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ABSTRACT
The Alcantara Launch Center (ALC) is the main Brazilian access to space. It is positioned over a complex terrain, and 

it has some important buildings for assembling, integration and launching activities, such as the Mobile Integration Tower. 
Being in a region of prevalent trade winds, the flow interaction between the complex terrain and the buildings can affect 
the safety of operations on the platform, and the dispersion of toxic gases emitted during the launching. The main objective 
of this work was to study the influence of topography and buildings on the atmospheric flow of ALC using computational 
fluid dynamics (CFD) techniques. Three geometries were considered: simplified terrain (case 1), smooth complex terrain 
(case 2), and roughness complex terrain (case 3). The flow conditions over ALC were simulated using the ANSYS Fluent 
19.0 CFD commercial code. The numerical simulations used a realizable κ-ε to model turbulence effects and the results 
presented a good agreement with the in-situ field measurements for the most complex geometry (case 3). The topography 
clearly influences the flow pattern at ALC, with the cliff influence over the wind being the major cause for establishing the 
flow patterns.

Keywords: Atmospheric flow; Complex terrain; Coastal cliff; Computational fluid dynamics (CFD); Atmospheric turbulence; 
Rocket launching.
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INTRODUCTION

The Alcantara Launch Center (ALC), located in the northeastern Brazil, is the leading country gateway to space (Fig. 1). 

The launch pad area (called SPL) is positioned 150 m from the coastline, on a jagged cliff, with approximately 40 m height. Therefore, 

the change in roughness (smooth surface at the ocean to the rough surface at the continent) and the abrupt topography variation 

caused by the cliff can affect the atmospheric flow in the region and modify the flow properties of the planetary boundary layer. 

As a result, the flow from the ocean to the continent is disturbed and the flow properties of the planetary boundary layer are 

modified. Uchida and Ohya (2003) observed that local accelerations of the wind and separation regions of the boundary layer 

can be formed in flows over complex topographies, which affects the safety of operations on the platform as, for example, the 

dispersion of toxic gases emitted during launching.
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Figure 1. Aerial photography of the Brazilian rocket launch site. The Mobile Integration Tower 
(identified as TMI) location is indicated. Source: Retrieved from AEB (2019).

The launching platform has some buildings nearby necessary for assembly, integration, and launching activities— the 
Mobile Integration Tower, also known as TMI from its Portuguese name, the exit safety tower, and the control room (bunker), 
with the TMI and the exit tower being the tallest ones, with 33 and 25 m height, respectively. The flow around bluff obstacles is 
dominated by shear-generated mechanical turbulence. Therefore, the presence of buildings modifies the flow pattern causing 
the formation of characteristic flow features as separation and recirculation zones and turbulent wakes behind the obstacles 
(Arya 2001).

One of the major impacts related to the launch of rockets is the high rate of pollutant release almost instantaneously that can 
cause risks to human health (National Research Council 1998). The rocket engines launched at the ALC, including the satellite 
launch vehicle, work by burning solid propellant based on aluminized ammonium perchlorate. The combustion products are 
composed of toxic gases such as carbon monoxide (27.6%) and hydrogen chloride (21.6%). Schuch and Fisch (2017) did an 
analysis of the influence of this emission at ALC for a long-range dispersion forecast (higher than 5 km) while Klippel (2020) did 
for short range forecast (lower than 1 km). Furthermore, such analyses are of great importance in the cases of launching accidents 
that would result in larger amounts of pollutant gases.

Iriart and Fisch (2016) and Schuch and Fisch (2017) observed that the wind advection is a major meteorological factor 
that influences the pollutants dispersion at the ALC. Therefore, the knowledge of the flow pattern is essential to establish the 
atmospheric dispersion conditions to which the ALC is exposed and provide the necessary basis for studies of the dispersion of 
pollutants emitted during rocket launches.

In this context, the atmospheric flow at the ALC was studied using different approaches since the beginning of its activities. 
Field measurements provided the basis for understanding the flow patterns in the region, and wind tunnel experiments and 
numerical simulations provided more details about the flow characteristics in the region (Couto and Fisch 2018; Marciotto et al. 
2012; Medeiros et al. 2013; Ramos et al. 2018).

