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Synopsis: 
Mine dust has a significant impact on human health as well as economic activities. 

Inorganic species in mine dust are one of the reasons that fugitive dusts negatively 

affect air quality and respiratory systems, and thus have been the subject of 

research for many years. Mine dust emission rates are strongly linked with wind 

erosion. Understanding how dust and soil moves and settles requires the use of wind 

tunnels. Wind tunnels need to be calibrated before they can be used for 

experimentation.   

Experiments were conducted in a wind tunnel with the intention to simulate an 

atmospheric boundary layer. The simulated atmospheric boundary layer needs to be 

thickened by a combination of barrier walls, mixing devices and roughness elements 

to accelerate growth and improve uniformity of flow. Multiple setups were used and 

analysed to access the boundary layer formation, the uniformity of the data and the 

wind speeds achieved in the tunnel. The simulation of this boundary layer falls under 

the term calibration, as the measured data is compared and matched to 

mathematical models which are known to describe the boundary layer surrounding 

the Earth for given conditions.  

The results from this study show the formation of an atmospheric boundary layer 

with 2 different setups for the motive force, namely blowing and suction. In addition, 

the results provide insightful information on the accuracy and practicability of 

atmospheric boundary layer thickening devices. An evaluation of application of the 

logarithmic law and power law to describe artificial boundary layers is also touched 

on. The wind tunnel was successfully calibrated and may be used for further 

research.  
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Glossary: 
Atmospheric Boundary Layer  The layer of air directly above the Earth’s surface, 

in which the effects of the surface fiction are felt 

directly. 

Calibration The comparison of measurements delivered by a 

device under test with those of a calibration 

standard of known accuracy. 

Dust Dry powder consisting of fine particles of earth or 

waste matter lying on the ground or on surfaces or 

carried in the air. 

Erosion The action of surface processes that remove soil, 

rock or dissolved material from one location on the 

Earth’s surface and transport them to another. 

Matter Any substance that has mass and occupies 

spaces. 

Particulate Microscopic particles of solid or liquid matter 

suspended in the air. 

Wind tunnel A device which produces a controlled stream of 

air, of known characteristics, to study the effects of 

movement through air or the resistance to moving 

air.



  
 

Nomenclature: 
𝑢 - velocity (m/s)  

𝑢δ  - velocity at height δ (m/s) 

𝑢∗ - shear velocity (m/s) 

z - height of interest (m) 

δ - boundary layer height (m) 

α - power law exponent 

𝑧0 - roughness length (m) 

𝑘 - von-Kármán constant 
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1. Introduction: 
1.1. Background: 

Atmospheric particulate matter has many implications for the world, ranging from 
climatic influences on the radiation budget to human health problems due to 
inhalation (Van Leuken, et al., 2016). The movement of this particulate matter is 
commonly linked to wind erosion. Wind tunnel-base investigations have made a 
significant contribution to information about soil erosion (Van Pelt, et al., 2010). 
Thus, the use of wind tunnels has a crucial part to play in understanding atmospheric 
particulate matter. 

Wind tunnel design and calibration is specific to the intended use of the wind tunnel. 
For tunnels which are going to be used for wind erosion, the calibration process is 
focused on the generation of a stable boundary layer, with known fluid flow 
characteristics. This is done to simulate the worlds natural atmospheric boundary 
layer thereby providing a realistic environment to perform experiments under known 
conditions. To establish this layer, wind velocity measurements are taken and a wind 
speed profile in the tunnel is established. The profile is compared to mathematical 
models which are known to provide the wind speed profile of the Earth for specified 
conditions. Once a stable boundary layer is fully developed, and the model agrees 
with the data for the given conditions, the tunnel is said to be calibrated. 

1.2. Problem Statement: 
Atmospheric dust currently influences the climate, environment, and health of 
people. Wind tunnel-based experimentation has greatly contributed to the current 
knowledge on atmospheric dust. Wind tunnels are designed and built to for a specific 
purpose. A functional wind tunnel for soil erosion provides air flow of known 
characteristics which mimics the atmospheric boundary layer, such that experiments 
can be conducted. To achieve this in the tunnel calibration is needed. Calibration is a 
rigorous and iterative process that results in a fully functional wind tunnel. 

1.3. Scope of the study: 
This study focuses on the calibration of a stationery wind tunnel, and this involves 
the simulation and development of a scaled atmospheric boundary layer within the 
tunnel to mimic reality. The results of the boundary layer are compared to the power-
law and logarithmic-law under different conditions to ensure the laws accurately 
describe the captured data. 

1.4. Aims and Objectives: 
The aim of the study is to: 

• Investigate the calibration of a laboratory-scale wind tunnel for simulated mine 

dust generation. 

This is achieved by completing the following objectives: 

• Simulate natural winds under different surface conditions in a laboratory-scale 

wind tunnel for wind erosion investigation. 

• Develop a 0.3 m scaled atmospheric boundary layer within a wind tunnel. 

• Compare the measured data with the Power-Law and Log-Law to determine 
which model and conditions agrees best with the measured data. 
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• Determine whether the tunnel is modelled correctly at multiple speeds. 

1.5. Key Questions: 
The key questions aid in achieving the aims and objectives of this study and should 
be thoroughly investigated. The following are the key questions explored: 

• Where is the ideal test section in the tunnel? 

• What is the mean wind speed profile of each experimental setup? 

• What type of fluid flow is achieved in the tunnel? 

• Does the wind speed profile agree with the power-law or log-law? 

• Under what conditions is the power-law best suited to the data? 

• How do blowing and suction compare to each other? 
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2. Literature Review: 
2.1.  Atmospheric Dust: 

Wind erosion, sometimes referred to as aeolian movement of soil and dust, is a 
process whereby sediment is detached, transported, and deposited by wind (Van 
Pelt & Zobeck, 2013). It is known to be responsible for soil degradation, the 
formation and migration of dunes and the emission of fugitive dust into the 
atmosphere, including mine dust from mine sites and tailings. Particulate matter 
(PM) is a category under which atmospheric mineral dust is classified, PM however, 
is a term that includes solid and liquid matter with varying particle diameter.PM is 
generally referred to by the particle size. An example being PM10, where the number 
refers to the maximum particle diameter in microns (μm). There are known 
relationships between atmospheric dust and some of the Earth’s climate systems, 
linking atmospheric dust to the radiation budget, cloud condensation and ice nuclei, 
and nutrient transport to oceans and forests (Grini, et al., 2003). There is also a 
health aspect associated with atmospheric dust, where the inhalation of airborne 
pathogens and chemical contaminants can lead to obstructed airflows, trigger 
allergic reactions, or cause pulmonary dysfunction (Fröhlich-Nowoisky, et al., 2016, 
Van Leuken, et al., 2016). To perform a detailed analysis of the impact of 
atmospheric dust on the climate and health, the production, transportation, and 
movement of dust in the atmosphere needs to be understood.  

Simulating natural dust production processes in a controlled environment provides 
practical techniques for determining aerosol emission strength of different geological 
materials. Technologies for laboratory generation of dust from geographical 
materials by T.E. Gill and co-workers (2006), documents and describes dozens of 
various devices constructed to create dust from soils and sediments under controlled 
laboratory conditions. This dust is then experimented on, with the use of wind 
tunnels to determine the threshold velocities, sedimentation rates, time mean flow 
and any other characteristics. 

The major factor which influences soil erosion is the threshold velocity. This is the 
minimum wind velocity required to move soil particles. Once reached, the amount of 
dust which is actually moved is dependent on the soil characteristics such as particle 
size, surface conditions and moisture content. This threshold velocity is not a fixed 
value for all places and conditions, but varies with the soil characteristics, conditions, 
and the nature of surface. The most erodible soils, which have a particle size of 
roughly 0.1 mm have a threshold at 4.44 m/s (Murty & Jha, 2011). This value can 
vary largely, however, wind tunnels should be designed such that they can meet the 
threshold velocity of the soil and conditions which are intended to be investigated. 

The devices used by different research groups can be grouped according to 3 
classes: fluidisation, gravitation, and mechanical dispersion/agitation. The latter of 
the three is the one of interest to this study. In mechanical dispersion, the source 
material repeatedly falls from the top to the bottom of a horizontal, rotating cylinder 
or tube and is entrained into airflow (Gill, et al., 2006). Mechanical 
dispersion/agitation devices are widely used to quantify the dustiness of agricultural 
and bulk materials and create mineral aerosol samples with application to airborne 
dust measurement. These devices provide an easy way to test the effects of sample 
mass, material type, rotation speed, flow rate, rotation time and humidity of dust 
emission (Gill, et al., 2006). 
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Studies have been done to estimate the PM emission potential (EP) and 
comparisons have been made to wind erosion induced PM-emissions through wind 
tunnel measurements (Funk, et al., 2019). The highest PM-EP were measured for 
fine lignite samples, while the lowest PM-EP were measured for coarse lignite 
samples. Fine sandy substrates showed higher PM-EP, independent of their 
homogeneous or heterogeneous composition (Funk, et al., 2019). The water content 
reduces the PM- emissions. (Funk, et al., 2019). 

2.2. Wind Tunnel Design: 
According to Van Pelt, Zobeck, Baddock & Cox (2010), most of the information 
known about wind erosion is from wind tunnel-based investigations. A wind tunnel is 
a device which produces a controlled stream of air, of known characteristics, to study 
the effects of movement through air or the resistance to moving air. They are 
comprised of 3 key parts, the motive force, a conditioning section, and a working or 
test section (Sargison, et al., 2004). Sargison, Walker, & Rossi (2004) also state, that 
wind tunnels are used for a variety of purposes and the required design and 
calibration is tailored to the purpose of the tunnel.  

Wind tunnels are normally classified into 2 groups, open or closed circuit. Open 
circuit wind tunnels are open to the environment and the wind essentially follows a 
straight path from entrance, through a straightening section to the test section and 
finally to the exit of the tunnel. While the flow of air in a closed tunnel flows 
continuously with little to no external air incorporated once the tunnel is operating. 
Furthermore, open circuit wind tunnels can be categorized according to whether they 
are stationary or portable.  

While stationary wind tunnels (SWT) allow for larger sizes and easier control, they 
are limited by the assessment of natural soil surfaces (Van Pelt, et al., 2010). 
Portable wind tunnels (PWT) do not have such limitations (Fister, 2012). In addition 
to PWT and SWT, the mechanism by which the tunnel operates further groups the 
tunnel. Pusher/blower or suction tunnels, which only differ in their motive force. 
Suction tunnels use a fan at the end of the tunnel which suck air through the tunnel, 
while pusher tunnels use a fan/blower at the beginning of the tunnel which pushes 
the air through (Sargison, et al., 2004). Suction tunnels usually produce a more 
laminar flow of air and thus is generally the preferred orientation of wind tunnels. 

The design of a PWT is said to follow 7 criterion which were based on practical 
reasoning and a further 6 criteria based on aerodynamic characteristics (Van Pelt, et 
al., 2010). The practical criteria include safety, durability, portability, ease of use, and 
sufficient sizing, while producing a stream of air with known steady characteristics. 
These practical criteria, excluding portability, can also be applied to SWT. The 
aerodynamic criteria ensure that the wind speeds and aerodynamic forces within the 
tunnel mimic reality. The last aerodynamic criterion is the need for saltation grains to 
be included in the simulation upstream of the working/test section (Van Pelt, et al., 
2010). The introduction of saltation grains means more consideration for the design 
and operation of wind tunnels is needed, such as how much material to introduce, 
what the size distribution should be, and how to distribute it realistically in the flow.  

The motive force of a wind tunnel is there to generate the wind speeds necessary for 
experimentation. The size of the fan depends on the speeds required. A minimum 
wind speed of 4-6 m/s is generally agreed upon in literature as the required speed to 
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cause aeolian transport and is the targeted wind speed for the tunnel (Funk et al., 
2019; Visser & Cornelis, 2004; Grini et al.,2003). 

The flow straightening section is said to improve the flow conditions in the tunnel, 
allowing for the break down of turbulent flow into a more laminar stream. Large 
eddies are broken down into smaller eddies which decay faster. This decay of 
turbulent flow leads to a more uniform flow pattern. This suggests that the 
straightening section is seemingly a catalyst to fully developed flow. Fully developed 
flow implies that the velocity profile of the fluid does not change. Meaning that at a 
specified distance along the tunnel the velocity will remain constant with changes in 
height (Hruz, et al., 2020).   

2.3. Wind Tunnel Calibration: 
The design criteria mentioned above are of importance to this project as they 
establish the basis for the calibration processes. Wind speeds are sampled between 
the conditioning section and the working section to ensure the diffuser screens and 
flow straightening section is operating according to the aerodynamic criteria. The 
abrader saltation flux rates are tested and calibrated by measuring the mass 
dropping through the orifice plates for a period of time (Sargison, et al., 2004). 
Further measurements of time-mean flow, wall shear stress, and flow direction are 
taken in the calibration process (Sargison, et al., 2004) to ensure realistic flows are 
achieved.  

