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1. Introduction

The atmospheric boundary layer
(ABL) is the atmospheric region di-
rectly affected by the Earth’s surface.
The ABL height is variable and it de-
pends on the specific geomorphology,
the surface roughness and environ-
ment stratification of the region. It
may extend to a few hundred meters
to up to the radial distance of ap-
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Abstract

The atmospheric boundary layer (ABL) flow occurs due to the interaction be-
tween the Earth’s surface and atmosphere, and it usually happens under thermal
stratification. Therefore, in order to emulate this phenomenon, atmospheric wind
tunnels need appropriate devices, such as spires and cubical roughness elements, at
the entrance of the wind tunnel to create atmospheric characteristics for the analy-
sis. In the current study, numerical and experimental investigations of the thermally
stratified boundary layer are performed. The experimental data are measured us-
ing Inmetro’s atmospheric wind tunnel. Two different spires set configurations and
inlet velocities are considered. Moreover, the compressible Navier-Stokes equations
using the k-epsilon turbulence model are computed by OpenFOAM opensource
software. The simulated results and measured data presented a good overall agree-
ment and showed that the proposed configuration provides the desired thermal and
dynamic boundary layer necessary for the study of ABL.
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proximately 1 km above the Earth’s
surface. The study of the atmospheric
boundary layer in wind tunnels 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 pollutant
dispersion in complex terrain or urban
areas, in which buildings produce dif-
ferent flow patterns (Baouabe et al.,
2011). Moreover, several other appli-
cations can be potentially benefited by
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this kind of study, such as wind-farm
energy production (Barriatto and
Petry, 2018); development of infra-
structure for overhead transmission
lines in the electricity sector (Hamada
et al., 2017); vibration assessment of
structural cables (Jafari et al., 2020);
assessment of the impact of atmo-
spheric flow and stability on offshore
oil platforms and large vessels (Liu e#
al.,2020); and external environments
atmospheric flow evaluation of air-
borne disease dissemination, such as
COVID-19 (Feng et al., 2020).

Wind tunnels are experimental
facilities designed to simulate the air-
flow conditions. Similar studies can
be performed in real environmental
settings. After the experimental ap-
paratus is built, it is necessary to
evaluate the flow characteristics and
analyze the flow patterns for which
it was constructed (Al-Nehari et al.,
2010). These experimental studies are
the main knowledge sources for inves-
tigations that require an ABL profile.
Recent techniques and facilities are
continually developed with extensive
research related to environmental and
aerodynamic architectural structure
issues (Cermak, 1995; Cermak et al.,
1995; Abbaspour and Shojaee, 2009).
An important step in the structural
design process is to determine the
effects of flow in high buildings,
bridges, and other structures (ASCE,
2005). In addition, the simulation
of an ABL profile has a key role in
transport modeling and pollutant dis-
persion in the environment (Abdullah
et al., 2007; Kho et al., 2007).

2. Mathematical formulation

The proposed problem is the analy-
sis of the stratified airflow inside a wind
tunnel considering two geometry con-
figurations: three spires (3S) and four
spires (4S), in which the 3S configuration

Numerical and experimental evaluation of the thermally stratified atmospheric boundary layer in wind tunnels

A series of experimental evalu-
ations were conducted in the de-
velopment of the ABL wind tunnel
(Counihan, 1969, 1973; Cook, 1973;
Irwin, 1981). The simulated charac-
teristics of the boundary layers are
consistent with the interpretation of
measurements in real scale. In addi-
tion, studies of thermal stratification
also have 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 turbu-
lent flows in external environments
(Cermak, 1995; Cermak et al., 1995;
Garg et al., 1997). Nevertheless,
new techniques for observations and
analysis are necessary to advance the
comprehension of the atmospheric
boundary layer (Mahrt, 2014, Lotfy
et al. 2019).

Numerical simulations have been
widely implemented as a comparison
source of the phenomena associ-
ated with the atmospheric boundary
layer. The computational results have
shown an overall good agreement
with experimental data (Ferreira et
al., 1995; Athanassiadou and Castro,
2001). Additionally, numerical stud-
ies also help to obtain a preliminary
understanding of the boundary layer
development, it reduces the tunnel
operating time and costs during the
actual testing stage (Shojaee et al.,
2014). The solution of the transport
equations presents many difficulties
due to its intrinsic non-linearity,

can be seen in Figure 1. The spires have
a base length of 0.0922m, a width of
0.015m, a height of 0.609m and the cen-
ter distance among them is 0.25m and
0.2m for the 3S and 4S configurations,

therefore many numerical methodolo-
gies have been developed and are still
being developed for this goal (Moraes
et al. 2016, Chalhub et al. 2014 and
2014b). However, only a few articles
presented numerical simulations on
the thermally stratified ABL topic.