Wind tunnel tests were also developed using simplifications of the local geometry like flat and smooth terrain (Faria et al. 
2019; Pires et al. 2010; 2009). In these experiments, the abrupt change of topography was considered representing the cliff as a 
step with different inclinations. However, this is a rough representation of the local topography, as the cliff is very irregular and 
heterogeneous, a characteristic geographic feature in the ALC region. Several authors have studied atmospheric flow over complex 
terrains to understand the effects of topography on wind velocity and to predict, for example, the dispersion of pollutants in these 
regions (Balogh et al. 2012; Blocken et al. 2015; Hanjalić and Kenjereš 2005; Liu et al. 2016; Sharma et al. 2020; Tang et al. 2019; 
Yan et al. 2016; Yang et al. 2018; Yim et al. 2014).

Several of these studies have used computational fluid dynamics (CFD) techniques, based on two different approaches to turbulence 
modelling, Reynolds-average Navier–Stokes (RANS) and the more computationally demanding large eddy simulations (LES).

In the case of RANS simulations distinct closure models were adopted by different authors (Balogh et al. 2012; Sharma et al. 
2020; Tang et al. 2019; Yim et al. 2014; Yan et al. 2016). In particular, the RANS κ-ε turbulence models showed good results 
when compared to field measurements (Balogh et al. 2012; Blocken et al. 2015; Gant and Tucker 2018; Tang et al. 2019; Yan et al. 
2016) due to their inherently ability to deal with separated flows. Few studies have been conducted using numerical simulations 
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considering the ALC (Pires et al. 2011; Souza et al. 2015). Thus, new studies using computational simulations are important as 
they allow the detailed investigation of flow properties, sometimes not available from field or experimental measurements, besides 
the spatial description of the velocity and turbulence fields that define the atmospheric flow.

In this context, the main objective of this study was to simulate the atmospheric flow over the complex terrain of the ALC on 
scales not achievable by atmospheric models, using CFD techniques and inserting elements that represent the structure and the 
topography of the site under the influence of atmospheric turbulence. It is the first paper of a more comprehensive analysis of 
the short range (lower than 1 km) dispersion of HCl at ALC. The long-range dispersion (greater than 5 km) has been studied by 
Schuch and Fisch (2017) using a different type of model (in this case was an atmospheric mesoscale WRF model).

COMPUTATIONAL DOMAIN

Numerical simulations were conducted for three different representations of the ALC topography, namely, cases 1, 2 and 3. 
In the first geometry (case 1, Fig. 2a) a flat and smooth terrain is assumed, with the 40-m height coastal cliff represented by 90° 

steps. This simplified representation was considered, essentially, to evaluate the evolution of the refinement of geometry and its 
influence on atmospheric flow compared with field measurements.

(a)  

 
(b)  

 
 

(a)  

 
(b)  

 
 

Figure 2. Computational domain. (a) Case 1; (b) Case 3. The TMI location is indicated. Domain boundaries were 
defined by the distance from the highest obstacle at each boundary (hTMI = 33 m, hcliff = 40 m, hbuilding = 6 m and 

∆helevation = 6 m). U(z) arrow indicates the wind flow direction (70°, NNE). Source: Elaborated by the authors.

The geometry for cases 2 and 3 was more refined and considered the natural geographic complexity of the terrain, including 
the irregular and heterogeneous cliff on the ocean-continent interface. The topographic model was built based on the global 
digital topography model provided by the Japan Aerospace Exploration Agency, which has a 30-m spatial resolution (JAXA 2019). 
Despite the low resolution of the data, the data closely represents the ALC region when compared to the photographic pictures 
of the site (Fig. 1). The computational domain for cases 2 and 3 is presented in Fig. 2b. Domain boundaries were defined by the 
distance from the highest obstacle at each boundary. The total height of the domain is 10 hTMI (hTMI = 33 m).