The calibration of a wind tunnel is largely focused on the formation of a stable 
atmospheric boundary layer. This is achieved by letting an air stream naturally grow 
over a long rough surface (Fabbri, 2018). The boundary layer thickness is also 
measured, although this is said to be a poorly defined concept. Therefore, 
determining the height which had a logarithmic wind speed of 99% of its maximum 
value is recommended (Van Pelt, et al., 2010). 

2.4. Atmospheric Boundary Layer: 
The atmospheric boundary layer (ABL) is defined as the layer of air directly above 
the Earth’s surface, in which the effects of the surface fiction are felt directly (Burton, 
2001). This layer forms largely due to shear stress at the surface of the planet. The 
boundary layer consists of predominantly turbulent flow. There is a velocity gradient 
whereby, the flow velocity at the surface is zero and increases with height above the 
surface, tending towards a maximum known as the freestream velocity (Burton, 
2001). Due to the heating of the Earth, there may also be a thermal gradient in the 
boundary layer, however, high wind speeds provide enough mixing for these effects 
to be negligible (Burton, 2001). These conditions form the basis of the assumption 
that the boundary layer is adiabatic and neutrally stable.  

The structure of the atmospheric boundary layer is shown in figure 1 . It is divided 
into two main regions, the inner and outer layers. The inner region can further be 
separated into interfacial and inertial sublayers. Above the outer layer, outside of the 
boundary layer, is referred to as the free atmosphere, this is often associated with 
the troposphere (Van Pelt et al., 2010; Burton, 2001; Claës Dyrbye, 1997). 
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The inertial sub layer’s size and development is directly affected by the surface 
characteristics. Generally, the terrain is classified according to 4 categories, urban, 
suburban, rural, and smooth. The reference area for the surface simulation is a flat 
rural to arid landscape with low to no vegetation cover and sparse distribution of 
small obstacles (Fabbri, 2018). The roughness of the surface has little impact on the 
outer layer, this layer forms the remainder of the atmospheric boundary. The 
Reynolds stress, which is defined as the net transfer of momentum across a surface 
which results in turbulence in the fluid (Burton, 2001), varies from a maximum closer 
to the surface towards zero at height “h” where flow is considered to be laminar.  

 Al-Nehari, (2010), Barlow, Rae, & Pope, (1999) state that most researchers agree 
that the atmospheric boundary layer height depend on the characteristic surface that 
the air is flowing over. The height can be lowered by additional water added by 
evaporation and transpiration, while the height can be increased with increased 
surface temperature. The height, ‘h’ in figure 1, of the ABL is generally said to range 
between 300-400 m, but may extend up to 4000 m over desert regions, while over 
the ocean the ABL is less than 1000 m thick due to the increased water content.  

2.5. Boundary Layer Simulation Methods: 
To simulate an atmospheric boundary layer, the use of artificial roughness and 
barriers are used. Irwin’s (1981) flat triangular spires are generally used to generate 
turbulence along with additional roughness factors. Spires are used due to their 
accurate production of a velocity profiles as well as their large-scale turbulences 
which mimicked atmospheric boundary layer data (Fister et al., 2012; Irwin, 1981). 
To further thicken the layer, barrier walls (Counihan, 1969) are used as a roughness 
element to generate further turbulence.  

There are two approaches to consider when using the spires, the full-depth and part-
depth approach. The full-depth approach aims to simulate a natural 300 m thick ABL 
to its full extent, in this case as a 1:1000 scaled version. To increase the simulation 
scale, the part-depth approach is used. This is done by only simulating the lower 
third of the ABL (Cook, 1973). The part-depth approach makes use of enlarged and 
truncated spires, which allows for a natural boundary layer of 300 m thick to be 
formed at a scale of 1:500. A method to calculate the dimensions of the spires is 
described by Irwin (1981) for the full-depth approach. The method uses a series of 

Figure 1: Atmospheric boundary layer structure, edited from Burton (2001) and Fabbri (2018)  
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equations which make use of the dimensions of the tunnel, the desired thickness of 
the artificial boundary layer (𝛿)  and the power law’s exponent (α) which is discussed 
below. 

The spire height (h) is calculated equation 1, which  

ℎ =
(1.39𝛿)

(1+
𝛼

2
)
          (1) 

Equation 1: Spire height for a desired boundary layer thickness, taken from Irwin (1981) 

𝑏 = (0.5 [
𝜓(

𝐻

𝛿
)

(1+𝜓)
] (1 +

𝛼

2
)) ℎ         (2) 

Equation 2 Front base plate width, edited from Irwin (1981) 

Where ψ in equation 2 is: 

𝜓 =
𝛽{[

2

(1+2𝛼)
]+𝛽−[

1.13𝛼

(1+𝛼)(1+
𝛼
2

)
]}

(1−𝛽)2         (3) 

Equation 3: Base plate calculation factor ψ, taken from Irwin (1981) 

Where β, ABL height factor, which that takes into account the boundary layer height, 
is calculated by: 

𝛽 = (
𝛿

𝐻
)

𝛼

(1+𝛼)
          (4)

     

Equation 4: β factor for calculating ψ, taken from Irwin (1981) 

 

 

 

 

 

 

 

 

 

2.6. Wind Profile Properties: 
The wind-velocity profile within the atmospheric boundary layer can be characterised 
by using either the Power law or the Logarithmic law which are both shown below.  

𝑢 = 𝑢𝛿 (
𝑧

𝛿
)

𝛼

          (5) 

Equation 5: Power law (Barlow, et al., 1999) 

𝑢 =
𝑢∗

𝑘
ln (

𝑧

𝑧0
)          (6) 

ℎ
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ℎ
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ℎ ℎ 

𝑏 
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Figure 2: Irwin (1981) spires diagram, edited from Cook (1973) 
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Equation 6: Logarithmic law (Barlow, et al., 1999) 

Where 𝑢 is the wind velocity at height (m) z, 𝑢𝛿  is the wind velocity at a height z ≥ δ, 
where δ is the boundary layer thickness and α is the power-law exponent, a 
dimensionless coefficient (Visser & Conelis, 2004).The surface roughness length is 
z0 (m), 𝑢∗ is the shear velocity (m/s), κ is the dimensionless von-Kármán constant 
(approximately 0.40) (Visser & Conelis, 2004). As the shear velocity cannot be 
measured using the available equipment, an alternation of the log law can be 
applied. 

𝑢1 = 𝑢2

ln(
𝑧1
𝑧0

)

ln(
𝑧2
𝑧0

)
          (7) 

Equation 7: Alternation of the log law (Fabbri, 2018) 

Where 𝑢1 is the velocity in metres per second at height z1 (m), 𝑢2  is the velocity at 
height 𝑧2. The value 𝑧0 is the roughness length in metres. To fit this equation to the 

empirical data collected, 𝑢2 = 𝑢𝛿 from equation 1 above at a height 𝑧2 = 𝑧𝛿 where 𝛿 
is still the boundary layer height.   

The wind flow properties in the wind tunnel were characterised by using the 
Reynolds number and the Froude number ￼￼Both are dimensionless numbers, 
that describe characteristics of the fluid flow. The Froude number describes the flow 
condition in a spatially limited environment. A Froude number lower than 20 is 
suggested, if a value less than 10 is achieved it guarantees￼￼ ￼￼ It is noted that 
these values do vary amongst investigators￼(Fabbri, 2018)￼ The use of the 
logarithmic law to describe wind velocity distribution in the ABL has been challenged 
￼￼, saying that the ability to clearly define individual layers is difficult to apply in all 
situations. The power law however is more commonly applied in various wind tunnel 
studies (Fabbri, 2018; Burton, 2001; Barlow, Rae, & Pope, 1999). 

𝐹𝑟 =
𝑢𝛿

2

𝑍𝑔
           (8) 

Equation 8: Froude number (Barlow, Rae, & Pope, 1999)     

𝑅𝑒𝐿 =
𝜌𝑢𝐿

𝜇
=

𝑢𝐿

𝑣
         (9) 

Equation 9: Reynolds number (Barlow, Rae, & Pope, 1999)  

To measure the wind velocity at any specified height, an anemometer is used. These 
measure the flow rate by monitoring the amount of heat removed from a surface. A 
sensing wire is heated using a constant current. Due to the air flow, heat is 
transferred from the wire due to the flowing air. This change in temperature results in 
a change in resistance of the sensing wire, this change in resistance can be 
measured and results in a calculated flowrate. The flowrate calculation uses the 
calibration process to create a relationship between resistance and flowrate, which 
allows for a simple conversion to be done (Inst Tools, 2021; Venkateshan, 2015).  

Using the measured velocity, the wind speed at each distance and height can be 

plotted to provide a graphical profile, from this profile the height of the boundary layer 

can be determined. Using this height and corresponding velocity, the power law and 

logarithmic law relationships can be plotted and compared to the empirical data 
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Figure 3: Wind tunnel with dimensions from a side view  

collected. The conditions of the wind tunnel are then adjusted such that the 

measured data is mirrored closely by either law.  

3. Experimental Methods 
This project aims to investigate the calibration of a laboratory-scale wind tunnel for 
simulated mine dust generation. To do this, a single wind tunnel with multiple 
experimental configurations were considered, and wind speed data is collected to 
produce a wind profile. The setups and equipment used are outlined in detail below. 

3.1. Experimental setup 
Simulation of the atmospheric boundary layer in a wind tunnel requires designing 
and experimenting with the different passive device configurations that are to be 
added at the entrance of the test section. These configurations are meant to create 
the desired boundary layer properties upstream of the test object. For this study, a 
wind tunnel was provided by the Department of Chemical Engineering of the 
University of Cape Town, in which experiments were conducted aiming to simulate 
the atmospheric boundary layer within the test section at a single flow speed. 

 

 

 

 

 

 

 

 

 

 

The supplied wind tunnel had a length of 5 m, with a 0.7×0.7 m square cross section 
as seen in figures 3 and 4 below. An air straightening section comprised of stacked 
PVC pipes, as shown in figure 5 below, with a diameter of 4 cm and a cylinder length 
of 15 cm. The pipes were duct taped together to minimize set up challenges. This 
straightening section is placed at the entrance of the tunnel as shown in figure 3.  

The wind tunnel was used in 3 different setups with each of these setups having data 
being collected while blowing air through the tunnel and while pulling air through the 
tunnel through suction. When blowing air through the tunnel, the air straighteners are 
place at the entrance of the tunnel as in figure 5. The fan is placed 1 m from the 
entrance of the tunnel with a flexible plastic is wrapped around the fan and the tunnel 
to channel all the air into the entrance as shown in figure 6.When pulling air through 
the tunnel by suction, the air straighteners are moved to the exit of the tunnel, the 
end where the walls are clear (as seen in figure 3 above), and the fan is turned 
around. The fan being turned around ensures the air moving through the tunnel is 
subject to the same surface as with blowing, this is to try and minimise the impacts 
that surface friction forces impose on the system. The fan is placed at 1 m from the 

5.0 m 
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tunnel and the channelling plastic is wrapped around the fan and tunnel as seen in 
figure 7. 

These two variations are then used for the 3 setups presented below: 

Setup 1 

The tunnel is left empty, only the straighteners are in the tunnel to induce a more 
laminar fluid flow. The wind speed profile in the tunnel is measured at 2 m and 4 m 
from the straighteners inside the tunnel. To measure the wind speed profile, the 
anemometers are placed on retort stands, as seen in figure 10, and placed in the 
centre of the tunnel at 2 m from the straightener. The anemometer is set to a 
specified height between 1-60 cm from the floor of the tunnel. The tunnel doors are 
closed and latched, while the fan is switched on to its highest speed. The fan is 
allowed 15 seconds to reach its set speed. Measurements are then started, they are 
taken by the anemometer and transmitted via Bluetooth to a smartphone with the 
Testo Smart app, here the data is recorded, the probes are set to take readings 
every second for 60 seconds, the app provides the average, minimum and maximum 
values for the 60 second period. These are recorded in excel for the given height the 
anemometer was set to. This process is repeated for all the heights in the wind 
tunnel from 1-60 cm at 1 cm intervals. The data is taken and plotted in excel to 
provide the wind speed profiles. This is repeated with the anemometers at 4 m from 
the straighteners. The data for both distances is compared, and the most appropriate 
distance is chosen based on the wind speed uniformity and wind speed achieved at 
each distance. The distance which is considered to be better is used for the 
remaining setups. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Setup 2 

To develop an ABL of 30 cm (0.3 m), the use of roughness, barriers, and mixing-
devices (RBMD) such as flat triangular spires, must be used, the spires used are 
shown in figure 8. Once the better distance for blowing and suction is established, 

 

Figure 5: Tunnel entrance with rectangular cross section 
with tunnel dimensions. 

