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Abstract 
 

The National Wind Resource Assessment Project (NWRAP) of Namibia is so far the most 

comprehensive wind measurement campaign in the country. Cost reductions and timescale for 

commencement of the project meant that the benefit afforded by the already existing lattice 

triangular communication towers belonging to Mobile Telecommunication Limited (MTC) 

Namibia was utilized. The towers were instrumented for wind data collection. Holistic 

evaluation of a site’s winds (statistics and risk) requires placement of speed sensors at some 

intermediate heights of the tower. This arrangement introduces non-negligible errors to the 

reading of speed sensors due to tower shadowing, even where a dedicated mast erected for 

wind measurement is used. A lot of advances have been made with a well formulated 

mathematical expression by the International Electrotechnical Commission (IEC). The 

centreline velocity deficit expression guides the anemometer-to-tower separation distance in 

order to achieve the recommended industry-accepted accuracy of < 1 % errors of the free 

stream velocity. The method and assumptions used in deriving this expression is an impediment 

to its universal applicability to towers with different boom arrangements and construction 

details, especially when bulky communication towers with numerous secondary support 

structures are deployed for wind measurement. However, the angle dependence of tower 

shadowing, the impact of secondary support structures, the exact impact of free stream 

turbulence on boom lengths and the concept of safe angle range (i.e., the incident wind angles 

for which the boom length computed based on the IEC standard configuration [θ = 0°] can 

effectively keep the speed sensors out of the tower wakes for winds that arrive at the tower 

within that defined angle range) are not yet fully resolved. This thesis combines field 

experimentations (anemometer and LiDAR measurement), numerical analysis (CFD derived 

flow distortion around the tower) and physical modelling of the tower structure to reasonably 

address the identified challenges to gain insight regarding the requisite instrumentation details 

in order to use the readily available communication towers for accurate wind measurement. To 

take a spot check on the resource at hub-height of interest, reduce shear extrapolation bias and 

uncertainty and enable independent description of the tower wake boundaries, a ground-based 

wind profiler Light Detecting and Ranging (LiDAR) was deployed. Also, to capture local flow 

modifications within the vicinity of the tower, the level of flow interference engendered by the 

presence of secondary support structures and evaluate the exact impact of the freestream 

turbulence on the boom lengths, CFD flow simulation over the complex 3D geometry of the 

towers were performed. Different approaches and parameters were used to identify the waked 
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direction sectors. The study revealed that the coefficient of determination (𝑅2) of turbulence 

intensities (TI) of the collocated speed sensors appear to be a better descriptor of the wake 

boundaries when compared to the commonly used traditional speed ratio approach. The study 

established that time series wind shear coefficient (WSC) computed from wind data measured 

at two intermediate heights (binned in ≤ 5° bin of the wind direction interval) located at 

approximately the same azimuth from the north, is enough to describe tower wake boundaries 

accurately without the need for a collocated speed sensor. A new approach to accurately 

calculate the solidity and the thrust coefficient is proposed based on the physical modelling of 

the tower structure. This study further combined physical modelling and numerical simulations 

to derive the values of thrust coefficient (CTi) and leg length (Li) at different incident wind 

angles. The derived values of the parameters were incorporated into the IEC centreline velocity 

deficit expression to arrive at a modified speed deficit expression that can be used to predict 

the booms lengths at incident wind angles other than the IEC reference direction (θ = 0°). The 

study also proposed a safe angle range of θ = < ± 70º with respect to the boom configuration 

reference direction. This is applicable to the IEC standard boom configuration (i.e., θ = 0º) and 

when the boom is placed parallel to the face of the tower.  

