of Cp and velocity are more important, i.e., the suction effects have a greater impact on the building than the overpressure effects. By elevating the structure, the wind behavior around it causes vorticity, which in turn leads to negative pressures, especially on the roofs, lower floor and downstream walls. The results obtained should allow: (1) to generate a predictive model based on the Cp coefficients using the Response Surface Methodology (SRM) and (2) to propose mitigation strategies against hurricane winds.

I INTRODUCTION

The use of Computational Fluid Dynamics (CFD) has grown enormously in recent years, thanks to computational advances. Many researchers around the world use this tool as an alternative in the study of flow behavior through a domain. This methodology allows optimizing time and costs, standing out from other methodologies such as the use of the wind tunnel and full-scale experimentation.

In the scientific engineering sector, CFD simulation is an ally to develop research in different areas, particularly in fluidstructure interaction, however, a topic that is vital today for Mexico and the world population are mitigation strategies for low-rise structures in the face of extreme winds such as those generated by hurricanes since in past events they have left great economic and human losses [START_REF] Moshinsky | Gilbert: example of a high intensity hurricane; Gilbert: ejemplo de huracanes de gran intensidad[END_REF], [START_REF] Murià-Vila | Effects of hurricane Odile on the infrastructure of Baja California Sur, Mexico[END_REF], and they are expected to be more frequent and intense [START_REF] Ihi | Climate change and hurricanes in the Yucatan Peninsula; El cambio climático y los huracanes en la Península de Yucatán[END_REF], [START_REF] English | Combined flood and wind mitigation for hurricane damage prevention: case for amphibious construction[END_REF].

This work aims at evaluating the pressure coefficient Cp and the wind behavior for low-rise structures. Different configurations are considered using CFD methodology. Central Composite Design (CCD) method, [START_REF] Abdelfatah | Experimental investigation of wind impact on low-rise elevated residences[END_REF] [6] [START_REF] Holmes | Wind pressures on tropical housing[END_REF] [START_REF] Xing | Study on localised wind pressure developed in gable roof buildings having different roof pitches with experiments, RANS and LES simulation models[END_REF], were used to create the different combinations by knowing the significant factors from the literature. For this purpose, ANSYS FLUENT 2022 R2 was used with a Re-Normalisation Group k-epsilon turbulence model (RNG 𝑘 -𝜖) described later.

II BACKGROUNDS

Several authors have carried out research using CFD simulations to investigate the behavior and mitigation strategies that allow dissipating the effects caused by wind loads. In [START_REF] Abdelfatah | Experimental investigation of wind impact on low-rise elevated residences[END_REF], one-story and two-story gable roof models with different elevations were presented to determine the effects in different parts of the house. The study presented by [START_REF] Amini | CFD-Based evaluation of elevated coastal residential buildings under hurricane wind loads[END_REF] showed that different configurations provided a better understanding of the behavior of elevated houses, recommending the continuity of more variables and mitigation techniques to improve stability against wind pressures. In [START_REF] Xing | Study on localised wind pressure developed in gable roof buildings having different roof pitches with experiments, RANS and LES simulation models[END_REF], the pressure distribution around gable roof with different roof pitches and wind directions were investigated. In [START_REF] Singh | Effects of roof slope and wind direction on wind pressure distribution on the roof of a square plan pyramidal low-rise building using CFD simulation[END_REF], pyramidal roof presented a better aerodynamic behavior compared to different roof geometries. In [START_REF] Aly | Retrofitting building roofs with aerodynamic features and solar panels to reduce hurricane damage and enhance ecofriendly energy production[END_REF], the optimal roof/solar panel combination reduced wind loads on low-rise buildings. In [START_REF] Aly | Aerodynamic mitigation of wind uplift loads on low-rise buildings[END_REF], different configurations with various edges were explored, highlighting the proposal of an aerodynamic edge inspired by airplane wings to help reduce wind loads. This also helps to interrupt vortex formation and divert the flow from the clearance zone on the roof edge away from weak elements. Something similar was presented in [START_REF] Gaur | Aerodynamic mitigation by corner modification on squere model under wind loads employing CFD and wind tunnel[END_REF], where corner cut-shaped modifications were analyzed.