0.705 m 

0.695 m 

Figure 4: Air straightening PVC pipes in the entrance of 
the tunnel. 
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setup 2 is used and measurements are taken at this distance. In setup 2 spires are 
placed in the tunnel 0.7 m from the straighteners, the anemometers are placed on 
the retort stands at the measuring distance specified from setup 1, and the wind 
velocity profiles were determined. Once again, the anemometer is set to a specified 
height between 1-60 cm from the floor of the tunnel. The tunnel doors are closed and 
latched, while the fan is switched on to its highest speed, which is assigned the 
number 3 on the fan. The fan is allowed 15 seconds to accelerate and reach the set 
speed according to the fan’s basic numbering. Measuring was started, the wind 
speed data was recorded on the app and manually inputted into excel at the 
specified height. The probes are set to take readings every second for 60 seconds. 
This process is repeated for all the heights in the wind tunnel from 1-60 cm. The data 
is plotted on excel and the wind profile is established.  The formation of the ABL is 
examined and an ABL height is determined graphically. The data is compared to the 
power-law and the log-law with varying α- values and z0 values respectively. This is 
done for both suction and blowing setups. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Setup 3 

The final setup chosen makes use of roughness elements. These elements generally 
allow for further development of the boundary layer as well as offer a further 
comparison to the power-law by potentially altering the α-values. Additional 
roughness elements are introduced into the wind tunnel with the spires still 
remaining 0.7 m away from the straighteners. The roughness elements are placed 
into 4 strips, which are 10 cm apart from each other, with the first strip 10 cm from 
the spires. The roughness elements are made from sealing foam which are 1.6 cm in 
height and 2 cm in width and extended the width of the wind tunnel (0.7 m). This 
setup is shown in figure 9. 

The wind speed profile data is collected the same way as setups 1 and 2 at the 
same distance specified by setup 1. The data is plotted for both blowing and suction. 
From these plots, the atmospheric boundary layer height can be interpreted. In 

 

Figure 6: Fan setup at the entrance of the tunnel with 
channelling plastic for blowing, with the straighteners at the 

entrance of the tunnel. 

Figure 7: Fan setup at the exit of the tunnel with channelling 
plastic for suction, with the straighteners on the opposite side 
of the tunnel. 
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Figure 10: Testo 405i anemometers 

addition, the data can be compared to the power-law and log-law to find which best 
represents the data collected. The data’s trends are explored and explained in the 
results and discussion section. To further calibrate the wind tunnel, wind speed 
profiles at the medium and low speeds are also collected and plotted. This is done in 
the same manner as before, with the only change being the fan speed. 

 

 

 

 

 

 

 

 

 

 
 

3.2. Data collection 

To measure the wind speeds, three Testo 405i thermal anemometer probes were 
used.  Unsteady velocity measurements have been performed using the probes 
running at a constant wind speed set on the fan. The wind velocities were measured 
vertically in the tunnel. The heights were increased in increments of 1 cm going from 
a height of 1 cm up to 60 cm. The anemometers were held by retort stands for ease 
of height adjustment as well as stability in the tunnel while the fan is on. It was 
assumed that they had negligible influence on fluid flow as the stand was behind the 
point of measurement. The anemometers take measurements and upload the 
readings to the testo smart app. These measurements are recorded on excel and 
related the height set on each anemometer. 

 

 

 

 

 

 

 

 

 

 

Figure 9: Artificial roughness elements for setup 3 

 

Figure 8: Flat triangular spires set up in the wind tunnel 

used for setup 2 and 3 

10 cm  

Figure 11: Retort stands holding the testo 

anemometers inside the tunnel. 
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3.2.1. Error in measurements 

Airflow patterns in ventilated spaces tend to be disorganised with velocities varying 
in magnitude, direction, and fluctuation frequency. Thermal anemometers were used 
for velocity measurements for comparison of the performance of different air 
distribution patterns in a wind tunnel, thus the uncertainty of the velocity 
measurements must be known to accurately evaluate the wind velocity profiles 
obtained and to improve the performance of the anemometers employed. In order to 
reduce the error associated with each reading, the measurements were taken for 60 
seconds, with a reading being taken every second. These readings were then 
averaged to account for the fluctuations and reduce the error in each reading. 
Furthermore, if the average value obtained is considered to be unreasonable, with a 
deviation larger than the error shown in the table below, the measurements were 
taken again using a different anemometer. Additionally, it was compared to 
measurements at a similar height and the same process was followed if the error 
was out of range again. The new reading was compared to the old reading and if 
different results are achieved the third anemometer was used to make the 
measurement, until 2 or more readings were within the margin of error of the 
instrument’s systematic error. The systematic error associated with the 
anemometers used is seen in table 1 below. 

The errors associated with thermal anemometers can be caused by the following 
factors (Zbigniew, et al., 2007): 

Table 1: Errors associated with thermal anemometers 

Error Impact 

Natural convection Free convection flow interacts with the airflow being measured, thus 
has an impact on the velocity measurement. 

Directional 
sensitivity 

Measured velocity may differ from the calibration velocity when the 
wind hits the sensor at a different angle from that at calibration. 

Frequency 

response 

If the anemometer cannot follow the velocity fluctuations, the signal 

will be damped compared to real flow, leading to errors in 
measurements of standard deviation of velocity fluctuations. 

Calibration 
reference 

If the calibration reference is wrong the anemometer will be 
inaccurately calibrated. 

Conversion and 
reproducibility 

An error in the converted velocity may occur as a result of limited A/D 
resolution and electrical noise in the system. 

Velocity gradient The velocity gradient will have an impact on the accuracy of velocity 
when the sensor used for temperature compensation is velocity 
dependent. 

Temperature 
compensation 

The impact of temperature compensation is dependent on the 
temperature sensitivity of the velocity reading and on the temperature 
difference from measured to calibration. 

Temperature 
gradient 

An error in the measured velocity may occur when temperature 
gradients exist in the airflow. 

Air temperature 
fluctuations 

An error in measured velocities may occur when the response time of 
the temperature sensor and the circuit for temperature compensation 
are insufficient to follow the temperature changes that occur in 
airflow. 
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Barometric 
pressure variations 

Barometric pressure variations have an effect on the convective heat 
exchange from the velocity sensor. 

Humidity 

variations 

Humidity impacts the convection heat exchange between the velocity 

sensor and the airflow, and thus the measured velocity. 
Spatial resolution When the sensor dimensions are larger than the micro-scales of 

turbulence, the changes in velocity in the turbulent eddies that are 
smaller than the sensor will not be detected. 

Temperature 

radiation 

- 

Gaseous 
composition of air 

The varying concentration of CO2 introduces an error of less than 0.1% 
in the air velocity measured by a thermal anemometer. 

Aging effects The aging of the velocity transducer may be a source of error. 

 
Table 2: Associate error of Smart Probe Testo 405i thermal anemometers- from the Testo data sheet 

Sensor type Hot wire 
Measuring Range 0 to 30 m/s 

Accuracy 
± 1 digit 

±(0.1 m/s + 5% of m.v.)(0 to 2 m/s) 
±(0.3 m/s + 5% of m.v.)(2 to 15 m/s) 

Resolution 0.01 m/s 

Sensor type NTC 

Measuring Range -20 to 60 °C 

Accuracy  
± 1 digit 

± 0.5 °C 

Resolution 0.1 °C 
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4. Results & Discussion: 
The results associated with each setup are described below. Firstly, the fan’s open-
air profile and its characteristics are discussed. Followed by the aerodynamic 
characteristics of the wind tunnel, which is presented and discussed all the setups 
mentioned in the methodology using both blowing and suction.  

4.1. Open Air 
Figure 12 below shows the wind speed profile of the fan used for the wind tunnel in 
open air. This relationship is used to establish a point of reference with regards to 
the wind profiles that form in the tunnel. In the figure it can be seen that the wind 
speeds are at a maximum at the edge of the fan casing.  

 

 

This trend is expected as the rotational velocity of the fan blade will be at its 
greatest at the tip of the blade, this creates a greater pressure differential and 
hence a greater driving force which leads to larger wind speeds near the tip. 
The centre of the fan has the lowest speed as the centre of the blade has the 
lowest rotational velocity and in turn the smallest pressure differential. Thus, 
the centre of the fan can be found at a height of 40 cm. 

4.2. Aerodynamic characteristics of the wind tunnel while blowing air 
The data for all the blowing setups are presented below, including the comparison of 
the ideal test section according to distance from the straighteners, the wind profile 
with the use of full depth spires, and the wind speed profile with the use of 
roughness elements in addition to the full depth spires. 
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Figure 12: The fan's open air wind speed profile on the highest setting, measuring the wind speeds 1 m from the 
fan at varying heights with the circumference of the fan casing being 0 cm 
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4.2.1. Blowing test section comparison 
Figures 13 and 14 illustrate the wind profile of blowing air through the wind tunnel at 
2 m and 4 m respectively. Figure 13 closely resembles the wind speed profile of the 
fan in open air. The wind speed is low near the surface (0-5 cm), which is a result of 
the air particles experiencing surface resistance due to roughness as well as shear 
stress. As the height increases the wind speed increases to a maximum at 10 cm. 
Like with the fan in open air, this is due to wind speeds being higher at the edge of 
the fan blades due to a higher rotational velocity. The speed then decreases and 
approaches a minimum at 35 cm. As the height in the tunnel is increased, the 
measuring point approaches the centre of the fan, where the wind speed is at its 
lowest, as discussed above, which is the reason for the lower speed measurements. 
As with the fan in open air, the wind speed then begins to increase as the height is 
further increased as the measuring point moves towards the height near the tip of 
the fan blade.  

 

 
 
 

 

 

 

 

 

 

 

For figure 14 however, a different profile developed. Here the wind is seemingly 
more developed at 4 m down the tunnel. The maximum wind speed is still achieved 
at a similar height to figure 13 (around the 10 cm mark). The wind speed then slows 
slightly and stabilises from 20-50 cm. There is no clear minimum speed as seen at 2 
m. This data shows much greater uniformity in speed, which is attributed to the 
development of fluid flow, as flow develops a more uniform flow pattern is expected 
in the tunnel. 

Figure 13 has a higher fluctuation in wind speed compared to figure 14 with a 
standard deviation of 0.40 m/s and a relative deviation of 12% in the centre of the 
tunnel (20-40 cm). The centre of the tunnel was chosen as it should represent the 
heights with the most stable wind speeds according to the theory of fluid flow. The 
standard deviation and relative deviation of the wind speeds in figure 14 are 0.28 m/s 
and 7.2% respectively. Therefore, the data measured at 4 m from the straighteners 
shows a reduction in wind speed fluctuations which is anticipated as the wind is 
expected to be more developed down the wind tunnel.  

The Reynolds and Froude numbers for the minimum, maximum and average wind 
speeds are shown in table 2: 
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Figure 14: Wind speed profile while using a blowing fan 
setup taking measurements at 4 m from the straighteners- 
showing greater uniformity in the data than at 2 m 

 

 

Figure 13: Wind speed profile while using a blowing fan setup 
taking measurements at 2 m from the straighteners- showing 

the lack of uniformity in the data 
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Table 3: Reynolds and Froude numbers for the minimum, average and maximum velocities achieved at 2 m and 
4 m while blowing. 

  Minimum Average Maximum 

Froude number (2 m) 2.3 5.0 10.3 

Reynolds number (2m)  9.32E+05 1.36E+06 1.96E+06 

Froude number (4 m) 4.1 5.6 8.9 

Reynolds number (4 m) 1.24E+06 1.44E+06 1.83E+06 

 

The Reynolds and Froude numbers increase with increasing velocity as expected. 
The Froude numbers remain under 10 for all expect 1 of the speeds, which means 
for the setups used a more constant friction speed condition is achieved. This 
provides a more consistent flow pattern allowing for a more stable boundary layer. 
The Reynolds numbers have a larger range at 2 m which indicates greater variability 
in speed compared to at 4 m as seen in the figures. The Reynolds numbers are all 
greater than 1400 indicated turbulent flow (Fister, et al., 2012). 

4.2.2.  Full depth spires in the tunnel while using a blowing setup 
Figure 15 illustrates the formation of a boundary layer at a height of 30 cm for a 
blowing setup with the use of full depth spires. The wind speed increases as height 
increases until 30 cm where the boundary layer is formed. Here the wind speed 
stabilises and remains fairly constant, before increasing from a height of 50 cm.  