The difference between cases 2 and 3 is that the influence of the presence of the local vegetation is considered only at case 3. 
According to IBGE (2019), the ALC is covered by a restinga ecosystem (coastal vegetation), with Fisch (1999) and Medeiros et al. 
(2013) referring to dense vegetation about 3 m height in the region. Then, the vegetation was represented as an elevation of 3 m 
from the surface, where it is present. This approach was adopted because the vegetation in the ALC region is very dense and acts 
as a solid barrier. Moreover, due to wall treatment implemented in the numerical simulations, representing the vegetation only as a 
surface roughness would require the use of very small control volumes, which would make it impossible to use a higher resolution 
mesh with the computational resources available for this study.
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Figure 3 presents the altitude variation along the developed topographic model for case 3. It may be seen that all 

over the cliff extension, the altitudes vary between 12 and 26 m relative to the sea level. At the left and right sides, the 

topography is very irregular with the presence of small hills, mainly along the right side, with elevation varying from 12 

to 41 m.
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Figure 3. Plan view of altitude variation along the domain for case 3. The location of buildings is shown 
in grey. The TMI is indicated. The origin of the rectangular coordinate system was set at the top right. 

The wind flow direction (70°, NNE) is indicated by the arrow. Source: Elaborated by the authors.

The highest region in the domain is around the launch pad area (SPL), with about 43 m height. However, the SPL, where the 

TMI is located and from where the launching activities take place, has 40 m of elevation in relation to the sea level. Since the SPL 

presents a smaller elevation, its surroundings may influence the atmospheric flow at the site.

The main buildings which were identified in the study domain were considered in the three cases (Fig. 4).

Support building

Support building Bunker

SPL

Exit safety tower

TMI
Support building

Figure 4. Main buildings of the launch pad area (SPL) considered in the domain. Source: Elaborated by the authors.

MATHEMATICAL MODELING

The simulations were conducted using RANS equations for incompressible and steady flow (Eqs. 1 and 2):
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  (1)

  (2)

where ρ is the density of fluid (kg∙m-3),  is the average i−th velocity in (m∙s–1), u'i is the i−th velocity fluctuation in (m∙s–1), P
_

 
is the mean mechanical pressure (N∙m–2) and ν is the kinematic viscosity (m2∙s–1). The nonlinear terms  were solved using 
the κ-ε realizable turbulence model.

Turbulence modeling
The RANS κ-ε realizable closure model of Shih et al. (1995) used in this study is a turbulent viscosity model based on the 

Boussinesq analogy, where the Reynolds stresses are modeled as a turbulent viscosity related to the mean velocity gradients. The 
κ-ε realizable model was chosen because its ability to deal with shear layers and recirculating flows, being one of the most widely 
used and validated turbulence models with a variety of applications including environmental flows. Also, the realizable version of 
the model is known for its improved computational performance, while generally providing better predictions for flows involving 
boundary layers under strong adverse pressure gradients, zones of separation and recirculation, features that commonly occurs in 
the flow over bluff bodies, as is the case for the flow over the ALC buildings. The transport equations modeled for the turbulent 
kinetic energy (TKE) κ and dissipation ε are presented in Eqs. 3 and 4.

  (3)

  (4)

where  is the TKE production term (Pκ=νtS
2, N∙m–2∙s–1), Sij is the strain 

rate tensor (s−1), σκ and σε are the turbulent Prandtl numbers and C2 is an empirical constant of the model. The adopted constants 
were: σκ = 1.0, σε = 1.2 and C2 = 1.0 (ANSYS 2018).

In this study, the scalable wall function modified by the roughness (Launder and Spalding 1983) was used to ensure numerical 
accuracy of the results. The wall functions bridge the inner region between the wall and the fully developed region, eliminating 
the necessity to resolve the boundary layer and greatly reducing the mesh size. According to ANSYS (2018), the implemented 
scalable wall functions produce consistent results for meshes of arbitrary refinement. The nondimensional parameters necessary 
to calculate the first grid cell are (Eqs. 5 and 6):

  (5)

  (6)

where y+ is the dimensionless distance from the wall, yP is the distance from the center point P of wall-adjacent cell (m), u* 
is the friction velocity (m∙s–1), KS

+ and KS are the dimensionless and physical roughness height (m), respectively, and it must 
be emphasized that KS is not equivalent to the z0 aerodynamics roughness coefficient (Yan et al. 2016). For a fully turbulent 
flow, KS is much larger than the corresponding z0 and can be approximated to 30z0. The distance from the center point P of the 
wall-adjacent cell to the wall must be at least twice the physical height of roughness (yP > KS) (ANSYS 2018; Antonini et al. 
2019; Blocken et al. 2007).