The current article presents
numerical simulations and experi-
mental measurements of the ther-
mally stratified boundary layer. The
experimental data are obtained from
the atmospheric wind tunnel facility
of the Laboratory of Characterization
of Fluid Flow Dynamics that belongs
to the Brazilian National Institute of
Metrology, Quality and Technology
(Inmetro). The wind tunnel configu-
ration is composed of a transversal
square section of Imx1m and 10m in
length. The flow velocity is controlled
with a frequency inverter which turns
a 9 kW fan, reaching a maximum ap-
proximate mean velocity of 10 m/s.
Before entering the test section, the
air crosses a diffuser (ratio 1:2), a
set of screens and a honeycomb, re-
spectively (Farias, et al., 2014). The
mathematical model is solved using
the OpenFOAM software (Jasak et
al., 2007), which is an open-source
library for Computational Fluid Dy-
namics (CFD). Two different spire set
configurations and inlet velocities are
considered. The main objective of this
research is to evaluate the thermally
stratified atmospheric boundary layer
behavior for different configurations.
Additionally, the numerical results are
compared to the experimental data for
validation purposes.

respectively. The tip of the spires was
designed to be round, with a curvature
diameter of 10% of the spire base length,
to improve the quality of the generated
mesh and simulation.

Figure 1 - Proposed problem geometry and tip of spires in detail.
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For the simulation of the stratified
airflow of the proposed problem, one
needs to solve the coupled momentum,
mass and energy equation. The airflow in

the wind tunnel is modeled by partial dif-
ferential equations describing the conser-
vation of mass, momentum and energy in
3D Cartesian coordinates system for com-
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pressible flow. The governing equations for
the flow, based on the Reynolds-averaged
Navier-Stokes (RANS) approach with
standard k-epsilon models are:

V.(pu)=0, (M)

V:(puu)= -VP+pg+V'(2ﬂeﬁrD(U))-V(§ﬂeff(V‘U))’ @
|ul®

V'(,ouh)+V-(puT) =V-(aeﬁVh)+pu g, 3)

in which, the rate of strain tensor is defined as

and p . is the sum of the molecular and
turbulent viscosity, 0 is the air density,
g is the gravitational acceleration vec-

where k_is the thermal conductivity, c,is the
specific heat at constant pressure, wis the dy-

where S, is the Kronecker delta
(6=1, for i = j, otherwise =0), k is the
turbulent kinetic energy, ¢ is the dis-
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where g,=1.0and g = 1.3 are turbulent
Prandtl numbers for kand C, = 1.44 and
C,, = 1.92 are constants. The inlet veloc-

where / is the turbulence intensity of
the flow at the entrance of the test sec-
tion, and L is the characteristic length.

D(u)=%(Vu +(Vu)T)>

tor, p is pressure, u is velocity vector,
h is the enthalpy. Additionally, the
effective thermal diffusivity a,.is the

_PVe, M PV ke

o Pr,  Pr Pr c,

namic viscosity, v, is the turbulent kinematic
viscosity, Pr is the Prandtl number and Pr, is

—uu’; =V, Rl -=ko,
! x, o) 27
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“og

sipation rate of the kinetic energy, and
the C is a constant having a value of
0.09. The turbulence kinetic energy,

ity profile for the simulation is applied
based on the experimental measurements
in the tunnel entrance. It was employed

k=1.5 (IU)?

3741 3/2
_G K
0.07L
The no-slip boundary conditions were

used for the tunnel and spires wall.
The boundary conditions for the ve-

L

ij

4)

sum of laminar and turbulent thermal
diffusivities:

()

the turbulent Prandtl number. The Reynolds

stress components u’u’ are parameterized as:
(6)
)

k , and its rate of dissipation, ¢, are
obtained from the following transport
equations:

PV (®)

c. £
2¢ K (9)

uniform streamwise velocity and the
turbulence kinetic energy k turbulent
dissipation rate is:

(10)

(1)

locity, pressure and temperature of the
problem are shown below:

REM, Int. Eng, J., Ouro Preto, 74(1), 59-66, jan. mar. | 2021 61



62

e Side and upper walls:

¢ Bottom wall:

For the energy boundary condition,
it is known that the heating element total

where 7 is the heating element efficiency
that represents the fraction of heat that

e Inlet section:

e Qutlet section:

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

3. Results

The spires are designed to obtain
the required atmospheric boundary
layer similarity within the test section of
Inmetro’s Wind Tunnel using the spire’s
design described by Shojaee et al. (2014).
Subsequently, a computational analysis
of the designed inlet configurations is

Numerical and experimental evaluation of the thermally stratified atmospheric boundary layer in wind tunnels

n.Vp=0

power is O, = 3.96 kW and the total bot-
tom surface area is A = 9 m2, hence an

.!/=%

§'==rn= 0.264kW / m*

actually enters the airflow. For this
particular case n = 0.6.