 

 

 

 

 

 

 

 

 

 

 

 

The use of spires had a positive effect on the uniformity of the wind profile as the 
standard deviation in height ranges of 0-20 cm and 20-40 cm decreases with the use 
of spires compared to without spires, giving values of 0.21 m/s and 0.18 m/s 
respectively. The relative deviation at the heights between 20-40 cm is found to be 
4.0%, meaning at those heights wind speeds only vary 4.0% from the mean.  

The average wind speed achieved shows an unanticipated trend as it increases with 
the use of spires compared to the speeds in an empty tunnel with an 8% increase in 
average wind speed was noted. This was not anticipated as the spires create a 

Figure 15: Wind speed profile using polycarbonate spires while using a blowing setup compared to the power law 

(α=0.16 and 0.12) and log law (z0 =1.5x10-6), measurements taken 4 m from the straighteners 
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pressure drop and result in a barrier to air flow which was thought to increase the 
turbulence. Turbulence is known to directly impact on the wind velocity 
measurements which results in slower velocity being measured. However, the spires 
resulted in an increase in uniformity of flow, this indicates less turbulence and hence 
higher speeds in the tunnel with spires. The Reynolds numbers shown in table 3 
below confirm that the flow was still turbulent, however, the maximum Reynolds 
number for this setup is lower than the previous setup, indicating less turbulence 
than in the previous setup. The Froude numbers once again are below 10.  

Table 4: Reynolds and Froude numbers for the minimum, average and maximum velocities achieved using setup 

2 while blowing 

  Minimum  Average Maximum 

Froude number 3.0 6.5 8.6 
Reynolds number 1.06E+06 1.56E+06 1.79E+06 

 

The comparison of the wind speed profile and the power and log laws yielded 
positive results showing good agreement with the measured data. The power law 
accurately described the wind profile data the for the entire profile, there is a slight 
over estimation at differing heights as well as a slight deviation from the law from 45-
50 cm. This is postulated to be because of the influence of the roof at the higher 
heights because, the power-law does not account surface resistance from the top as 
the atmosphere does not have a roof. However, the general trend of the data is 
captured by the power law with α = 0.12. The log law shows strong agreement with 
the wind profile at heights higher than 30 cm, although there is a slight deviation from 
55-60 cm where the log law underestimates the measured speeds. Additionally, the 
log law fails to agree with the measured data near the surface of the wind tunnel (0-5 
cm). The power law shows a better agreement with the data than the log law.  

Furthermore, the data was originally fitted to a power law with α=0.16, as this was 
the recommended value from literature (Irwin, 1981) for the given spire construction. 
However, it was noted that the data better fitted an α-value of 0.12. The desired 
boundary layer height is thought to be achieved using the setup above, however, to 
try and form a more definitive layer, additional roughness elements were added and 
tested.  

4.2.3. Full depth spires and roughness elements in a blowing setup 
Figure 16 illustrates the formation of a boundary layer at a height of 30 cm for a 
blowing setup with the use of full depth spires and roughness elements. The wind 
speed increases with height showing good uniformity from heights 5-40 cm then data 
then begins to deviate above 40 cm. The standard deviation and relative standard 
deviation for the heights 20-40 cm are 0.10 and 2.2% respectively. The purpose of 
the roughness elements is to further slow the wind speeds at or near the surface of 
the tunnel. Slowing the speeds near the surface usually leads to an increase to the 
power-law’s exponent value. This allows for the power law to have a greater 
agreement with the data. A slight decrease in speed near the surface is noted with 
the addition of the roughness elements. 
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The addition of roughness elements to spires had a positive effect on the uniformity 
of the wind speed profile as the standard deviation in height range 20–40 cm 
decreases with the use of spires and roughness elements compared to with only 
spires. Figure 16 also illustrates an accurate agreement with the power law by using 
α = 0.13, while a surface roughness length of z0 = 0.00005 allowed the log law to 
produced better agreement with the results than the power law. The α-value was 
increased slightly with the use of roughness elements. The data showed some 
agreement with the power-law (α = 0.16) but was better suited to a lower value of 
0.13. This setup produced a wind speed profile that meets the desired boundary 
layer height of 30 cm. The Reynolds and Froude numbers at the boundary layer are 
shown in table 6 which is discussed in section 4.4.  

 

4.3. Aerodynamic characteristics of the wind tunnel while using suction 
The data for all the suction setups are presented below, including the comparison of 
the ideal test section according to distance from the straighteners, the wind profile 
with the use of full depth spires, and the wind speed profile with the use of 
roughness elements in addition to the full depth spires. 

4.3.1. Suction test section comparison 
The results for suction in an empty tunnel at 2 m and 4 m are shown in figure 17 and 

18. In both cases the wind speed is seen to initially increase as the height in the 

tunnel is increased from 0-20 cm in the tunnel. The speeds then stabilise around the 

maximum speed through the centre of the tunnel (20-40 cm) and then begin to slow 

as near the top of the tunnel (40-60 cm). The relationship was expected and is often 

seen in fluid flow, the wind speeds near the surfaces are slower due to surface 

roughness and shear stress, while the speeds in the centre of the tunnel are faster 

and more laminar. The flow has seemingly developed faster than the blowing data 

and this is seen by the uniform nature of the wind speed profile, the uniformity also 

implies it is more laminar flow. There is a decrease in speed from 50-60 cm, the 

Figure 16: Wind speed profile using polycarbonate spires and roughness elements compared to the power law 

(α=0.16 and 0.13) and log law (z0 =1.5x10-6) while using blowing, measurements taken 4 m from the 
straighteners 
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reason for this is postulated to be from surface resistance and shear stress from the 

roof of the tunnel. This is a common phenomenon in fluid flow, where fluids flow 

slower at or on the surface of an object. 

 

 

 

 

 

 

 

 

 

 

The results indicate a higher fluctuation in wind speed across the profile of the tunnel 
at 2 m from the straighteners than at 4 m, for the centre portion of the tunnel (20-40 
cm) a standard deviation of 0.21 m/s was found, with a relative standard deviation of 
5.1%. The wind velocity at 4 m from the straighteners was also analysed, giving a 
standard deviation and relative standard deviation of 0.13 m/s and 2.5% over the 
centre section (20-40 cm) of the tunnel. This indicates that the measurements taken 
at 4 m show more uniformity. It is also noted that the wind speeds measured at 4 m 
from the straighteners are, on average, 23% higher than the speeds measured at 2 
m. The higher variability in speeds usually indicates turbulence, this turbulence is 
known to directly impact on the wind velocity measurements which results in slower 
velocity at the start of the tunnel.  

The increase in velocity is also noted by the increased Reynolds and Froude 
numbers at 4 m as seen in table 4. This would also tend to mean that the flow at 4 m 
is more turbulent, however it still shows a more uniform profile. The Froude numbers 
almost all below 10 which indicates a consistent resistance condition. The maximum 
value at 4 m is marginally over 10 but is still well under the recommended value of 
20.  

Table 5: Reynolds and Froude numbers for the minimum, average and maximum velocities achieved at 2 m and 
4 m while using suction 

  Minimum  Average Maximum 

Froude number (2 m) 3.9 5.6 7.2 

Reynolds number (2 m)  1.21E+06 1.45E+06 1.64E+06 

Froude number (4 m) 4.8 8.3 10.1 

Reynolds number (4 m) 1.34E+06 1.77E+06 1.94E+06 

 

The increase in uniformity is attributed to the development of the flow as it moves 
down the length of the tunnel. The fluid flow gradually starts to become more uniform 
as the flow develops, this allows for a more laminar flow with an even velocity profile 

 

Figure 17: Wind speed profile using a suction fan setup taking 
measurements 2 m from the straighteners showing a more 

uniform profile than blowing.  

Figure 18: Wind speed profile while using suction taking 
measurements 4 m from the straighteners showing greater 
uniformity than measurements at 2 m 
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throughout the tunnel thus more consistent wind characteristics. The straightening 
section is said to help straighten flow and produce a more uniform profile. Without 
the use of the straighteners, the flow is calculated to only be fully developed 15 m 
from the fan. Thus, the straighteners worked as expect, becoming a catalyst for the 
development of flow. The greater uniformity at 4 m meant that this would be the 
preferred test section for the setups involving suction and all the remaining 
measurements for suction setups would be taken at 4 m from the straighteners.  

 

4.3.2. Full depth spires in the tunnel while using a suction setup 
The results presented in figure 19 shows the formation of a boundary layer. 
However, the thickness of the boundary layer was not clear, it was seen to form 
around 20-30 cm. While the exact height cannot be determined the spires were 
designed to develop a boundary layer at 30 cm this was assumed to be where it 
forms. The data shows a relationship where the wind velocity increases as height 
increases from 0-20 cm. The wind speeds then stabilise in the centre of the tunnel 
(around 20-40 cm), before slowing down near the roof of the tunnel (40-60 cm). The 
wind speeds achieved decrease with the use of spires compared to with the empty 
tunnel, with a 4.5% difference in average wind speed. This difference is attributed to 
the pressure drop caused by the obstruction to flow from the spires.  

 

 

 

 

 

 

 

 

 

 

 

The Reynolds numbers shown in table 5 are very similar to those shown without the 
spires, slight decreases are noted and expected as the spires caused a slight 
decrease in wind speeds measured. The Reynolds numbers still imply the flow is 
turbulent as expected, this is what is experienced in the atmosphere. The Froude 
numbers are all below 10. 

 

 

 

 

Figure 19: Wind speed profile using polycarbonate spires while using a suction setup compared to the power law 
(α = 0.05 and α = 0.16) and log law (z0 = 1.5x10-6), measurements taken 4 m from the straighteners. 
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Table 6: Reynolds and Froude numbers for the minimum, average and maximum velocities achieved using setup 
2 while using suction 

  Minimum Average Maximum 

Froude number 4.0 7.4 8.9 

Reynolds number 1.22E+06 1.67E+06 1.83E+06 
 

The introduction of the spires did impact on the uniformity of the data captured with 
an increase in standard deviation and relative deviation from 20-40 cm in the tunnel, 
with values of 0.27 and 5.6% respectively. It is postulated to be the spires inducing 
turbulent flow which in turn causes variations in the wind speeds that are measured.  

The comparison with the power law (with α = 0.16) yielded poor results, showing little 
agreement with the data collected. The log law showed some agreement with the 
data from the surface until the 45 cm mark. In order to find a relationship which more 

closely represented the data, the α-value for the power law was adjusted to 0.05. 

With the adjusted α-value, the power law was found to agree with the wind profile 

data for the heights 0-45 cm. Both the power-law (for both α-values) and log law fail 
to predict the speeds from 45-60 cm due to the effects of the roof. 

4.3.3.  Full depth spires and roughness elements in a suction setup 

Figure 20 shows the wind profile data found for setup 4 using suction. The wind 
speeds increase exponentially from 0-30 cm, from there it stabilises (30-50 cm) 
before slowing down rapidly near the roof of the tunnel (50-60 cm). The data shows 
high uniformity with a standard deviation in the middle heights (20-40 cm) of 0.10 
m/s and a relative standard deviation of 2.1%. Compared to the other suction setups, 
this is the most uniform data recorded. The Reynolds and Froude numbers at the 
boundary layer are shown in table 7 which is discussed in section 4.4. 
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Figure 20: Wind speed profile using polycarbonate spires and roughness elements compared to the power law (α 
= 0.16 and 0.08) and log law (z0 =1.5x10-6), while using a suction setup, measurements taken 4 m from the 
straighteners. 
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Figure 21: Wind speed profiles using spires and roughness elements at different wind speeds compared to the 

Power Law (α=0.13) while using a blowing setup. Measurements taken at 4 m from the straighteners. 

The figure shows the development of a 0.3 m boundary layer which is shows good 

agreement over the heights 5-30 cm with the power law (α= 0.08) and the log law 

(z0= 1.5x10-6). The wind speeds at heights above 30 cm are not predicted accurately 
by any of the laws shown. The use of the roughness elements is seen by the 
decrease in speed near the surface of the tunnel. Slowing the speeds near the 
surface usually requires an increase to the power-law’s exponent value. The 
resulting wind profile shows an increase in the exponents value from 0.05 without the 
roughness elements compared to 0.08 with the elements. However, even with a 
value of α=0.08, the power law does not accurately describe the wind speeds at the 
surface (0-5 cm). The lack of agreement above 30 cm is likely due to the roof of the 
wind tunnel slowing the wind speeds and causing slight turbulences. It is less 
pronounced in the setup without the roughness elements as the boundary layer that 
is developed is not as thick as with the roughness elements.     