In order to not compromise the fine grid resolution, in case 3, vegetation was represented as an elevation of 3 m and was 
considered as a small aerodynamic roughness coefficient (z0 = 0.02 m corresponding to KS = 0.6 m). In the cliff, built areas and 
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the ocean KS was equal to 0.6, 0.03 and 3 × 10−4 m, respectively. The walls of the buildings were considered to be smooth surfaces, 
where the no-slip condition was applied.

While this work uses the κ-ε turbulence model for atmospheric simulations, another parallel work has been conducted using 
the LES model technique (Couto 2020).

Boundary conditions
The boundary conditions adopted for the simulations were: (i) inlet, in situ data-based velocity profile and constant turbulent 

intensity; (ii) outlet, zero static gauge pressure; (iii) top, free slip condition (zero shear stress); (iv) floor and building walls, no-slip 
condition (ui= 0).

The inlet velocity profile was defined based on the final analysis data of the National Centers for Environmental Prediction. 
The data were obtained for September 20, 2008 (representing the dry period), at 00:00 h (UCT). Usually, the Brazilian rockets 
are launched during the dry period in order to avoid problems with rainfall. Also, this period was chosen to compare the final 
analysis data set with radiosondes observations made at the ALC. The velocity profile was interpolated by a logarithmic law 
based on the similarity theory for neutral surface layer (Eq. 7). The logarithmic profile coefficients were u* = 0.4 m∙s–1 and 
z0 = 3.0 × 10−4 m.

  (7)

The mean inlet velocity was 11.5 m∙s–1. The reference Reynolds number (Re) was 2.5 × 107, with a characteristic length 
corresponding to the TMI height (33 m). The incident velocity direction was 70° (North-Northeast, NNE, mean wind direction 
obtained by reanalyzed data), which agrees with the prevailing winds of the ALC: northeast and east winds (Fisch 2010; Medeiros 
et al. 2013).

Some tests were carried out and the inlet turbulence intensity obtained for the convergence and validation of the simulation 
was determined by 5% (κ and ε were 0.17 m2∙s–2 and 2.80 10-4 m2∙s–2, respectively), the same value obtained for the wind tunnel 
measurements (Faria et al. 2019) and close to observational values obtained by Fisch (1999).

NUMERICAL METHODS

The present study was developed using the finite volume based on CFD commercial software ANSYS Fluent 19.0. The 
computational mesh representing the simulation domain was composed predominantly by hexahedral elements. The elements 
adjacent to the ground (ocean, cliff and continent) were 1.2 m, with a growth rate of 1.2.

Close to the walls of the main buildings the elements size was 0.6 m, with a growth rate of 1.2. In these regions, a layer 
of prismatic elements was inserted to better resolve the near wall flow. The first prismatic layer had 0.01 m, resulting in 
y+ less than 200, appropriate for the use of turbulence wall functions, with growth rate of 1.5 for a total of six layers. Grid 
sensitivity tests were performed and acceptable results for the chosen mesh and methods were found. The total number 
of nodes (elements) of the computational meshes were 14,281,481 (12,424,099), 15,311,238 (13,520,297) and 15,449,500 
(13,663,248) for cases 1 to 3, respectively. Figure 5 shows the computational mesh for case 3, highlighting the TMI and 
coastal cliff details.

The first order upwind scheme was used for the discretization of the momentum, κ and ε equations and, although being known 
for its propensity to numerical diffusion, it was necessary for stability. To solve the Navier–Stokes equations the iterative Semi-
Implicit Method for Pressure Linked Equations (SIMPLE) algorithm, described by Patankar (1980), was employed for the pressure-
velocity coupling solution. The iterative convergence criteria used was that the solution was well converged when the root mean 
square residuals reached the limit of five decimal digits.
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Figure 5. Mesh for case 3, presenting some details of the TMI and the coastal cliff. Source: Elaborated by the authors.