The study concludes that freestream turbulence does not have any significant impact on the 

boom length required to keep the speed sensors out of the tower wakes. However, it makes 

flow interference more complex within the regions near the wall of the tower, increases the 

drag on the tower, and engenders visible inhomogeneity on the flow parameters in the wakes 

of the tower. An accurate correction method that removes the need to discard wind data in the 

wake affected direction sectors during wind analysis is proposed. Finally, the study concludes 

that accurate tower instrumentation for wind measurements requires a combination of physical 

and numerical study, good understanding of the concept of safe angle range for proper boom 

installation, and knowledge of prevailing wind patterns at the site. The method proposed in this 

thesis may be applied successfully to accurately instrument lattice triangular towers of different 

construction details for wind measurement. 

Key wards: Tower shadow, solidity, freestream turbulence, speed deficit and wind speed 

  



 
 

ix 
 

Table of Contents 
 

Supervisor’s Declaration ............................................................................................................ ii 

Declaration 1 – Plagiarism ....................................................................................................... iii 

Declaration 2- Publications ....................................................................................................... iv 

Acknowledgements ................................................................................................................... vi 

Abstract .................................................................................................................................... vii 

Table of Contents ...................................................................................................................... ix 

List of Figures ............................................................................................................................ x 

List of Tables ............................................................................................................................ xi 

CHAPTER 1: INTRODUCTION .............................................................................................. 1 

1.1 General introduction ............................................................................................................ 1 

1.2 Background ...................................................................................................................... 2 

1.3 Tower Construction Details ............................................................................................. 4 

1.4 Light Detecting and Ranging (LiDAR) ........................................................................... 8 

1.5 Numerical Method ......................................................................................................... 10 

1.5.1 Governing Equation ................................................................................................ 10 

1.5.2. Spalart-Allmaras One-Equation Turbulence Model .............................................. 11 

1.5.3 The 𝑘 − 𝜖 Turbulence Model .................................................................................. 12 

1.5.4 The 𝑘 − 𝜔 Turbulence Model ................................................................................. 12 

1.5.5 The Shear Stress Transport Model (𝑘 − 𝜔𝑆𝑆𝑇) ..................................................... 13 

1.6 Problem Statement ......................................................................................................... 14 

1.7 Research Motivation ...................................................................................................... 15 

1.8 Aims and Objectives ...................................................................................................... 16 

1.9 Significance of the Research Work ................................................................................ 17 

1.10 Thesis Outline .............................................................................................................. 18 

1.11 Scope of the Study ....................................................................................................... 20 

1.12 References .................................................................................................................... 21 



 
 

x 
 

CHAPTER 2: TOWER WAKE DISTORTION EFFECT: A COMPREHENSIVE REVIEW 

OF METHODS AND APPLICATIONS ................................................................................. 24 

CHAPTER 3: IDENTIFICATION OF TOWER AND BOOM-WAKES USING 

COLLOCATED ANEMOMETERS AND LIDAR MEASUREMENT ................................. 42 

CHAPTER 4: PREDICTION OF THE IMPACT OF TOWER SHADING ON RESOURCE 

PARAMETERS AND PERFORMANCE BY USING LIDAR .............................................. 66 

CHAPTER 5: ANGLE DEPENDENCE OF TOWER WAKE DISTORTION: A 

PARAMETRIC STUDY ......................................................................................................... 87 

CHAPTER 6: LOCAL WIND FLOW MODIFICATIONS WITHIN THE VICINITY OF A 

COMMUNICATION TOWER ............................................................................................. 105 

CHAPTER 7: IMPACT OF FREESTREAM TURBULENCE ON THE BOOM LENGTH

................................................................................................................................................ 125 

CHAPTER 8: CONCLUSION AND RECOMMENDATIONS ........................................... 139 

8.1 Conclusion ................................................................................................................... 139 

8.2 Recommendations ........................................................................................................ 141 

Appendix A: Editing Certificates........................................................................................... 143 

Appendix B: Journal Acceptance Letters and Publication Certificates ................................. 150 

 
 
 

List of Figures 
Figure 1.Location of NWRAP sites in Namibia ........................................................................ 3 

Figure 2. Construction detail of the lattice triangular communication tower used for wind 

measurement at Amper-bo. ........................................................................................................ 5 