4.4. Calibration Setup at Multiple Speeds 
The final setups, with spires and roughness elements, were tested at the 3 different 
speeds that the fan can be set to, low, medium, and high, to determine whether it 
would produce an accurate and precise wind speed profiles. This is then used to 
determine whether it would provide a good simulation of a 0.3 m thick atmospheric 
boundary layer at each speed. Additionally, the Froude and the Reynolds numbers 
for each speed were also determined and tabulated. This was done for both blowing 
and suction setups.  

A comparison of the wind speed profile using spires and roughness elements is 
shown in the figure 21. Each set of wind velocity profile data was compared to the 
power law with α = 0.13. The standard deviations and relative deviations for heights 
in the central heights of the tunnel (25-40 cm) at each speed are shown in the tables 
below. These heights were selected as it is from the where the boundary layer starts 
to form up until the point where deviations begin to occur, it is assumed that these 
deviations are caused by the roof of the tunnel. In theory this section of the tunnel 
should have the most uniform flow due to flow being more developed. From the 
deviations shown below, it can be seen that the data is very uniform with minor 
deviations. This shows stable, laminar conditions are achieved above the boundary 
layer. 
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The low and medium speed data shows a good agreement with the power law close 
to the surface for the heights 0-10 cm. The data then begins to deviate slightly as the 
measured values become greater than the power law’s values from 10-25 cm. 
Finally, the power-law shows agreement with the data from 30-40 cm before the 
wind speeds are slowed near the roof of the tunnel. High speed data is the same as 
shown and described in section 4.2.3 above. 

Table 7: Standard and relative deviation of wind speeds from the heights 25-45 cm as well as the Froude and 

Reynolds numbers associated with each fan speed- for the blowing setup. 

Fan Speed Low Medium High 

Standard Deviation (m/s) 0.08 0.09 0.10 
Relative Standard Deviation 2.2% 2.2% 2.2% 
Froude Number 5.2 5.9 7.0 
Reynolds Number 1.40E+06 1.49E+06 1.63E+06 

 

The Froude numbers are lower than 10 for all speeds which guarantees a more 
constant friction condition as stated in literature  (Fabbri, 2018). The Reynolds 
numbers, as expected, increase with increasing speed, implying that the flow is more 
turbulent at higher speeds. This is a common trend for fluid flow. 

As with the blowing setups above the deviations are shown below. It can be seen 
that the data is very uniform with minor deviations. This shows stable, laminar 
conditions are achieved above the boundary layer. Each set of wind profile data was 
compared to the power law with α=0.08. All the speeds show good agreement with 
the power law from heights 0-35 cm.  Each speed deviates at a slightly different point 
but at a height above 40 cm is when all the data starts has moved away from power 
law, this is where the power law overestimates the speeds that are measured. Once 
again it is postulated to be due to the wind tunnel’s roof. 

Figure 22: Wind speed profiles of the wind tunnel, using spires and roughness elements at different wind speeds 

compared to the Power Law (α = 0.08) while using a suction setup. Measurements taken at 4 m from the 

straighteners. 
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As with blowing the Froude numbers are lower than 10 for all speeds which 
guarantees a more constant friction condition as stated previously in the literature 
review. The Reynolds numbers, as expected, increases with increasing speed, 
implying that the flow is more turbulent at higher speeds.  

Table 8: Standard and relative deviation of wind speeds from the heights 25-40 cm as well as the Froude and 

Reynolds numbers associated with each fan speed- for the suction setup. 

Fan Speed Low Medium High 

Standard Deviation (m/s) 0.12 0.10 0.10 

Relative Standard Deviation 2.9% 2.3% 2.1% 

Froude Number 5.5 6.8 7.8 
Reynolds Number 1.43E+06 1.59E+06 1.71E+06 

 

4.5. Blowing and Suction comparison 
When conducting data collection on the wind velocity profile for the blowing setup for 
an empty tunnel with wind speeds being measured at 2 m and 4 m away from the air 
straighteners. It was found that wind speeds failed to reach the desired magnitude 
and the wind velocity profiles obtained were not uniform with large variance in wind 
speed. Thus, it was decided to investigate suction setups in the wind tunnel in 
addition to the blowing setups to see if they would improve the speeds achieved and 
uniformity achieved for the wind speed profiles. From comparing figures 13 and 14 to 
figures 17 and 18 it is evident that the suction setup produces a far more uniform and 
developed wind profiles, with surface resistance and shear stress from the roof of the 
tunnel being the main contributors to reduced wind speeds at heights below 20 cm 
and above 50 cm.  

With regards to setups with full depth spires as well as full depth spires with 
roughness elements. The blowing setups were in more agreement with the power 
law and log law with the boundary layer forming at 30 cm for both blowing setups. 
Improvements in uniformity were seen, producing data with comparable uniformity 
and speeds seen in suction. This can be seen in figures 15 and 16. Besides better 
agreement with the power law and log law, the blowing setups with spires and spires 
with roughness elements experienced less surface resistance and shear stress from 
the roof of the tunnel compared to their suction counterparts where the velocity 
decrease at heights above 0.5 m is observed. The increased impact of the roof on 
the suction setups is postulated to be because the starting point for the movement of 
air is different for the different mechanisms, as well as the inherent differences in 
forces associated with suction and blowing. The suction air is being dragged along 
the surface therefore experiencing a larger frictional force, whereas the blown air 
does not experience this. 

Although the suction setups seem to have greater uniformity at first it is seen that the 
inclusion of spires and roughness elements lead to higher uniformity in the blowing 
setups, as seen when comparing the standard deviation and relative deviations 
shown in tables 1 and 2. Although, it is noted that the increased uniformity is 
marginal. Both setups achieve a boundary layer thickness of 30 cm and are able to 
be somewhat predicted by the power and log laws by varying parameters in the laws 
and the setups. It is noted that the blowing results are more useful to this project as 
blowing is needed to investigate mine dust emissions through soil erosion. 
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4.6. Material of construction analysis 
While conducting the experiments in the wind tunnel the material from which the 
spires were constructed was also investigated, the measurements and plots are 
shown in the Appendix A: Additional Results, along with an interpretation of the data. 
This was not considered as a part of the project but has still been reported on as the 
data was collected.  

4.7. Calibration Process 
The study shows that simulating an accurate ABL is a complex and iterative process 
involving many different setups and measurements. Even though the system was 
designed to simulate results for the Power-law with α = 0.16, the results have shown 
that a good agreement is found with α = 0.13 for blowing and α = 0.08 for suction. 
This is attributed to the lack of roughness elements along the whole length of the 
wind tunnel as Irwin’s (1981) formulae propose. This was not done as it would result 
in permanent changes to the wind tunnel that would restrict the use of the wind 
tunnel to those set conditions.  

The application of the power-law was more successful than the log law for the 
blowing simulations. While some suction setups showed a good agreement with the 
log-law as well as the power law. The power-law exponent values for flat and open 
terrains are usually in the vicinity of 0.143 (Barlow, Rae, & Pope, 1999; Counihan, 
1969). For the blowing setups the power-law exponent appears to be in this range at 
a value of 0.13.  

Due to the doubts which question the applicability of the the logarithmic law. The 
application of the power law and its application to the final calibration setups was the 
focus of this study. 
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5. Conclusions  
The open-air wind speed profile for the fan was determined and showed a 

relationship which is expected and observed in literature. The fans speeds achieved 

were lower than expected, however due to the variability of threshold velocities the 

experiments were still conducted with the fan at the lower speed. The blowing wind 

speed profile mimicked the open-air profile in an empty tunnel with measurements at 

2 m, showing lack of flow development having occurred. However, at 4 m down the 

data showed better uniformity, with reduced deviations. The data still showed high 

variability and lead to an investigation of suction as an alternative to blowing. Suction 

setup 1, an empty tunnel with only the air straighteners, showed better uniformity at 

both 2 m and 4 m down the length of the tunnel, as well as having faster wind 

speeds being measured at 4 m. This showed that at 4 m the flow is more developed, 

and this is selected as the distance used to take the measurements for the other 

experimental setups. 

Setup 2, the use of spires, was used to develop an ABL of 0.3 m in the tunnel. The 

spire dimensions were determined from literature. The introduction of spires for 

blowing greatly increased the uniformity of the data decreasing the relative standard 

deviation of the data from 7.2% in an empty tunnel to 4.0% in the central heights of 

the tunnel (20-40 cm). The spires also helped increase the wind speeds which were 

measured in the tunnel due to reduced turbulence. The formation of a boundary 

layer is noted, but the height of the layer is not clear. Additionally, the data failed to 

agree with the power-law (α = 0.16) which the spires were designed for, but rather it 

showed agreement with the power-law (α = 0.12).  

Setup 3, the inclusion of roughness elements in addition to the spires, is used to 

rectify the short comings of setup 2. By adding roughness elements to the floor of the 

tunnel, it further decreases the wind speed near the surface which helps to increase 

the power law’s exponent value as well as thicken the boundary layer. This is seen in 

both the blowing and suction cases for setup 3. The Power-law exponent value 

increased from 0.12 to 0.13 with the inclusion of roughness elements, still lower than 

the anticipated 0.16 value. If these elements were added along the entire length of 

the tunnel as stipulated in literature the data may have shown a greater agreement 

to the power-law with α = 0.16. The wind speeds at the top of the tunnel deviate from 

the laws as the speeds are seen to slow slightly. A greater deviation is seen when 

suction is used, due to how the air flow starts as well as with a general increase in 

surface resistance associated with suction over blowing. 
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6. Recommendations 
Upon carrying out the experiments for this project a few recommendations were 

taken note of, these will help improve the experiment to achieve more consistent and 

accurate results: 

• Constructing an air straightener case 

Constructing an air straightener case ensures that the PVC pipes used in the 

straightener are all aligned correctly rather than if they were taped together, resulting 

in more consistent straightening. Additionally, there would be less resistance and 

drag from the tape on the pipes, resulting in less turbulent air resulting from the 

inconsistent taping.  

• Construct and installing an air funnel/converter before the test section 

By installing a funnel/converter, the circular airstream from the transition section is 

transformed into a rectangular form to the air straighteners, ensuring a more 

homogenic and natural distribution of the wind over the rectangular test section 

(Fabbri, 2018). The converter would also ensure that all the air being blown by the 

fan is funnelled into the tunnel, generating higher wind speeds. 

• Install transition section after fan 

The addition of a transition section increases the distance before the test section 

allowing the wind to fully develop, thus providing less turbulent conditions which 

leads to more consistent measurements. 

• Creating measuring holes 

The addition of measuring holes to the test section ensures that wind speeds are 

consistently collected at the appropriate distance, reducing error in measurements. 

• Roughness elements along the length of the tunnel rather than just after the 

spires 

The addition of roughness elements to the floor of the wind tunnel further decreased 

wind speeds near the surface, helping increase the power law’s exponent value and 

thickening the boundary layer, thus adding these roughness elements along the 

entire length of the test section may have produced wind speed profiles with a 

greater agreement to the power-law with α = 0.16. 

• In-depth statistical analysis of the error/results 

Statistical analysis of results explains a lot about precision errors which are random 

errors that are a result of fluctuations in some part of data collection, while only 

having data explains little about bias error which systematic errors. Thus, by 

conducting statistical analysis on the results obtained one can better understand and 

explain events witnessed during data acquisition. 
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8. Appendix A: Additional results 

8.1. Material type comparison 

The 2 types of material used for the spire’s construction were polycarbonate 

and a thick cardboard box. The results are plotted below for both blowing and 

suction. The setup used was setup 2, only spires in the tunnel, at the distance 

specified by setup 1.  

8.1.1. Full depth cardboard spires compared to full depth polycarbonate spires 

in a blowing setup. 

 

 

From figure 23, the comparison of the wind profile in the tunnel using polycarbonate 

(PC) spires and cardboard spires. While using the PC spires, it is noted that the wind 

speed profile increases as the height in the tunnel is increased from 0-40 cm. From 

40-50 cm the speeds seem to slow slightly before increasing again, this dip in speed 

is postulated to be due to the height of the spires, as above 40 cm the probes are 

above the height of the spires and this transition zone could have slower speeds as 

the measurements are just the normal wind speeds imposed by the fan. For the 

cardboard spires the wind speed increases from 0-20 cm before slowing slightly from 

20-35 cm, this decrease is postulated to be due to the rigidity of the cardboard, it 

was noted that the cardboard would shake slightly in the tunnel which would cause 

disturbances to wind speed measurements. The speeds are then seen to increase 

for the remainder of the height increases up to 60 cm. There are slight differences in 

uniformity, with the PC spires showing a better uniform profile, once again this is 

attributed to the rigidity of the material, as the PC is heavier and more rigid it would 

not shake in the tunnel unlike the cardboard.    