RESULTS AND DISCUSSION

In a neutral atmosphere, the flow is modified mainly due to the shear stresses generated due to its interaction with the walls 

of the domain (surface and faces of the buildings). Figure 6 shows the mean longitudinal velocity and streamlines over the cliff 

for the three cases analyzed, considering the direction of the prevailing mean flow. For case 1 (Fig. 6a) the flow reaching the step 

(cliff) causes a separation zone. The velocities in 0.3 hTMI and 0.6 hTMI above the cliff were 9.4 and 10.6 m∙s–1, respectively. A reverse 

flow region is formed upstream the obstacle with velocities below 2.5 m∙s–1 and negative velocities close to –1.0 m∙s–1.

(a)  (b)  

  
(c)   

 

 

Figure 6. Streamlines on the cliff. (a) Case 1; (b) Case 2; (c) Case 3; A indicates the highest point on 
the cliff and B indicates the lowest point just after the cliff. Source: Elaborated by the authors.
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As obtained by Faria et al. (2019), downstream the cliff is a recirculation zone that extends up to the TMI. This behavior of the 
flow crossing a step were also observed in Essel and Tachie (2017) and in Wu and Ren (2013). As in the present study, these studies 
showed that two recirculation zones are formed, upstream and downstream to the step. It has also been observed that its intensity 
and extension depend on some conditions such as the flow Re, the surface roughness before and after the step and its height. 
In Essel and Tachie (2017), considering smooth surfaces, it has been found that the increase in the Re induce an intensification of 
the recirculation zone downstream the step. In the present work, the Re is higher (107), which may have favored the intensity 
of the recirculation downstream the step.

In Wu and Ren (2013) it has been observed that on rough and irregular surfaces, the recirculation zone downstream the step 
tends to be attenuated. In cases 2 and 3 (Fig. 6b and c), adding the real topography, the flow followed the cliff geometry smoothly, 
and the separation and recirculation zones downstream the cliff were smaller when compared to case 1.

For cases 2 and 3, although near the surface the velocity is zero due to the boundary condition (no-slip), the flow is accelerated 
on the cliff and the maximum velocities was 11.3 and 11.7 m∙s–1 for case 2 and 11.8 and 12.4 m∙s–1 for case 3 at 0.3 hTMI and 
0.6 hTMI above the cliff (at the highest altitude of the cliff identified by the letter A in Fig. 6b and 6c). In both cases, punctual 
locations of flow acceleration and deceleration were observed along the topography. Right after the cliff (identified by the letter B 
in the figures), there is a small drop in the terrain where the flow has lower velocities. In the first 5 m height from ground level, 
the velocities varied between 0.0 and 5.7 m∙s–1 in case 2, and between 0.0 and 4.1 m∙s–1 in case 3. The velocities close to the ground 
were lower for case 3, which is justified by the presence of surface roughness, which causes the displacement of the velocity profile 
and decelerate the flow close to the surface.

Figure 7 shows the TKE contours over the cliff for cases 1 to 3. The TKE fields follow the same patterns as the velocity fields for 
case 1 (Fig. 7a). The highest values of TKE are observed in the separation of the boundary layer with maximum value of 7.3 m2∙s–2. 
This is due to the high average velocity gradients formed in this region, which cause the flow instability and the separation of the 
shear layer (Saeedi et al. 2014). In case 3a (Fig. 7b), TKE is higher in the highest altitude of the cliff, where there is an acceleration 
of the flow, reaching 3.3 m2∙s–2, which is lower than the values of case 1. TKE values for case 2 were below 0.5 m2∙s–2 and their 
images were not presented.

(a)  (b)  

  

 
 Figure 7. Turbulent kinetic energy around the cliff: (a) case 1 and (b) case 3. Source: Elaborated by the authors.

Figure 8a, c and e shows the average velocity vectors around the TMI for the three cases, considering a longitudinal plane in 
the flow direction. For case 1 (Fig. 8a), the separate flow on the cliff did not reach the reattachment point when it arrived at the 
building. Then, the obstacle interacts with a fully turbulent separated flow with high turbulence intensity. Two recirculation zones 
with low velocities are observed: upstream and downstream the TMI. At 0.5 hTMI upstream, the velocities varied between –1.1 and 
4.2 m∙s–1. At 0.5 hTMI downstream, the velocities ranged between 0.0 and 2.3 m∙s–1. The velocities around the building are lower 
in this situation when compared to the other cases.
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(a)  (b)  

  
(c)  (d)  

  
(e)  (f)  

  

  
 

Figure 8. Velocity vectors and TKE contours around the TMI: (a, b) case 1, 
(c, d) case 2 and (e, f) case 3. Source: Elaborated by the authors.