n.Vp=0

T=T =300K

p=0
n.Vv=0

aT _
0z

0

shown is utilized, which is the most
common model used in computational
fluid dynamics to simulate mean flow
characteristics for turbulent flow con-

performed using CFD in order to have an
overall understanding of how well the inlet
configurations could simulate the desired
boundary layer conditions within the test
section. The goal is to obtain a boundary
layer characteristic after 7 m from the
inlet. The numerical investigation was
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(16)

approximate uniform heat flux can be
written in the following form:

(17)

(19)

(20)

21)

(22)

(23)

ditions. It gives a general description
of the flow by means of three trans-
port equations.

carried out using the buoyant SimpleFoam
solver from OpenFOAM software version
3.0.1, based on a finite-volume discretiza-
tion method and the geometry configura-
tions were built in Gmsh-2.11.0 software.
Table 1 presents the property values used
for the current simulations.
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Table 1 - Property values for simulation.

Input property parameters
Specific heat at constant pressure ( C ) 1004.4 )/(kg K)
Dynamic viscosity ( ) 1.831x10°kg/(m s)
Gravitational acceleration ( g) 9.81 m/s?
Molecular mass (m) 28.96
Prandtl (Pr) 0.705

Figure 2 illustrates the flow  stream spires. It can be seen that the
velocity for 3S spire configuration, velocity is greatly impacted by the
and different cross-section down-  presence of the spires and this effect is

U Magnitude
0.00 0.33 0.65 0.98 1.30

MIIHlJlllJ[iHllHllllHl,w

Figure 2 - Velocity magnitude for 3S configuration and V. =1.212.

key for emulating the stratified atmo-
spheric boundary layer phenomenon.

In modeling of urban flow, a  meshes with refined regions near spires  chosen: 0.495 m/s and 1.212 m/s. For

smaller grid size is desirable around the
building model to better resolve the flow
and dispersion field. A few mesh sizes

are used for the present simulation:
389,867 and 404,867 tetrahedral cells
for 3S and 4S configurations respec-

the collection of experimental data 20
thermocouples were positioned in the
middle of the tunnel section (x = 0.5m)

were tested and the following optimum  tively. Moreover, two inlet velocities are

Vin= 0.495 m/s & 3 Spires

1. . z=0m
0.8 - z=2m
cz=4m
. z=6m
0. : : :
300 301 302 303
Temperature (K)
Vin=1.212 m/s & 3 Spires
1. - z=0m
0.8 - z=2m
2 0.6 | cz=dm
= . z=6m
0.4
0.2
0. L .
300 301 302 303

Temperature (K)

at 7 m downstream spires position.

Vin = 0.495 m/s & 4 Spires

- z=0m
- z=2m
cz=4m

. z=6m

301 302 363
Temperature (K)
Vin=1.212m/s & 4 Spires

- z=0m

- z=2m

. z=4m

. z=6m

301 302 303

Temperature (K)

Figure 3 - Thermal boundary layer profiles for different streamwise positions, in which z = 0 is the spire position.
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Figure 3 presents the thermal
boundary layer for different velocities
and spire configurations. Each figure
presents temperature profiles related
to different downstream positions,
in which z = 0 is the spire’s position.
As can be observed in all cases, the
thermal boundary layer thickness in-
creases as the distance from the spires

Vin = 0.495 m/s & 3 Spires

0.8
= 0.6

y (m

0.4
0.2

0.8

y (m)

0.4

0.2 i\x%c.

300 310
Temperature (K)
Vin=1.212m/s & 3 Spires

300 310
Temperature (K)
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rises. This behavior is expected, since
it is coherent with theoretical studies.
When the number of spires increases,
a greater region of the thermal profile
is affected. Furthermore, increasing
the inlet velocity generates a smoother
temperature gradient.

Figure 4 shows a comparison be-
tween numerical and experimental data

- Numerical 1.r
- Experimental 0.8
g 0.6
” 0.4
0.2

320 330 300 310

- Numerical 1.
- Experimental 0.8 .
g 0.6
o4 |
0.2 \ﬁ
. . . | 0. P
320 330 300 310

of the temperature profiles at z = 7 m.
Although it is a difficult task to match
experimental and theoretical data due
to the enormous number of variables,
one can note that the numerical results
and measured data show a good over-
all agreement providing an acceptable
thermal boundary layer profile for both
spire geometries.

Vin=0.495m/s & 4 Spires

- Numerical

- Experimental

320 330

Temperature (K)
Vin=1.212m/s & 4 Spires

- Numerical

- Experimental

320 330

Temperature (K)

Figure 4 - Thermal boundary layer comparison between
numerical and experimental data for z=7m and x = 0.5 m, in which z = 0 is the spire position.

4. Conclusions

The current article has presented
numerical simulations and experimental
measurements of the thermally stratified
boundary layer. The experimental data
were obtained with Inmetro’s atmospheric
wind tunnel. In order to simulate the
phenomenon and capture the features of
the stratified flow, the compressible Na-
vier-Stokes equations using the k-epsilon
turbulence model are computed by buoy-
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