III MATERIALS AND METHODS

A. Central composite design, CCD

CCD was used to explore 5 factors at 5 levels. Table 1 gives the factors and levels used, and Fig. 1 shows the input factors for building configurations. It is known from the literature that these factors are significant in the Cp and flow behavior results. Equation 1 was used to determine the number of simulations performed:

𝑁 = 2 𝑘-1 + 2𝑘 + 𝑛 0 ( 1) 
Where k=5 and 𝑛 0 = 10. MATLAB software was used to determine the different configurations showed in Table 3. 

B. CFD model

The process that was used to carry out the 36 CFD configurations (Table 3) consists of 3 steps: (1) Pre-processing: geometries, meshing and simulations configurations were defined; (2) Processing: solution was calculated; (3) Postprocessing: analysis of results. The scale used for each simulation was 1:20, as used by [START_REF] Amini | CFD-Based evaluation of elevated coastal residential buildings under hurricane wind loads[END_REF]. All the recommendations presented in the literature were considered to obtain reliable results such as [START_REF] Abdelfatah | Experimental investigation of wind impact on low-rise elevated residences[END_REF], [START_REF] Xing | Study on localised wind pressure developed in gable roof buildings having different roof pitches with experiments, RANS and LES simulation models[END_REF], [START_REF] Tominaga | AIJ guidelines for practical applications of CFD to pedestrian wind environment around buildings[END_REF]. The L/b ratio is described in Table 2 considering important characteristics such as the minimum construction square meters considered by the Mexican regulations, as well as an average static height of 2.7 m at the eaves level. C. Governing equations and boundary conditions ANSYS WORKBECH FLUENT 2022 R2 was used in this study to perform the steady Reynolds-Averaged Navier-Stokes (RANS) computations. RANS allows to solve the mean flow model fluctuations. The building models were created based on the dimensions given by CCD. The software helped to solve the Navier-Stokes equations by Finite Volume Method (FVM), the pressure and momentum equations are coupled using the SIMPLE algorithm presented in [START_REF] Van Dormaal Y | Enhanced of the SIMPLE method for predicting incompressible fluid flows[END_REF]. The Navier-Stokes equations describe the physical characteristics of the flow. This is a system of five partial differential equations, which for a Newtonian, incompressible and isothermal fluid in steady-state, are simplified in the form of continuity and momentum equations [START_REF] Moshinsky | Gilbert: example of a high intensity hurricane; Gilbert: ejemplo de huracanes de gran intensidad[END_REF]:

𝜕𝑢 𝑖 𝜕𝑥 𝑖 = 0 ( 2) 𝑢 𝑗 𝜕𝑢 𝑖 𝜕𝑥 𝑗 = - 1 𝜌 𝜕𝑝 𝜕𝑥 𝑖 + 𝑣 𝛿 2 𝑢 𝑖 𝛿𝑥 𝑗 𝛿𝑥 𝑗 ( 3)
Where 𝑣 is the kinematic viscosity, defined as viscosity (𝜇), divided by the density (𝜌).

The RNG 𝑘 -𝜖 turbulence model is considered in this study to model the Atmospheric Boundary Layer (ABL). This model consists of two additional transport equations for the Turbulence Kinetic Energy (TKE), k, and the rate of dissipation of TKE, 𝜖, [15], and is expressed as: Where the production of TKE is given by And the turbulence viscosity, 𝜇 𝑡 , is given by:

𝐺 𝑘 = 𝜇 ( 𝜕𝑢 𝜕𝑧 ) 2 ( 6) 
𝜇 𝑡 = 𝜌𝐶 𝜇 𝑘 2 𝜖 ( 7) 
𝜎 𝑘 , 𝜎 𝜖 , 𝐶 𝜖1 , 𝐶 𝜖2 and 𝐶 𝜇 are model constants, which are usually assigned the values 1, 1.3, 1.44, 1.92 and 0.09 respectively.

In this paper, the following equations were implemented to satisfy the above equations recommended by [15]: Eq. ( 8), velocity profile, 𝑢; Eq. ( 9), k parameter; Eq. ( 10), 𝜖 parameter.