For cases 2 and 3 (Fig. 8c and e) some typical characteristics of the flow around a square cylinder obstacle are observed. 
The incident flow on the TMI is separated causing a stagnation zone. At the upper edge it is accelerated and detached from the 
building, where a reverse flow is formed on the top. Behind the building, it is possible to observe the tendency of the flow to 
reattach. A recirculation zone is formed behind the obstacle, characterized by negative velocity values. This flow pattern was also 
observed in flow studies around tall buildings (Joubert et al. 2015; Saeedi et al. 2014). For case 2, at 0.5 hTMI upstream, the TMI the 
velocities varied between 0.0 and 9.5 m∙s–1; for case 3, between 0.0 and 11.2 m∙s–1 (in 0.5 hTMI). The velocities close to the ground 
upstream the building was lower for case 3, which is justified by the presence of the surface roughness. The roughness causes the 
displacement of the velocity profile and decelerates the flow close to the surface. The pattern of the recirculation zone behind the TMI 
showed differences for cases 2 and 3. For case 2 there was a single reverse flow zone, centered at the upper region of the building; 
whereas for case 3 two reverse flow zones were observed, one centered at the upper part of the obstacle and another in the lower 
part. At 0.5 hTMI upstream, the velocities varied between –4.2 and 7.3 m∙s–1 for case 2 and between –3.5 and 7.3 m∙s–1 for case 3.

Figure 9 shows the xy (horizontal) plane at z = 0.5 hTMI. For all cases, it can be observed the formation of low-velocity recirculation 
zones behind the TMI and the exit safety tower, with two asymmetric vortices and different characteristics. For case 1 (Fig. 9a) 
the velocities are lower when compared to the other cases, while the representation of the cliff by a step changes the predominant 
wind direction (70° inlet) near the TMI. For cases 2 and 3 (Fig. 9b and c) the wake is more widely spread behind the TMI and 
exhibits complex vortex motions. For case 2 the highest velocities in the horizontal plane are observed.
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(a)  (b)  

  
(c)   

 

 

 
Figure 9. Streamlines around the TMI: a) case 1, b) case 2 and c) case 3. Source: Elaborated by the authors.

Figure 8b, d and f shows the contours of TKE around the TMI in the flow direction. Comparing Fig. 8a and b, it is observed that for case 
1 the highest TKE values are in the flow separation zone on the cliff. Around the building (Fig. 8b), the highest values were observed at the 
upper edge of the front face, where there is a small separation of the boundary layer. In this region the maximum TKE is around 5.0 m2∙s–2.

Differently from case 1, for cases 2 and 3 (Fig. 8d and f) the highest TKE values occurred in the separation and recirculation 
zones of the flow around the TMI. For case 2 (Fig. 8d), the maximum TKE values were 6.0 m2∙s–2 in the separation zone and 4.1 m2∙s–2 
in the recirculation zone. For case 3 (Fig. 8f), the maximums in those same regions were 4.4 and 5.7 m2∙s–2 in the separation and 
recirculation zones, respectively. Behind the building, TKE was higher in the lower region, closer to the ground, for case 2 and in 
the upper region, closer to the top of the building, for case 3.

Some velocity profiles (identified by T1 to T6) were obtained along the longitudinal xz plane for cases 1 to 3 (Fig. 10). Figure 11a 
shows that the flow is disturbed by the presence of the cliff. For case 1, below 0.8 z∙h–1

TMI the velocities varied between -0.1 and 0.8 
u/U

_
 and were smaller compared to the inlet profile, which for the same height has velocities from 0.7 and 0.9 u/U

_
. Above 0.8 z∙h–1

TMI 
the flow is accelerated and the velocities are higher compared to the inlet profile.