Figure 3. Construction detail of the lattice triangular communication tower us for wind 

measurement at Korabib. ........................................................................................................... 6 

Figure 4. Common boom arrangement of the communication towers investigated. The booms 

are mounted parallel to the face of the tower. ............................................................................ 7 

Figure 5. Z300 deployed for wind measurement.        Figure 6. The scanning technique of Z300 

LiDAR [10]. ............................................................................................................................... 8 

Figure 7. Generic bistatic LiDAR system [11] .......................................................................... 9 

 



 
 

xi 
 

List of Tables 
Table 1. summary of the specifications of Z300 with emphasis on the operation, performance, 

and safety. .................................................................................................................................. 9 

 

 



 
 

1 
 

CHAPTER 1: INTRODUCTION 

1.1 General introduction 
 

The traditional approach to wind measurement requires the use of instrumented masts (lattice 

or tubular) for wind data collection. To evaluate the site shear trend, and by extension the 

envisaged project risk, the location of speed sensors is not confined to the top of the tower 

(preferred choice) (IEC standard), with some being placed at intermediate heights. Speed 

sensors located thus are inevitably exposed to tower shadowing, a phenomenon that is known 

to contribute a non-negligible uncertainty to the measured wind data [1]–[5]. As documented 

in [6], different methods have been applied to identify and define tower waked boundaries. IEC 

61400-12-1 standard [1] contains a well-defined mathematical expression (the centreline 

velocity deficit expression) that enables the computation of boom lengths required to keep the 

speed sensors out of the tower wakes. The derivation of the mathematical expression was based 

on the standard boom configuration (θ = 0°), i.e., a boom that is mounted perpendicular to the 

tower face. This implies that the incident winds are considered perpendicular to the same mast 

face, giving rise to velocity deficit values that are predicted using the upstream contour profiles 

of the modified flow along the same line with the boom. However, the common boom 

arrangement in many operational towers has been to fix the boom parallel to the face of the 

mast/tower. This means that wake distortion effects of winds that arrive at the tower at angles 

other than the reference direction (θ = 0º) may not be properly characterised. Again, 

instrumentation based on the [1] reference direction does not guarantee that wind observation 

is accomplished within the recommended industry-accepted accuracy of < 1 % errors between 

0° and 360°. This points to a range of angles as it relates to the prevailing wind direction, for 

which the boom length obtained based on the IEC standard boom configuration (θ = 0º) is 

sufficient to keep the speed sensors out of the tower wakes.  

This thesis combines wind data obtained from site experimentations (speed sensors and LiDAR 

measurement), CFD flow simulation and physical modelling of the communication tower to 

study wind flow characteristics around the tower in order to minimise error readings captured 

due to tower shadowing on the speed sensors mounted on them. Analysis of the observed data 

enables comparison, validation, identification, and description of the tower waked direction 

sectors, and the impact of tower shadowing on wind resource parameters and performance. The 

numerical analysis and physical modelling provide insight into boom length, the effect of 

secondary support structures, and angle dependence on tower shading. The concept of safe 
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angle range (the angle range at which boom lengths obtained based on the IEC standard boom 

configuration [θ = 0º] are long enough to keep the speed sensors out of the tower wakes) and 

the effect of free stream turbulence on the boom length are required to keep the speed sensor 

out of the tower wakes.  

1.2 Background 

The National Wind Resource Assessment Project (NWRAP) of Namibia was tasked with the 

provision of site representative wind data to enable the evaluation of wind climates of selected 

sites in Namibia. The formation of NWRAP was meant to bridge the gap that existed due to 

insufficiency of wind data of required quality and quantity suitable for wind power 

development. In [7] it was reported that existing wind data in Namibia were mainly for 

agriculture and meteorology purposes. In other to address the challenges, stakeholders, Mobile 

Telecommunications Limited (MTC), Gobabeb Research & Training Centre (GRTC), Namibia 