𝑢 = 𝑢 * 𝜅 𝑙𝑛 ( 𝑧 + 𝑧 0 𝑧 0 ) ( 8) 
𝑘 = 𝑢 * 2 √ 𝐶 𝜇 ( 9) 
𝜖 = 𝑢 * 3 𝜅 (𝑧 + 𝑧 0 ) ( 10) 
Where 𝜅 is von Karman's constant, z is the height in which the velocity is calculated, 𝑧 0 is the surface roughness length and 𝑢 * is the friction velocity that can be calculated as:

𝑢 * = 𝜅 𝑢 𝑟𝑒𝑓 𝑙𝑛 𝑧 𝑟𝑒𝑓 + 𝑧 0 𝑧 0 ( 11) 
Where 𝑢 𝑟𝑒𝑓 is the velocity reference, and 𝑧 𝑟𝑒𝑓 is the length of the velocity reference.

One of the values of interest in this paper, is the Cp, that is a dimensionless parameter very important for the structural design of buildings and is calculated as:

𝐶 𝑝 = 𝑃 -𝑃 0 0.5𝜌𝑢 𝑟𝑒𝑓 2 ( 12) 
Where P = static pressure on the surface; P0 = static pressure at the reference point, 𝜌 = air density.

Finally, another important parameter to determine is the appropriate cell size near the walls since the wall laws of the turbulence model have constraints on the y + value at the wall. The following equation can be used to predict the height of the first layer:

𝑦 + = 𝜌 * 𝑢 * * 𝑦 𝑝 𝑣 ( 13 
)
Where yp is the distance from the center of the cell to the nearest wall.

D. Geometry

The geometries were created in ANSYS CAD SPAICE CLAIM respecting: 1:20 scale; mezzanine height of 135 mm; square piles of 15×15 mm 2 corresponding to the foundation; each window was positioned 45 mm from the floor and centered on the width of the wall as shown in Fig. 2. The height of the window was considered as a function of percentage of building opening: 50 mm for values ≤ 20% and 75 mm for values≥ 25%. Flow domain was delimited by the corresponding boundary conditions, with H = 183 mm. To reduce computing time, the minimum recommended boundary distances were used, such as [START_REF] Aly | Retrofitting building roofs with aerodynamic features and solar panels to reduce hurricane damage and enhance ecofriendly energy production[END_REF], in Fig. 3. Each model was divided into two parts for each analysis. In addition, each of the boundary conditions (inlet, outlet, and walls) was named since the software recognizes the names for further processing. 

E. Meshing

Meshing was generated in ANSYS FLUENT. Each CAD model was exported considering each of the important features for the quality of the model. A mesh sensitivity analysis was performed for all cases. A fine mesh was selected for each configuration with the smallest cell of 2.5 mm in the house walls. In addition, each scenario presents a combination of polyhedral cells using the Poly-Hexacore tool [START_REF] Zore | ANSYS mosaic Poly-Hexacore mesh for high-lift aircraft configuration[END_REF] (Fig. 4). Each configuration in Table 3 is between the order of 3,000,000 and 5,000,000 of cells. For the walls of the house, 10 layers were used with the thickness of the first layer of 0.6 mm and a transition ratio of 0.272, Therefore, the averaged of y + < 5 for all cases. Finally, the configurations of all the meshes were checked for various factors such as maximum orthogonality and skewness. 