9744400

9744200

9744000

9743800

9743600

9744400

9744200

9744000

9743800

9743600

569500 569750 570000 570250 570500 570750
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Figure 10. Location of the T1–T6 points (yellow triangles), the measuring points 1 
to 10 by Marciotto et al. (2012) (orange circles) and the anemometric tower (AT, pink 

circle). The TMI is indicated on the map. Source: Elaborated by the authors.
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(a)  (b)  

  
(c)  (d)  

  
(e)  (f)  

  

Figure 11. Mean velocity profiles in xz plane. (a) Position T1; (b) Position T2; (c) Position T3; 
(d) Position T4; (e) Position T5; (f) Position T6. hTMI is the height of the TMI (33 m) and 

u
_

 is the average inlet velocity (11.5 m∙s–1). Source: Elaborated by the authors.

In cases 2 and 3, the profiles are modified when passing through the cliff, but less accentuated when compared to case 1. 
In both cases, the same behavior of the inlet profile is observed; however, with higher velocities above 0.2 z∙h–1

TMI. When passing 
through the cliff, the flow is accelerated and reaches velocities of 0.9 u/U

_
 for both cases at 0.5 z∙h–1

TMI.
Upstream the cliff, the velocity at 0.5 z∙h–1

TMI is 0.8 u/U
_

. That is, an increase of over 0.1 u/U
_

. In general, the same pattern was 
observed in Pires et al. (2010). The authors observed that on the cliff, the mean flow is disturbed and accelerated.

The topography along the domain also causes changes in the profiles, mainly close to the ground. However, in the three cases 
the presence of the cliff was the major cause for changing of the atmospheric flow at the ALC.

All profiles in Fig. 11 presented very similar results for cases 2 and 3, especially above 0.5 z∙h–1
TMI. Below 0.5 z∙h–1

TMI, which is 
closer to the ground, the velocities for case 3 are lower than for case 2. The surface roughness causes a displacement of the profile 
and decelerate the velocities on the surface.
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The velocities for case 1 are higher compared to cases 2 and 3 for upper heights. Throughout the domain, this difference 
decreases. In T6 profile (Fig. 11f), after the TMI, the velocities above 2.0 z∙h–1

TMI for all cases are close to 1.0 u/U
_

.
Considering the profile above the TMI (Fig. 11e), for case 1, the presence of the building did not cause significant changes in 

the velocity profile. For cases 2 and 3 the flow is accelerated by the presence of the obstacle. This acceleration is more accentuated 
in case 2, with velocities around 0.1 u/U

_
 higher for this case.

A final analysis was made comparing the results of the numerical simulations with the field measurements of Marciotto 
et al. (2012) (Table 1). All points are located near the launch pad (Measuring points 1–10, orange circles, in Fig. 10). They were 
obtained from 10 anemometers installed on 10-m-high masts arranged in a triangular mesh with a spacing of 10 m. According 
to Table 1, the measured velocities are in general spatially homogeneous. The lower velocity was measured in point 1 (7.5 m∙s–1), 
while the larger velocity was measured in point 10 (9.6 m∙s–1). The difference between them is of 2.1 m∙s–1. The velocities in the 
other points vary from 8.0 to 8.9 m∙s–1.

Table 1. Comparison between the field observational data (Uobs) and the results from the numerical simulations 
(Usim) for cases 1, 2 and 3 using the model κ-ε. Error is the relative error between the results, given in %.

Points Uobs (m∙s–1)
Usim (m∙s–1) Error (%)

Case 1 Case 2 Case 3 Case 1 Case 2 Case 3

1 7.5 3.7 11.3 8.6 50.2 50.5 14.3

2 8.3 4.0 11.3 8.5 52.1 35.4 1.8

3 8.2 4.2 11.2 8.4 48.6 36.4 1.9

4 8.0 4.5 11.2 8.3 44.4 39.1 3.5

5 8.3 4.0 11.2 8.6 52.0 36.0 4.5

6 8.2 4.2 11.2 8.5 49.0 35.7 3.5

7 8.3 4.4 11.1 8.5 46.7 33.5 1.5

8 8.6 4.2 11.1 8.6 51.7 28.9 0.4

9 8.9 4.4 11.1 8.6 50.2 24.8 3.5

10 9.6 4.7 11.0 8.7 54.3 14.8 9.5

Ave 8.4 7.2 11.2 8.5 49.9 33.5 4.4

Min 7.5 3.7 11.0 8.3 44.4 14.8 0.4

Max 9.6 4.5 11.3 8.7 54.3 50.5 14.3

Source: Elaborated by the authors.