Power Corporation (NP) and Namibia University of Science and Technology (NUST) 

assembled under NWRAP in 2008. Between 2010 and 2012 [7], the terms of the cooperation 

were formalised in a contract. Under this project, wind measurements were done in eleven 

locations namely Amper-bo (25.354 °S, 18.313 °E), Gobabeb (23.551 °S, 15.051 °E), 

Helmeringghausen (25.880 °S, 16.828 °E), Kanas (26.775 °S, 17.473 °E), Korabib (28.548 °S, 

17.820 °E), Lüderitz (26.709 °S, 15.368 °E), Okanapehuri (21.888 °S, 16.496 °E), Schlip 

(24.030 °S, 17.131 °E), Terrace Bay (19.993 °S, 13.040 °E), Warmbad (28.472 °S, 18.767 °E) 

and Walvis Bay (23.041 °S, 14.667 °E). Besides Gobabeb, Lüderitz and Walvis Bay where 

dedicated tubular masts are used, other NWRAP sites utilized the MTC lattice triangular 

communication towers of different construction details, instrumented for wind data collocation. 

Figure 1 is the location of the NWRAP sites. Specific to this study is that the MTC would 

permit the instrumentation of their existing communication towers for wind measurement and 

that NUST would manage NWRAP and provide the requisite technical and scientific work. 

The advantages afforded by the existing communication towers include cost reduction 

(eliminates cost of building dedicated mast and environmental impact assessment cost), timely 

commencement of the project (eliminates waiting time for approval by relevant authorities) 

and security of the equipment against vandalism since they will be located on a stand that is 

protected by MTC electrified palisade fencing that is remotely monitored [7]. The advantage 

afforded by these existing communication towers, does, however, come with the price of 

increased local flow modification within its vicinity. Other secondary support structures i.e., 

horizontal bracing, cross bracings, communication and lighting cable bundles, lighting, and 
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communication equipment, climbing ladders, etc, that are unique to the parent towers 

application, are likely to make flow interference more complex around and through the tower 

physical structure. Tower induced flow defects contribute a non-negligible uncertainty to the 

reading of speed sensors mounted. Due to the bulky nature of the tower coupled with numerous 

discrete members, flow perturbations are likely to be increased. This research study therefore 

combined different tools and strategies to investigate the suitability of using these 

communication towers for accurate wind measurement with emphases on tower 

instrumentation to reduce error readings captured by speed sensors due to their presence.  

 

Figure 1.  Location of NWRAP sites in Namibia 
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1.3 Tower Construction Details 

The two broad categories of towers investigated were lattice triangular in nature. The locations 

are Amper-bo (25.354 °S, 18.313 °E), Schlip (24.030°S, 17.131°E) and Korabib (28.548 °S, 

17.820 °E). Amper-bo and Schlip sites are desert-like with nearly homogeneous vegetation. 

They are class A terrain according to Annex B of (IEC 2005) as reported in [2] where brief 

construction details of the MTC tower used were also presented. The tower at Amper-bo and 

Schlip have almost the same configuration and are considered to have the same tower induced 

flow defects. Figure 1 shows the construction details of the tower at Amber-bo. The tower is 

120 m high and Lm (centre-to-centre) of 1.10 m throughout the height. It is guyed and has an 

equilateral triangular cross-section with three vertical tubular mild steel rods of 100 mm 

external diameter (OD). The vertical tubular rods from repeating construction units which are 

joined end-to-end by flanged connections. Each construction unit is approximately 3.5 m, and 

each contains four modules of height 0.89 m. The network of small angular cross bracings 

made from 45 mm x 45 mm x 5 mm angle bars are bolted to a flat plate (0.045 m x 0.07 m) 

that is welded to the tubular rods. The boom has an OD of 50 mm and wall thickness of 2 mm 

and extends approximately 2.56 m away from the tower. The cable ladders and the cable 

bundles which cover almost half of the W to N (clockwise) facing side of the tower are some 

of the secondary support structures considered in this work.  
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Figure 2. Construction detail of the lattice triangular communication tower used for wind 

measurement at Amper-bo. 1-Concrete base, 2-Vertical tubular rod, 3-Climbing ladder, 4-Data 

logger, 5-Horizontal bracing, 6 Palisade fence, 7-Cross bracing, 8-Communication, and 

lighting equipment cable bundles.  
 