F. Configuration and solution

All simulations were performed on a personal computer with an Intel(R) Core(TM) i7-8750H CPU @ 2.21 GHz processor and 16.0 GB RAM. Due to computing limitations, double precision and six processors were used for the simulations. Turbulence model RNG 𝑘 -𝜖 was selected with 𝜎 𝑘 = 1.11. The initial values selected were gravity = 9.81 m/s 2 , and the flow characteristics, density 𝜌 = 1.255 kg/m 3 and viscosity 𝑣 = 0.000017894 kg/(m•s). The inlet values for boundary conditions, in particular the wind velocity profile, were calculated using an algorithm made in C++ language with the equations (8, 9,10 and 11) and with following values: 𝑢 𝑟𝑒𝑓 = 8.5 m/s; 𝐶 𝜇 = 0.09; 𝜅 = 0.4; 𝑧 𝑟𝑒𝑓 = 0.135 m and 𝑧 0 = 0.0003 m. Fig. 5 show the wind velocity profile. Zero static pressure is used on the domain outlet, and zero normal velocity and zero normal gradients of all variables are on the top and lateral sides. The house surfaces are treated as a non-slip wall subject to shear stress. The pressure and momentum equations are coupled using the SIMPLE algorithm. The discretization schemes used for the convection and diffusion terms (pressure, momentum, TKE, 𝜖) are second-order upwind schemes. Convergence is achieved when all the scaled residuals are less than 1*10 -5 (Fig 6). 

II. DISSCUTIONS AND RESULTS

The CFD post-processing yielded the Cp and wind velocity results shown in Table 4. To verify the results, all the factors recommended by the good practice guides were considered [START_REF] Tominaga | AIJ guidelines for practical applications of CFD to pedestrian wind environment around buildings[END_REF]. For the validation, the existing literature was used since due to the lack of information, it is necessary to compare with experimentation or, in this case, with similar studies. There were some differences due to the current configuration, however, it is shown in Figures 7, 8 and 9 similar results to those obtained by [START_REF] Abdelfatah | Experimental investigation of wind impact on low-rise elevated residences[END_REF], [START_REF] Amini | CFD-Based evaluation of elevated coastal residential buildings under hurricane wind loads[END_REF], [START_REF] Xing | Study on localised wind pressure developed in gable roof buildings having different roof pitches with experiments, RANS and LES simulation models[END_REF] and [START_REF] Holmes | Wind pressures on tropical housing[END_REF]. Velocity (contours, streamlines and vectors) and the TKE contours in configurations number 17, 18 and 25 were selected for comparison with the literature. The obtained results show that the negative values of Cp and velocity are more important, which means that the suction effects have a greater impact on the building than the overpressure effects. By elevating the structure, the wind behavior around it causes vorticity, which in turn causes negative pressures, especially on the roofs, lower floor and downstream walls (Figures 7a,8a,9a). III. CONCLUSION This study evaluated the behavior of a low-rise structure with different configurations in the face of hurricane winds in terms of pressure coefficients Cp and wind velocity. Five factors were chosen, after an exhaustive review of the literature, which have a high impact on flow behavior. Wind angle, roof slope, building opening, ratio of length to width of the structure, and height of pile above ground, were the factors selected for this project, with 5 different levels for each factor. A central composite design was used for two important purposes: (1) to significantly reduce the number of simulations, without losing valuable information and (2) to implement a predictive model.

Due to the size limitation of the paper, this work focused on two important points: obtaining accurate and reliable results in terms of Cp, wind velocity and TKE through the use of computational fluid dynamics using ANSYS FLUENT, with a turbulence RNG k-e model; and validating the obtained results by comparison with those of other authors.

Future work should consider to develop: a predictive model with response surface method or machine learning methodology; mitigation proposals to dissipate wind effects on low-rise structures; testing with a larger number of factors and levels; using other turbulence models to serve as a comparison framework; extension of the work to a set of several buildings to examine the effect of wind between neighboring structures.

Although the use of CFD saves time and money in terms of experimental facilities, it requires a high computational cost. Therefore, it is necessary to compare the results of this study by improving, for example, the level of residuals, meshing or by implementing other turbulence models that require a much higher computational cost to be performed.
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 2 Fig. 2 Geometry: a) Fixed dimensions of each model; b) Dimensions and distance between piles (distance is equidistant trying not to exceed 100 mm of separation).
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 3 Fig. 3 Flow domain and boundary distances.
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 4 Fig. 4 Meshing used for the study.
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 5 Fig. 5 Wind velocity profile used for the simulations.
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 6 Fig. 6 Scaled residuals plot.
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 789 Fig. 7 Simulation 17: a) Velocity contour; b) Streamline contour; c) Vectors contour; d) TKE contour.

