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Abstract: The atmospheric boundary layer (ABL) flow occurs due the interaction between earth surface and atmosphere
and it is usually under thermally stratification. However, the atmospheric wind tunnels need appropriate devices, such
as spires and cubical roughness elements, at the entrance of the test section to create atmospheric characteristics. These
structures simulate the atmospheric boundary layer far from tunnel inlet. Another ABL feature is the temperature diffe-
rence for height variation. Hence, the atmospheric fluid stratification will be done with bottom surface heating. In order
to study different thermal heating configurations and the boundary layer profile effects under different spires set confi-
guration, a mathematical model will be done and simulated using Openfoam software. This computational tool is a free
open source Computational Fluid Dynamics (CFD) software widely used among researchers across the world. For this
problem, the momentum equation and energy equation are coupled and they need to be solved together using the software.
The final result will be the analysis of the velocity profile and temperature distribution within the wind tunnel flow.
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1. INTRODUCTION

The atmospheric boundary layer (ABL) is the atmosphere region directly affected by the Earth’s surface. The ABL
height is variable and depends on the particular geomorphology region , the surface roughness and stratification environ-
ment. It may extend a few hundred meters to the radial distance of approximately 1 km above the Earth’s surface. The
study of the atmospheric boundary layer wind tunnel plays an important role in many engineering applications. Usually,
the ABL flow simulation in wind tunnels is applied to environmental studies and the investigation of the basic phenomena
occurring in micro-meteorological atmosphere processes (Petersen, 2013). Furthermore, these researches help to solve
problems of practical engineering interest, such as the pollutants dispersion in complex terrain or urban areas, which
buildings produce different flow patterns. Wind tunnels are experimental facilities designed to simulate the air flow con-
ditions. Similar studies can be performed in real environmental conditions. After a wind tunnel is built, it is necessary to
evaluate the flow characteristics and analyse the flow patterns for which it was constructed (Al-Nehari et al., 2010).

Wind tunnel experimental studies are the main knowledge sources for investigations that require an ABL profile.
Recent techniques and facilities are continually developed with extensive research related to environmental and aerody-
namics architectural structures issues (Cermak, 1995; Cermak et al., 1995; Abbaspour and Shojaee, 2009). To determine
the effects of flow in high buildings, bridges and other structures is an important step in the structural design process
(ASCE, 2005). In addition, the simulation of ABL profile has key role in transport modelling and pollutants dispersion in
the environment (Abdullah et al., 2007; Kho et al., 2007).

A series of experimental evaluations were conducted in the development of the ABL wind tunnel (Counihan, 1969,
1973; Cook, 1973; Irwin, 1981). The simulated characteristics of the boundary layers are consistent with the interpretation
of measurements in real scale. In addition, studies of thermal stratification also has attracted scientific interest (Mahrt,
1999; Ohya, 2001; Pieterse and Harms, 2013; Mahrt, 2014). In this context, the use of spires in wind tunnels input for
ABL simulation has become a common technique in experimental procedures of turbulent flows in external environments
(Cermak, 1995; Cermak et al., 1995; Garg et al., 1997). Nevertheless, new techniques of observation and analysis are
necessary to advance the comprehension of the atmospheric boundary layer (Mahrt, 2014).

Numerical simulations have been widely implemented as a comparison source of the phenomena associated with
atmospheric boundary layer. The computational results show an overall good agreement with experimental data (Ferreira
et al., 1995). The study of flow on hills can show good agreement between the numerical results and computational
(Athanassiadou and Castro, 2001). Finally, numerical studies also help to obtain a preliminary understanding of the
development of the boundary layer, reduces the tunnel operating time and cost during the actual testing stage. Lastly, the
experimental results show good agreement with the numerical predictions (Shojaee et al., 2014).

The current paper is the initial numerical simulations of thermally stratified boundary layer of Inmetro’s atmospheric
wind tunnel. The thermally and hydrodynamic boundary layer will be analysed. In order to study different thermal heating
configurations and the boundary layer profile effects under different spires set configuration, a mathematical model will
be done and simulated using Openfoam software. For this problem, the momentum equation and energy equation are
coupled and they need to be solved together. The final result will be the analysis of the velocity profile and temperature



distribution within the wind tunnel flow.