Figure 23: Wind speed profile using cardboard and polycarbonate spires while blowing, measurements taken 4 m 
from the straighteners  
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8.1.2. Full depth cardboard spires compared to full depth polycarbonate spires 

in a blowing setup. 

 

 

 

From figure 24, the comparison of the wind profile in the tunnel using PC spires and 

cardboard spires. While using the PC spires, it is noted that the wind speed profile 

increases as the height in the tunnel is increased from 0-40 cm. From 40-60 cm the 

speeds decrease, this speed decrease is attributed to the roof of the wind tunnel 

causing shear stress and surface friction. For the cardboard spires the wind speed 

increases from 0-20 cm before slowing slightly from 20-40 cm, this decrease is 

postulated to be due to the rigidity of the cardboard, it was noted that the cardboard 

would shake slightly in the tunnel which would cause disturbances to wind speed 

measurements. The speeds are then seen to be stable for the remainder of the 

tunnel (40-60 cm) with a higher variability in speeds. This is postulated to be due to 

the height of the spires, as above 40 cm the probes are above the height of the 

spires and this transition zone the wind speeds measured are the normal flow profile 

of the tunnel. There are slight differences in uniformity, with the PC spires showing a 

better uniform profile, once again this is attributed to the rigidity of the material, as 

the PC is heavier and more rigid it would not shake in the tunnel unlike the 

cardboard.    

 

 

 

 

Figure 24: Wind speed profile using cardboard spires while using suction, measurements taken 4 m from the 
straighteners  
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10. Appendix C: Experimental Data and Calculations 
 

The excel file with the calculations for the spire dimensions can be found using the 

following link: 

https://uctcloud-

my.sharepoint.com/:x:/g/personal/tlhmot006_myuct_ac_za/EYdlQ2e4wflHij55uyvUtH

QBYeT4rTlv77wkCM-Vw36y5Q?e=nSK4Kv 

 

The excel file with the recorded experimental data and results can be found using 

the following link: 

https://teams.microsoft.com/l/file/171D8CA4-CC68-4E35-ADA2-

18B9FBE82875?tenantId=92454335-564e-4ccf-b0b0-

24445b8c03f7&fileType=xlsx&objectUrl=https%3A%2F%2Fuctcloud.sharepoint.com

%2Fsites%2F2021-

Project11%2FShared%20Documents%2FGeneral%2FData%2FWind%20Profile.xlsx

&baseUrl=https%3A%2F%2Fuctcloud.sharepoint.com%2Fsites%2F2021-

Project11&serviceName=teams&threadId=19:IlHMB-

Z6IZCKytCt56Uc19oe1pDDEiQtoRQoRp_gXsw1@thread.tacv2&groupId=57263f06-

1e0c-43f9-8398-9f881de2e4cf 

Additionally, the data used is tabulated below: 

The air density (ρ) assumed for calculations was 1.29 kg/m3, which was found to be 

the density of air at 20˚C. The viscosity (μ) of air was assumed for calculations was 

1.81x10-5 kg/m.s. The Z0 value for the log law was set to 1.5x10-6 m. 

10.1. Open-Air Data: 
Table 9: Open air wind profile data- with the average wind speeds at the respective heights. 

Height from fan case (cm) Average Wind Speed (m/s) 

10 4.98 

20 4.06 

25 2.68 

30 1.33 

35 0.79 

40 0.62 

45 0.75 

50 1.37 

55 2.98 

60 4.11 

65 5.07 

 

 

https://uctcloud-my.sharepoint.com/:x:/g/personal/tlhmot006_myuct_ac_za/EYdlQ2e4wflHij55uyvUtHQBYeT4rTlv77wkCM-Vw36y5Q?e=nSK4Kv
https://uctcloud-my.sharepoint.com/:x:/g/personal/tlhmot006_myuct_ac_za/EYdlQ2e4wflHij55uyvUtHQBYeT4rTlv77wkCM-Vw36y5Q?e=nSK4Kv
https://uctcloud-my.sharepoint.com/:x:/g/personal/tlhmot006_myuct_ac_za/EYdlQ2e4wflHij55uyvUtHQBYeT4rTlv77wkCM-Vw36y5Q?e=nSK4Kv
https://teams.microsoft.com/l/file/171D8CA4-CC68-4E35-ADA2-18B9FBE82875?tenantId=92454335-564e-4ccf-b0b0-24445b8c03f7&fileType=xlsx&objectUrl=https%3A%2F%2Fuctcloud.sharepoint.com%2Fsites%2F2021-Project11%2FShared%20Documents%2FGeneral%2FData%2FWind%20Profile.xlsx&baseUrl=https%3A%2F%2Fuctcloud.sharepoint.com%2Fsites%2F2021-Project11&serviceName=teams&threadId=19:IlHMB-Z6IZCKytCt56Uc19oe1pDDEiQtoRQoRp_gXsw1@thread.tacv2&groupId=57263f06-1e0c-43f9-8398-9f881de2e4cf
https://teams.microsoft.com/l/file/171D8CA4-CC68-4E35-ADA2-18B9FBE82875?tenantId=92454335-564e-4ccf-b0b0-24445b8c03f7&fileType=xlsx&objectUrl=https%3A%2F%2Fuctcloud.sharepoint.com%2Fsites%2F2021-Project11%2FShared%20Documents%2FGeneral%2FData%2FWind%20Profile.xlsx&baseUrl=https%3A%2F%2Fuctcloud.sharepoint.com%2Fsites%2F2021-Project11&serviceName=teams&threadId=19:IlHMB-Z6IZCKytCt56Uc19oe1pDDEiQtoRQoRp_gXsw1@thread.tacv2&groupId=57263f06-1e0c-43f9-8398-9f881de2e4cf
https://teams.microsoft.com/l/file/171D8CA4-CC68-4E35-ADA2-18B9FBE82875?tenantId=92454335-564e-4ccf-b0b0-24445b8c03f7&fileType=xlsx&objectUrl=https%3A%2F%2Fuctcloud.sharepoint.com%2Fsites%2F2021-Project11%2FShared%20Documents%2FGeneral%2FData%2FWind%20Profile.xlsx&baseUrl=https%3A%2F%2Fuctcloud.sharepoint.com%2Fsites%2F2021-Project11&serviceName=teams&threadId=19:IlHMB-Z6IZCKytCt56Uc19oe1pDDEiQtoRQoRp_gXsw1@thread.tacv2&groupId=57263f06-1e0c-43f9-8398-9f881de2e4cf
https://teams.microsoft.com/l/file/171D8CA4-CC68-4E35-ADA2-18B9FBE82875?tenantId=92454335-564e-4ccf-b0b0-24445b8c03f7&fileType=xlsx&objectUrl=https%3A%2F%2Fuctcloud.sharepoint.com%2Fsites%2F2021-Project11%2FShared%20Documents%2FGeneral%2FData%2FWind%20Profile.xlsx&baseUrl=https%3A%2F%2Fuctcloud.sharepoint.com%2Fsites%2F2021-Project11&serviceName=teams&threadId=19:IlHMB-Z6IZCKytCt56Uc19oe1pDDEiQtoRQoRp_gXsw1@thread.tacv2&groupId=57263f06-1e0c-43f9-8398-9f881de2e4cf
https://teams.microsoft.com/l/file/171D8CA4-CC68-4E35-ADA2-18B9FBE82875?tenantId=92454335-564e-4ccf-b0b0-24445b8c03f7&fileType=xlsx&objectUrl=https%3A%2F%2Fuctcloud.sharepoint.com%2Fsites%2F2021-Project11%2FShared%20Documents%2FGeneral%2FData%2FWind%20Profile.xlsx&baseUrl=https%3A%2F%2Fuctcloud.sharepoint.com%2Fsites%2F2021-Project11&serviceName=teams&threadId=19:IlHMB-Z6IZCKytCt56Uc19oe1pDDEiQtoRQoRp_gXsw1@thread.tacv2&groupId=57263f06-1e0c-43f9-8398-9f881de2e4cf
https://teams.microsoft.com/l/file/171D8CA4-CC68-4E35-ADA2-18B9FBE82875?tenantId=92454335-564e-4ccf-b0b0-24445b8c03f7&fileType=xlsx&objectUrl=https%3A%2F%2Fuctcloud.sharepoint.com%2Fsites%2F2021-Project11%2FShared%20Documents%2FGeneral%2FData%2FWind%20Profile.xlsx&baseUrl=https%3A%2F%2Fuctcloud.sharepoint.com%2Fsites%2F2021-Project11&serviceName=teams&threadId=19:IlHMB-Z6IZCKytCt56Uc19oe1pDDEiQtoRQoRp_gXsw1@thread.tacv2&groupId=57263f06-1e0c-43f9-8398-9f881de2e4cf
https://teams.microsoft.com/l/file/171D8CA4-CC68-4E35-ADA2-18B9FBE82875?tenantId=92454335-564e-4ccf-b0b0-24445b8c03f7&fileType=xlsx&objectUrl=https%3A%2F%2Fuctcloud.sharepoint.com%2Fsites%2F2021-Project11%2FShared%20Documents%2FGeneral%2FData%2FWind%20Profile.xlsx&baseUrl=https%3A%2F%2Fuctcloud.sharepoint.com%2Fsites%2F2021-Project11&serviceName=teams&threadId=19:IlHMB-Z6IZCKytCt56Uc19oe1pDDEiQtoRQoRp_gXsw1@thread.tacv2&groupId=57263f06-1e0c-43f9-8398-9f881de2e4cf
https://teams.microsoft.com/l/file/171D8CA4-CC68-4E35-ADA2-18B9FBE82875?tenantId=92454335-564e-4ccf-b0b0-24445b8c03f7&fileType=xlsx&objectUrl=https%3A%2F%2Fuctcloud.sharepoint.com%2Fsites%2F2021-Project11%2FShared%20Documents%2FGeneral%2FData%2FWind%20Profile.xlsx&baseUrl=https%3A%2F%2Fuctcloud.sharepoint.com%2Fsites%2F2021-Project11&serviceName=teams&threadId=19:IlHMB-Z6IZCKytCt56Uc19oe1pDDEiQtoRQoRp_gXsw1@thread.tacv2&groupId=57263f06-1e0c-43f9-8398-9f881de2e4cf
https://teams.microsoft.com/l/file/171D8CA4-CC68-4E35-ADA2-18B9FBE82875?tenantId=92454335-564e-4ccf-b0b0-24445b8c03f7&fileType=xlsx&objectUrl=https%3A%2F%2Fuctcloud.sharepoint.com%2Fsites%2F2021-Project11%2FShared%20Documents%2FGeneral%2FData%2FWind%20Profile.xlsx&baseUrl=https%3A%2F%2Fuctcloud.sharepoint.com%2Fsites%2F2021-Project11&serviceName=teams&threadId=19:IlHMB-Z6IZCKytCt56Uc19oe1pDDEiQtoRQoRp_gXsw1@thread.tacv2&groupId=57263f06-1e0c-43f9-8398-9f881de2e4cf
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10.2. Empty Tunnel Data-Blowing: 
Table 10: Empty Tunnel Wind Profile Data showing the average, min and max speeds for 2 m and 4 m 

Height (cm) 

Average   
(2 m) 
[m/s] 

Min  
(2 m) 
[m/s] 

Max  
(2 m) 
[m/s] 

Average  
(4 m) 
[m/s] 

Min  
(4 m) 
[m/s] 

Max  
(4 m) 
[m/s] 

1 3.39 3.11 3.58 3.48 3.35 3.58 

2 3.71 3.47 3.98 4.10 3.94 4.24 

3 3.78 3.56 3.95 4.79 4.71 4.88 

4 4.11 3.94 4.32 4.06 3.98 4.17 

5 4.79 4.31 5.11 3.88 3.69 4.04 

6 4.19 3.93 4.44 4.54 4.47 4.60 

7 4.40 4.20 4.59 5.11 5.03 5.19 

8 4.33 4.06 4.49 4.53 4.40 4.66 

9 5.50 5.33 5.67 4.43 4.34 4.52 

10 4.76 4.45 5.10 4.48 4.28 4.72 

11 4.92 4.69 5.10 4.97 4.82 5.06 

12 4.74 4.62 4.86 4.45 4.37 4.58 

13 5.48 5.32 5.59 4.13 3.98 4.28 

14 5.29 5.11 5.43 4.23 4.07 4.41 

15 4.25 3.94 4.74 3.88 3.74 4.07 

16 4.22 4.10 4.29 4.21 4.09 4.35 

17 5.10 4.91 5.19 3.93 3.81 4.04 

18 3.90 3.89 4.05 4.21 4.13 4.36 

19 4.70 4.53 4.99 4.17 4.03 4.28 

20 3.50 3.15 3.83 3.52 3.28 3.67 

21 3.67 3.56 3.80 3.95 3.85 4.03 

22 3.93 3.71 4.08 4.64 4.57 4.73 

23 3.63 3.53 3.75 4.31 4.21 4.44 

24 3.68 3.50 3.83 3.62 3.49 3.72 

25 3.71 3.34 4.10 3.92 3.74 4.12 

26 3.43 3.28 3.56 4.05 3.93 4.15 

27 3.01 2.85 3.06 4.12 4.01 4.22 

28 3.07 2.96 3.17 3.47 3.38 3.54 

29 2.99 2.78 3.23 3.92 3.80 4.02 

30 3.23 2.96 3.63 3.59 3.32 3.79 

31 2.72 2.56 2.90 4.05 3.96 4.18 

32 2.63 2.41 2.81 3.77 3.69 3.83 

33 3.12 2.92 3.38 3.66 3.52 3.76 

34 3.56 3.39 3.74 3.94 3.85 4.05 

35 3.42 3.05 3.85 3.56 3.37 3.80 

36 3.07 2.80 3.32 3.75 3.68 3.81 
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37 2.61 2.42 2.85 4.01 3.88 4.09 