Table 1

 1 Factors and levels for the CCD.

	Input	Level -2	Level -1	Level 0	Level 1	Level 2
	Wind	0	45	45	45	90
	angle,					
	𝜃(°)					
	Roof	3	10	20	30	35
	slope, 𝛼					
	(°)					
	Building	0	15	20	25	30
	opening,					
	%					
	Ratio,	0.5	1	1.5	2	2.5
	L/b					
	Height of	0	1.5	2.5	3	3.5
	pile					
	above					
	ground, h					
	(m)					
		Fig. 1 Input factors for building configurations.	

Table 2

 2 Values of L and b corresponding to the building side.

		Units in meters at full scale	
	L	b	Ratio L/b	Area (m 2 )
	5	10	0.5	50
	8	8	1	64
	8	5.3	1.5	42.4
	10	5	2	50
	13	5.2	2.5	67.6

Table 3

 3 CCD configurations.

	#	θ (°)	α (°)	%	L/b	h (m)	#	θ (°)	α (°)	%	L/b	h (m)
	1	45	10	15	1	3	19	45	3	20	1.5	2.5
	2	45	10	15	2	1.5	20	45	35	20	1.5	2.5
	3	45	10	25	1	1.5	21	45	20	0	1.5	2.5
	4	45	10	25	2	3	22	45	20	30	1.5	2.5
	5	45	30	15	1	1.5	23	45	20	20	0.5	2.5
	6	45	30	15	2	3	24	45	20	20	2.5	2.5
	7	45	30	25	1	3	25	45	20	20	1.5	0
	8	45	30	25	2	1.5	26	45	20	20	1.5	3.5
	9	45	10	15	1	1.5	27	45	20	20	1.5	2.5
	10	45	10	15	2	3	28	45	20	20	1.5	2.5
	11	45	10	25	1	3	29	45	20	20	1.5	2.5
	12	45	10	25	2	1.5	30	45	20	20	1.5	2.5
	13	45	30	15	1	3	31	45	20	20	1.5	2.5
	14	45	30	15	2	1.5	32	45	20	20	1.5	2.5
	15	45	30	25	1	1.5	33	45	20	20	1.5	2.5
	16	45	30	25	2	3	34	45	20	20	1.5	2.5
	17	0	20	20	1.5	2.5	35	45	20	20	1.5	2.5
	18	90	20	20	1.5	2.5	36	45	20	20	1.5	2.5

Table 4

 4 Results of the Cp and wind velocity values.

	#	Cp Values	Velocity Values (m/s)
	Simulation				
		Min	Max	Min	Max
	1	-3.96734	1.65079	-4.25	12.57
	2	-3.96615	1.3945	-4.28	12.35
	3	-3.51461	1.41952	-5.09	12.42
	4	-5.27917	1.6053	-6.29	13.63
	5	-2.62301	1.59208	-5.96	13.04
	6	-3.52491	1.67406	-5.36	13.65
	7	-2.72515	1.74649	-5.59	13.49
	8	-3.20831	1.42484	-4.47	13.05
	9	-3.49846	1.4362	-5.39	12.08
	10	-5.783	1.67973	-5.19	14.25
	11	-3.78578	1.64995	-3.80	12.51
	12	-4.32101	1.38949	-6.11	12.48
	13	-2.89798	1.9072	-4.76	13.73
	14	-3.548	1.54672	-5.44	13.24
	15	-2.67538	1.59032	-6.37	13.17
	16	-3.66177	1.70496	-4.75	13.70
	17	-2.73507	1.54373	-2.69	11.54
	18	-2.0292	1.50667	-3.27	11.66
	19	-6.50004	1.55127	-4.53	14.72
	20	-4.92323	1.70331	-5.15	15.52
	21	-3.50098	1.58285	-4.88	13.20
	22	-3.6075	1.58285	-5.61	13.15
	23	-4.36163	1.59513	-4.18	13.02
	24	-4.1635	1.57618	-4.22	12.57
	25	-2.60452	1.17963	-4.38	11.87
	26	-3.75827	1.70324	-4.39	13.51
	27-36	-3.49029	1.58318	-5.31	13.37
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