2. MATHEMATICAL FORMULATION

The proposed problem in this work is the air flow through three spires which the geometry can be seen on figure 1.
The spires have a length of 0.0922276m, width of 0.015m, height of 0.609649m and the distance between the center of
them is 0.25m. The tip of the spires were designed to be round, with a diameter curvature of 10% of the spire length, in
order to improve numerical convergence.

Figura 1: Proposed problem geometry

For the simulation of the stratified air flow of the proposed problem, one needs to solve the coupled momentum, mass
and energy equation, which are given by the following system:

ρ
∂v

∂t
+ ρv · ∇v = −∇p+ µ∇2v − ρgêy (1)

∇ · v = 0 (2)

ρ cp

(
∂T

∂t
+ v · ∇T

)
= k∇2T (3)

where µ is the fluid dynamic viscosity, ρ is the fluid density, k is the fluid conductivity, cp is the specific heat at constant
pressure and g is the gravitational acceleration, and all of these parameters are considered constant. The simplification of
negligible viscous dissipation was implemented on equation (3).

The boundary conditions for the velocity, pressure and temperature of the problem are showed in the following ex-
pressions:

• Side and upper walls:

n · ∇p = 0 (4)
v = 0 (5)
n · ∇T = 0 (6)

• Bottom wall:

n · ∇p = 0 (7)
v = 0 (8)
∂T

∂y
= −q0

k
(9)

• Inlet section:

n · ∇p = 0 (10)
v = êz (11)
T = Tin (12)

2



• Outlet section:

p = 0 (13)
n · ∇v = 0 (14)

T = Tout = Tin +
3qo
ρcp

(15)

where n is the boundary orthonormal vector and 0 is the null vector.
In order to solve the turbulent flow, the k-epsilon turbulence model is utilized, which is the most common model used

in computational fluid dynamics to simulate mean flow characteristics for turbulent flow conditions. It gives a general
description of the flow by means of two transport equations.

3. RESULTS AND DISCUSSIONS

The spires are first designed to obtain required atmospheric boundary layer similarity within the test section of the
Inmetro’s Wind Tunnel using the design methodology described in Shojaee et al. (2014). Subsequently, a computational
analysis of the designed inlet configurations is performed using CFD to have a preliminary understanding of how well
the inlet configurations could simulate the desired boundary layer conditions within the test section. The design goal is to
obtain a boundary layer characteristic after 4 m from inlet.

As an initial attempt, we selected a model building height of 0.6 m and a wind tunnel speed of 1 m/s for spire
configuration presented in figure 1. The computational analysis of the wind tunnel test section is performed with the
spires elements using the free CFD software OpenFoam. Results of the computational simulations are obtained by solving
RANS equations using κ−ε turbulence model without energy equation, with standard pressure, second order momentum,
turbulent kinetic energy and turbulent dissipation rate computations.

Figura 2: Streamwise direction velocity development.

Figure 2 and 3 show the numerical results for the atmospheric boundary layer development. Figure 2 shows the
velocity magnitude contours and streamlines. Figure 3 presents the velocity magnitude contours downstream of the spires
on cross sections. The effects of the spires and the roughness elements are clearly visible in both figures. The individual
wakes of the spires are identifiable up to about 2 m downstream of the test section entrance. These wakes as well as the
disturbances created by the spires elements start to mix out and create a thick boundary layer near the wall as one moves
downstream.

Figure 4 presents velocity profile in different positions in downstream direction. The figure 4 left shows the mean
velocity profile of boundary layer in the tunnel center line. As can be seen the wake region provided by the spires create
a boundary layer thickness about 0.5m. The figure 4 right show the spanwise velocity profile.
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Figura 3: Streamwise flow field mean velocity.

Figura 4: Mean velocity profile for different streamwise position.
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