38 3.80 3.62 4.04 4.00 3.92 4.12 

39 3.17 2.98 3.41 3.98 3.93 4.10 

40 2.73 2.58 2.89 3.89 3.82 3.98 

41 3.72 3.54 3.90 3.99 3.90 4.08 

42 3.22 2.97 3.50 3.77 3.68 3.83 

43 2.82 2.67 3.05 3.95 3.88 4.06 

44 3.88 3.76 4.00 3.98 3.92 4.04 

45 3.63 3.36 4.02 3.79 3.71 3.84 

46 2.75 2.51 3.04 3.58 3.36 3.79 

47 4.07 3.85 4.17 4.03 3.90 4.12 

48 3.83 3.70 3.94 3.99 3.90 4.05 

49 2.93 2.76 3.13 4.36 4.25 4.41 

50 3.41 3.04 3.75 3.89 3.66 4.01 

51 4.27 4.08 4.45 4.37 4.29 4.43 

52 3.89 3.70 4.14 3.96 3.91 4.08 

53 3.45 3.21 3.76 3.77 3.68 3.87 

54 4.42 4.18 4.70 4.30 4.20 4.39 

55 4.28 3.94 4.57 3.83 3.69 3.90 

56 3.68 3.44 3.81 3.79 3.65 3.94 

57 4.41 4.18 4.72 4.25 4.08 4.68 

58 3.79 3.63 3.95 3.72 3.64 3.78 

59 4.55 4.41 4.72 3.97 3.94 4.14 

60 3.93 3.81 4.07 4.09 3.97 4.25 

Standard 
Deviation 0.40 0.40 0.43 

0.28 0.31 0.27 

Relative 
Deviation 12% 13% 12% 

7.20% 8.30% 6.80% 
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10.3. Spires only data-Blowing: 
Table 11: Spires only wind profile data showing the average, min, and max values as well as the power and log 
law values. 

Height (cm) 
Average 
[m/s] 

Min 
[m/s] 

Max 
[m/s] 

Power Law 
(α = 0.12) 
[m/s] 

Power Law 
(α = 0.16) 
[m/s] 

Log 
Law 
[m/s] 

1 2.98 2.85 3.16 3.04 2.65 3.48 
2 3.7 3.5 3.9 3.30 2.96 3.68 

3 3.67 3.55 3.78 3.47 3.16 3.79 

4 3.56 3.4 3.74 3.59 3.31 3.88 

5 3.86 3.69 4.01 3.69 3.43 3.94 
6 3.8 3.69 3.93 3.77 3.53 3.99 

7 3.71 3.58 3.81 3.84 3.62 4.04 

8 3.94 3.85 4.11 3.90 3.70 4.07 

9 3.94 3.8 4.14 3.96 3.77 4.11 
10 3.86 3.71 3.93 4.01 3.83 4.14 

11 4.04 3.94 4.15 4.05 3.89 4.16 

12 3.98 3.91 4.11 4.09 3.95 4.19 

13 3.99 3.89 4.07 4.13 4.00 4.21 
14 4.23 4.07 4.36 4.17 4.05 4.23 

15 4.27 4.15 4.41 4.21 4.09 4.25 

16 4.07 4 4.16 4.24 4.13 4.27 

17 4.35 4.23 4.46 4.27 4.17 4.29 
18 4.14 4.05 4.22 4.30 4.21 4.30 

19 4.2 4.08 4.34 4.33 4.25 4.32 

20 4.29 4.19 4.41 4.35 4.28 4.33 

21 4.35 4.26 4.45 4.38 4.32 4.35 
22 4.07 4 4.13 4.40 4.35 4.36 

23 4.31 4.24 4.41 4.43 4.38 4.37 

24 4.25 4.11 4.31 4.45 4.41 4.39 

25 4.28 4.15 4.36 4.47 4.44 4.40 
26 4.24 4.11 4.32 4.49 4.47 4.41 

27 4.2 4.12 4.27 4.51 4.49 4.42 

28 4.44 4.34 4.51 4.53 4.52 4.43 

29 4.5 4.43 4.6 4.55 4.55 4.44 
30 4.57 4.45 4.68 4.57 4.57 4.45 

31 4.44 4.38 4.52 4.59 4.59 4.46 

32 4.62 4.49 4.72 4.61 4.62 4.47 

33 4.65 4.59 4.7 4.62 4.64 4.48 
34 4.55 4.49 4.62 4.64 4.66 4.49 

35 4.52 4.38 4.59 4.66 4.68 4.49 

36 4.71 4.66 4.76 4.67 4.71 4.50 

37 4.57 4.47 4.64 4.69 4.73 4.51 
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38 4.57 4.52 4.67 4.70 4.75 4.52 

39 4.39 4.3 4.47 4.72 4.77 4.52 
40 4.71 4.62 4.78 4.73 4.79 4.53 

41 4.65 4.57 4.76 4.74 4.80 4.54 

42 4.5 4.43 4.57 4.76 4.82 4.55 

43 4.59 4.43 4.72 4.77 4.84 4.55 
44 4.49 4.38 4.59 4.78 4.86 4.56 

45 4.51 4.35 4.63 4.80 4.88 4.57 

46 4.45 4.28 4.54 4.81 4.89 4.57 

47 4.57 4.49 4.66 4.82 4.91 4.58 
48 4.44 4.34 4.49 4.84 4.93 4.58 

49 4.61 4.49 4.63 4.85 4.94 4.59 

50 4.59 4.47 4.77 4.86 4.96 4.60 

51 4.7 4.59 4.76 4.87 4.97 4.60 
52 4.7 4.63 4.76 4.88 4.99 4.61 

53 4.96 4.48 5.07 4.89 5.01 4.61 

54 4.92 4.87 5.17 4.90 5.02 4.62 

55 5.02 4.97 5.08 4.91 5.04 4.62 
56 4.98 4.88 5.06 4.93 5.05 4.63 

57 5.01 4.86 5.09 4.94 5.06 4.63 

58 4.97 4.89 5.02 4.95 5.08 4.64 

59 4.84 4.75 4.92 4.96 5.09 4.64 
60 4.98 4.91 5.04 4.97 5.11 4.65 

standard 
deviation 0.18 0.19 0.18       

Relative 
deviation 4.1% 4.4% 4.0%       
 

10.4. Spires and roughness elements data-Blowing: 
Table 12: Spires and roughness elementy wind profile data showing the average, min, and max values as well as 
the power and log law values. 

Height (cm) 
Speed 3 
[m/s] 

Speed 2 
[m/s] 

Speed 1 
[m/s] 

Power Law 
(α = 0.13) 
[m/s] 

Power Law 
(α = 0.16) 
[m/s] 

Log 
Law 
[m/s] 

1 2.78 2.67 2.55 2.92 2.64 3.14 

2 3.87 3.31 3.11 3.20 2.95 3.43 

3 3.50 3.31 2.81 3.37 3.15 3.60 

4 3.84 3.29 2.99 3.50 3.30 3.72 

5 4.01 3.41 3.26 3.60 3.42 3.81 

6 3.75 3.59 3.14 3.69 3.52 3.88 

7 3.76 3.57 3.25 3.77 3.60 3.95 

8 3.88 3.62 3.28 3.83 3.68 4.00 

9 3.92 3.84 3.39 3.89 3.75 4.05 

10 3.86 3.93 3.48 3.94 3.82 4.10 

11 3.95 3.86 3.53 3.99 3.88 4.14 
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12 4.05 3.87 3.67 4.04 3.93 4.17 

13 3.98 3.88 3.65 4.08 3.98 4.20 

14 4.10 3.90 3.64 4.12 4.03 4.23 

15 4.28 3.90 3.75 4.16 4.07 4.26 

16 4.23 3.93 3.80 4.19 4.11 4.29 

17 4.35 3.97 3.85 4.23 4.15 4.32 

18 4.33 4.17 3.94 4.26 4.19 4.34 

19 4.26 4.03 3.81 4.29 4.23 4.36 

20 4.36 4.11 3.91 4.32 4.26 4.38 

21 4.37 4.22 3.97 4.34 4.30 4.40 

22 4.35 4.20 3.95 4.37 4.33 4.42 

23 4.39 4.14 3.89 4.40 4.36 4.44 

24 4.38 4.22 3.97 4.42 4.39 4.46 

25 4.42 4.08 3.83 4.44 4.42 4.47 

26 4.27 4.07 3.82 4.47 4.45 4.49 

27 4.28 4.15 3.86 4.49 4.47 4.51 

28 4.44 4.00 3.75 4.51 4.50 4.52 

29 4.53 4.03 3.78 4.53 4.53 4.54 

30 4.55 4.16 3.91 4.55 4.55 4.55 

31 4.45 4.02 3.77 4.57 4.57 4.56 

32 4.42 4.09 3.84 4.59 4.60 4.58 

33 4.55 4.12 3.87 4.61 4.62 4.59 

34 4.55 4.21 3.91 4.62 4.64 4.60 

35 4.54 4.30 4.05 4.64 4.66 4.61 

36 4.56 4.28 4.03 4.66 4.68 4.63 

37 4.51 4.28 4.03 4.68 4.71 4.64 

38 4.52 4.20 3.95 4.69 4.73 4.65 

39 4.56 4.19 3.94 4.71 4.75 4.66 

40 4.56 4.29 3.89 4.72 4.76 4.67 

41 4.43 4.37 4.02 4.74 4.78 4.68 

42 4.55 4.33 4.06 4.75 4.80 4.69 

43 4.32 4.11 3.87 4.77 4.82 4.70 

44 4.26 4.14 3.82 4.78 4.84 4.71 

45 4.52 4.24 3.88 4.80 4.85 4.72 

46 4.48 4.30 3.96 4.81 4.87 4.73 

47 4.39 4.33 3.95 4.82 4.89 4.74 

48 4.48 4.28 3.97 4.84 4.91 4.74 

49 4.40 4.26 3.93 4.85 4.92 4.75 

50 4.61 4.33 4.11 4.86 4.94 4.76 

51 4.66 4.26 4.05 4.87 4.95 4.77 

52 4.37 4.23 4.00 4.89 4.97 4.78 

53 4.76 4.42 4.15 4.90 4.98 4.79 

54 4.64 4.46 4.19 4.91 5.00 4.79 

55 4.44 4.37 4.12 4.92 5.01 4.80 

56 4.83 4.42 4.13 4.93 5.03 4.81 

57 4.82 4.42 4.13 4.95 5.04 4.82 
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58 4.59 4.39 4.14 4.96 5.06 4.82 

59 4.93 4.34 4.20 4.97 5.07 4.83 

60 5.06 4.51 4.32 4.98 5.08 4.84 

Standard 
Deviation 0.08 0.09 0.10    
Relative 
Deviation 2.2% 2.2% 2.2%    

 

10.5. Empty Tunnel Data-Suction: 
Table 13: Empty Tunnel Wind Profile Data showing the average, min and max speeds for 2 m and 4 m 

Height (cm) 
Average  
(2 m) [m/s] 

Min 
(2 m) 
[m/s] 

Max 
(2 m) 
[m/s] 

Average  
(4 m) 
[m/s] 

Min  
(4 m) 
[m/s] 

Max  
(4 m) 
[m/s] 

