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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.
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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):