Spatial homogeneity has also been seen in the numerical simulations. The numerical results presented velocities varying from 
3.7 to 4.7 m∙s–1 for case 1, from 11.0 to 11.3 m∙s–1 for case 2, and from 8.3 to 8.7 m∙s–1 for case 3. The simulated velocities in case 
1 were the most discrepant compared to the measured velocities, followed by case 2. The minimum relative errors for cases 1 
(44.4%) and 2 (14.8%) were greater than the maximum relative error obtained for case 3 (14.3%). The maximum relative errors 
for the first cases exceeded 50.0%.

It was also possible to analyze the results of cases 1 to 3 in comparison with the measurements of the ALC anemometric 
tower, identified by AT in Fig. 10. Figure 12 shows that the velocity profile calculated for case 1 had a very divergent behavior 
in relation to the profile of the anemometric tower. The insertion of the real topography (cases 2 and 3) improved its 
performance, but the numerical simulations overestimate the velocities. Comparing cases 2 and 3, it is clear that vegetation 
provided a reduction between 2 and 3.5 m∙s–1 in velocities close to the ground and, consequently, a better performance in 
relation to local measurements.
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Figure 12. Comparison between the velocities measured by the anemometric tower of the ALC 
and the results from the numerical simulations for cases 1, 2 and 3. hTMI is the height of the TMI 

(33 m) and U
_

 is the average inlet velocity (11.5 m∙s–1). Source: Elaborated by the authors.

For case 3, on average, the simulated velocities are 0.3 u/U
_

 greater than that obtained by the field measurements, what is 
equivalent to a mean overestimation of 3.6 m∙s–1. The relative mean error between the measurements and the simulations is 50.2%. 
The smaller relative error (32.0%) has been obtained at the higher measurement point (3.3 z∙hTMI

–1, equivalent to an elevation of 
110 m), while the greater relative error (60.9%) was obtained at the elevation of 28 m (0.8 z∙hTMI

–1).
In the light of the analyses that were carried out, it was possible to conclude that incorporating the elements that characterize 

the surface of the ALC (topography and vegetation) into the numerical simulations is crucial to identify the flow patterns in the 
region. Simplifications can result in significant changes in the velocity fields and in the TKE.

CONCLUSION

It was observed that the topographic variation influenced the atmospheric flow in an important site of the ALC, the launch pad 
area (SPL). In all cases 1, 2 and 3, the cliff was the major responsible for changing this flow, especially for case 1, where it has been 
represented by a step (90°). For case 1, the atmospheric flow is separated when passing through the cliff and it is accelerated at the 
continent-ocean interface. Two recirculation zones are formed: upstream and downstream of the cliff. However, this configuration 
is unrealistic as it imposes a much more severe geometrical constraint to the flow. The atmospheric flow in SPL shows intense 
recirculation and lower velocities when the real cliff topography is used (cases 2 and 3).

Considering the situation where the real terrain topography is used (cases 2 and 3), the change in topography was less abrupt 
and, therefore, the flow follows the geometry of the cliff in a smooth way. Because of surface roughness the velocities close to the 
surface were lower for case 3 with the velocity profile being displaced causing a deceleration adjacent to the ground. The flow over 
the complex terrain is accelerated in specific locations, mainly where more significant variations in topography were observed. 
The numerical results presented a good agreement with the in-situ flow field measurements for the most complex geometry (case 3). 
The maximum relative error between the numerical results and the observations measurements was 14.3%.

The flow pattern is also modified by the interaction with the buildings and obstacles at SPL. At the TMI and the exit tower 
areas, vertical and lateral separation zones are formed by the flow, as they act as aerodynamically bluff bodies. The turbulent 
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wake behind the buildings is responsible for local vorticity generation forming coherent flow structures that can extend for many 
meters behind these bodies.

Finally, this is an initial part of a study about the influence and interaction among topography, local surface roughness and 
buildings/obstacles at the atmospheric flow at Alcantara Space Center. Another study, in preparation, will address the toxic gases 
dispersion released by normal launchings.
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