1 3.68 3.29 3.87 3.74 3.58 3.86 

2 3.63 3.50 3.75 4.25 4.13 4.39 

3 3.40 3.43 3.89 4.61 4.45 4.71 

4 4.28 3.96 4.49 4.80 4.69 4.89 

5 4.01 3.89 4.18 4.74 4.63 4.83 

6 3.89 3.51 4.11 4.71 4.58 4.84 

7 4.44 3.83 4.64 4.97 4.88 5.07 

8 4.17 4.08 4.26 4.91 4.83 5.00 

9 4.32 4.15 4.46 4.74 4.61 4.85 

10 3.88 3.75 4.02 5.19 5.10 5.29 

11 3.98 3.84 4.05 5.03 4.92 5.12 

12 4.08 3.78 4.38 4.84 4.75 4.89 

13 3.95 3.86 4.06 5.11 5.03 5.21 

14 3.86 3.78 3.92 5.07 5.00 5.13 

15 4.36 4.12 4.66 5.06 4.90 5.12 

16 4.28 3.99 4.40 5.15 4.56 4.75 

17 4.06 3.97 4.14 4.91 4.78 5.00 

18 4.60 4.24 4.76 5.14 5.00 5.23 

19 4.33 4.20 4.46 5.08 4.97 5.20 

20 4.01 3.93 4.09 5.17 5.06 5.24 

21 4.10 3.68 4.32 5.19 5.08 5.29 

22 4.57 4.05 4.74 4.82 4.78 4.87 

23 4.07 4.03 4.13 5.29 5.05 5.39 

24 4.18 3.81 4.44 5.07 4.88 5.17 

25 4.46 4.05 4.67 5.19 5.04 5.26 

26 4.10 4.07 4.21 5.04 4.93 5.11 

27 4.31 4.05 4.48 5.21 4.53 4.81 

28 4.58 4.40 4.68 5.31 5.27 5.39 

29 4.08 3.89 4.20 5.24 4.64 4.81 

30 4.27 4.02 4.37 5.29 4.71 4.89 
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31 4.19 4.00 4.29 5.24 5.12 5.33 

32 4.01 3.82 4.23 5.20 5.08 5.33 

33 4.28 4.01 4.42 5.02 4.91 5.13 

34 4.53 4.41 4.64 5.28 5.15 5.36 

35 4.18 4.00 4.38 5.34 5.23 5.46 

36 3.90 3.72 4.07 5.23 4.64 4.83 

37 4.00 3.91 4.12 5.17 5.08 5.22 

38 3.94 3.82 4.06 5.25 5.10 5.33 

39 3.97 3.78 4.28 5.12 4.48 4.69 

40 3.98 3.88 4.30 5.37 5.32 5.41 

41 3.87 3.72 4.00 5.44 5.32 5.54 

42 3.97 3.75 4.15 5.24 4.58 4.84 

43 4.16 4.01 4.26 5.43 5.42 5.59 

44 3.99 3.88 4.04 5.13 4.97 5.24 

45 4.17 3.94 4.33 5.00 4.79 4.62 

46 4.09 3.90 4.20 4.95 4.80 5.07 

47 3.92 3.84 3.99 5.33 5.27 5.39 

48 3.76 3.61 3.89 4.94 4.88 4.99 

49 3.91 3.78 4.00 4.98 4.31 4.64 

50 3.92 3.85 3.98 5.09 4.87 5.26 

51 4.07 3.92 4.48 4.54 4.23 4.73 

52 4.37 4.22 4.53 4.53 4.38 4.81 

53 3.85 3.78 3.92 4.98 4.78 5.09 

54 3.94 3.74 4.07 4.37 4.25 4.51 

55 4.27 4.17 4.42 4.37 4.21 4.51 

56 3.62 3.51 3.77 4.85 4.68 4.94 

57 3.74 3.61 3.83 4.19 3.98 4.35 

58 3.45 3.30 3.57 4.19 4.05 4.34 

59 3.68 3.52 3.88 4.64 4.56 4.79 

60 3.38 3.25 3.50 3.78 3.64 4.04 

Standard Deviation 0.21 0.19 0.21 0.14 0.25 0.25 

Relative Deviation 0.05 0.05 0.05 0.03 0.05 0.05 
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10.6. Spires only data-Suction: 
Table 14: Spires only wind profile data showing the average, min, and max values as well as the power and log 
law values. 

Height (cm) 
Average 
[m/s] 

Min 
[m/s] 

Max 
[m/s] 

Power Law 
(α = 0.16) 
[m/s] 

Power Law 
(α = 0.05) 
[m/s] 

log 
law 
[m/s] 

1 3.50 3.32 3.68 2.86 4.16 3.56 

2 4.41 4.27 4.56 3.20 4.31 3.84 

3 4.49 4.25 4.65 3.41 4.39 4.00 

4 4.42 4.26 4.54 3.57 4.46 4.12 

5 4.49 4.23 4.70 3.70 4.51 4.21 

6 4.73 4.56 4.88 3.81 4.55 4.28 

7 4.51 4.39 4.66 3.91 4.58 4.34 

8 4.45 4.35 4.63 3.99 4.61 4.40 

9 4.80 4.71 4.96 4.07 4.64 4.44 

10 5.03 4.97 5.10 4.14 4.67 4.49 

11 5.02 4.80 5.14 4.20 4.69 4.52 

12 4.73 4.45 4.89 4.26 4.71 4.56 

13 4.98 4.84 5.19 4.31 4.73 4.59 

14 4.85 4.73 4.94 4.36 4.75 4.62 

15 4.85 4.67 4.94 4.41 4.76 4.65 

16 5.00 4.87 5.10 4.46 4.78 4.68 

17 5.09 5.01 5.20 4.50 4.79 4.70 

18 4.89 4.77 4.95 4.54 4.81 4.72 

19 5.05 4.94 5.24 4.58 4.82 4.75 

20 4.85 4.74 4.98 4.62 4.83 4.77 

21 4.97 4.80 5.18 4.66 4.84 4.79 

22 4.85 4.76 4.96 4.69 4.85 4.80 

23 5.05 4.97 5.11 4.72 4.86 4.82 

24 4.84 4.54 4.92 4.76 4.88 4.84 

25 4.87 4.71 5.02 4.79 4.89 4.86 

26 4.87 4.77 5.04 4.82 4.89 4.87 

27 4.88 4.60 5.13 4.85 4.90 4.89 

28 4.90 4.84 5.03 4.88 4.91 4.90 

29 4.79 4.75 4.86 4.90 4.92 4.92 

30 4.93 4.72 5.07 4.93 4.93 4.93 

31 4.93 4.80 5.08 4.96 4.94 4.94 

32 4.74 4.62 4.88 4.98 4.95 4.96 

33 4.99 4.78 5.15 5.01 4.95 4.97 

34 4.86 4.54 5.00 5.03 4.96 4.98 

35 5.04 4.85 5.18 5.05 4.97 4.99 

36 4.84 4.72 4.97 5.08 4.98 5.00 
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37 4.86 4.71 5.04 5.10 4.98 5.01 

38 5.06 4.91 5.19 5.12 4.99 5.03 

39 5.11 4.99 5.23 5.14 5.00 5.04 

40 4.64 4.49 4.80 5.16 5.00 5.05 

41 4.74 4.54 4.97 5.18 5.01 5.06 

42 4.54 4.37 4.76 5.20 5.01 5.07 

43 4.95 4.77 5.05 5.22 5.02 5.08 

44 4.95 4.86 5.03 5.24 5.03 5.08 

45 4.91 4.84 5.02 5.26 5.03 5.09 

46 4.85 4.73 4.95 5.28 5.04 5.10 

47 4.78 4.66 4.88 5.30 5.04 5.11 

48 4.77 4.63 4.90 5.32 5.05 5.12 

49 4.61 4.52 4.79 5.33 5.05 5.13 

50 4.61 4.48 4.68 5.35 5.06 5.14 

51 4.69 4.56 4.81 5.37 5.06 5.14 

52 4.19 4.12 4.27 5.38 5.07 5.15 

53 4.30 4.25 4.37 5.40 5.07 5.16 

54 3.88 3.79 4.01 5.42 5.08 5.17 

55 3.96 3.80 4.09 5.43 5.08 5.17 

56 3.93 3.81 4.01 5.45 5.09 5.18 

57 3.97 3.88 4.17 5.46 5.09 5.19 

58 3.84 3.78 3.90 5.48 5.10 5.20 

59 3.81 3.72 3.90 5.49 5.10 5.20 

60 3.41 3.31 3.50 5.51 5.10 5.21 

Standard deviation 0.27 0.28 0.28       

Relative Deviation 5.6% 6.0% 5.5%       
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10.7. Spires and roughness elements data-Suction: 
Table 15: Spires and roughness elementy wind profile data showing the average, min, and max values as well as 
the power and log law values. 

Height (cm) 
Speed 3 
[m/s] 

Speed 2 
[m/s] 

Speed 1 
[m/s] 

Power Law 
(α = 0.11) 
[m/s] 

Log 
law 
[m/s] 

Power Law 
(α = 0.16) 
[m/s] 

1 3.15 3.30 3.04 3.65 3.31 2.78 

2 2.89 3.99 3.63 3.86 3.61 3.11 

3 3.69 3.89 3.62 3.98 3.79 3.31 

4 3.63 3.59 3.41 4.08 3.91 3.47 

5 3.60 4.13 4.01 4.15 4.01 3.60 

6 4.03 3.89 3.54 4.21 4.09 3.70 

7 4.33 3.82 3.51 4.26 4.16 3.80 

8 4.23 3.88 3.61 4.31 4.21 3.88 

9 4.33 4.11 3.66 4.35 4.27 3.95 

10 4.40 3.90 3.51 4.39 4.31 4.02 

11 4.49 4.01 3.61 4.42 4.35 4.08 

12 4.44 4.16 3.74 4.45 4.39 4.14 

13 4.51 3.99 3.59 4.48 4.43 4.19 

14 4.54 4.33 3.90 4.51 4.46 4.24 

15 4.71 4.33 3.90 4.53 4.49 4.29 

16 4.46 4.04 3.64 4.56 4.52 4.33 

17 4.49 4.35 3.92 4.58 4.54 4.37 

18 4.33 4.32 3.89 4.60 4.57 4.41 

19 4.71 4.25 3.83 4.62 4.59 4.45 

20 4.82 4.22 3.76 4.64 4.61 4.49 

21 4.72 4.36 4.01 4.66 4.63 4.52 

22 4.77 4.23 3.98 4.67 4.65 4.56 

23 4.77 4.25 3.83 4.69 4.67 4.59 

24 4.76 4.48 4.03 4.71 4.69 4.62 

25 4.80 4.19 3.77 4.72 4.71 4.65 

26 4.83 4.18 3.76 4.74 4.73 4.68 

27 4.69 4.29 3.86 4.75 4.74 4.71 

28 4.93 4.41 3.97 4.76 4.76 4.74 

29 4.92 4.46 4.01 4.78 4.78 4.76 

30 4.79 4.46 4.01 4.79 4.79 4.79 

31 4.98 4.47 4.25 4.80 4.80 4.82 

32 4.92 4.53 3.94 4.81 4.82 4.84 

33 4.92 4.58 3.89 4.83 4.83 4.86 

34 4.59 4.57 4.11 4.84 4.84 4.89 
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35 4.70 4.62 4.16 4.85 4.86 4.91 

36 4.75 4.54 4.09 4.86 4.87 4.93 

37 4.79 4.35 3.92 4.87 4.88 4.95 

38 4.73 4.33 3.90 4.88 4.89 4.97 

39 4.74 4.43 3.99 4.89 4.90 5.00 

40 4.75 4.40 3.96 4.90 4.92 5.02 

41 4.76 4.48 4.03 4.91 4.93 5.04 

42 4.66 4.30 3.87 4.92 4.94 5.05 

43 4.73 4.52 4.07 4.93 4.95 5.07 

44 4.71 4.38 3.94 4.94 4.96 5.09 

45 4.69 4.29 3.86 4.95 4.97 5.11 

46 4.83 4.52 4.07 4.96 4.98 5.13 

47 4.81 4.40 3.96 4.97 4.99 5.15 

48 4.78 4.44 4.00 4.97 4.99 5.16 

49 4.62 4.35 3.92 4.98 5.00 5.18 

50 4.83 4.51 4.06 4.99 5.01 5.20 

51 4.76 4.38 3.94 5.00 5.02 5.21 

52 4.53 4.26 3.83 5.01 5.03 5.23 

53 4.56 4.46 4.01 5.01 5.04 5.25 

54 4.60 4.24 3.90 5.02 5.05 5.26 

55 4.65 4.23 3.68 5.03 5.05 5.28 

56 4.45 4.12 3.63 5.04 5.06 5.29 

57 4.50 4.01 3.65 5.04 5.07 5.31 

58 3.95 3.90 3.63 5.05 5.08 5.32 

59 3.87 3.97 3.65 5.06 5.08 5.34 

60 3.29 3.74 3.40 5.06 5.09 5.35 

Standard 
Deviation 0.096 0.096 0.117       
Relative 
Deviation 2.1% 2.3% 2.9%       

 

 