The tower at Korabib is guyed (Figure 2). It is 120 m high and Lm (edge-to-edge) is 1.320 m 

all through the height. It has an equilateral triangular cross-section with three vertical angle 

bars (70 mm x 70 mm x 6 mm) made from mild steel. The 70 mm x 70 mm x 6 mm angle bars 

form repeating construction units which are bolted together using flat plate connections (Figure 

2). Each construction unit is 3.024 m, and each contains two modules of height 1.512 m. The 

network of small angular horizontal and cross bracings made from 60 mm x 60 mm x 5 mm 
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angle bars are bolted to a flat plate (0.144 m x 0.26 m) that is fixed to the vertical angle bar. 

The detail of the boom construction and the separation distance from the tower is the same at 

Amper-bo. The cable bundles and ladder located W to N (clockwise) on the facing side of the 

tower are the secondary support structures.  

 

Figure 3. Construction detail of the lattice triangular communication tower us for wind 

measurement at Korabib. 1-Concreting base, 2-vertical angle bar, 3-Cross bracing, 4-Palisade 

fence, 5-Horizontal bracing, 6-Data logger, 7-Climbing ladder and 8-Communication, and 

lighting equipment cable bundles.  
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The IEC 61400-12-1 standard [1] prescribes a standard boom configuration (θ = 0°) i.e., a 

boom that is located perpendicular to the tower face. The centreline velocity deficit expression 

which enables the computation of the requisite boom length was derived on this premise. The 

implication is that the incident wind is considered perpendicular to the same mast face, giving 

rise to velocity deficit values that are predicted using the upstream contour profiles of the 

modified flow around the tower. Contrary to the IEC recommendations, the booms that hold 

the speed and direction sensors at sites of this study were fixed parallel to the face of the tower 

(Figure 3).  

 

 

Figure 4. Common boom arrangement of the communication towers investigated. The booms 

are mounted parallel to the face of the tower. 1-wind direction sensor boom, 2-and 3-Collected 

speed sensors at some intermediate height. 
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1.4 Light Detecting and Ranging (LiDAR) 

To take a spot check on the resource (wind speed, wind shear, veer, turbulence etc.) at any hub-

height of interest and to reduce shear extrapolation bias and uncertainty, a ground-based wind 

profiler Light Detecting and Ranging (LiDAR) was deployed. The deployment of LiDAR 

enabled independent verification of the boundaries of tower waked direction sectors in this 

context. QinetiQ Ltd (UK) ZelphIR (Z300) LiDAR was provided by Masdar Institute of 

Technology Abudabi, United Arab Emirates (UAE), through the International Renewable 

Agency (IRENA) Abudabi. Concerns of vandalism and damage by wild animals constrained 

the installation of LiDAR to the fenced area. It was placed approximately 2.4 m away from the 

foot of the tower. The instrument used was a homodyne continuous wave (CW) Doppler wind 

LiDAR system with 10 user programmable heights (beside a pre-fixed height of 38 m) up to 

200 m, though 300 m may be selected. The minimum measurement height is 10 m. The Z300 

is specifically designed for autonomous wind assessment campaign purposes where wind speed 

is measured by doppler shift effect [8]. Figure 4 shows the Z300 used for wind measurement 

and Figure 5 shows the scanning technique [9]. 

Table 1 is a summary of the specifications of the Z300 with emphasis on operation, 

performance, and safety. 

 

Figure 5. Z300 deployed for wind measurement.        Figure 6. The scanning technique of Z300 

LiDAR [10]. 1-Meteorogical station, 2-Automatic moisture sensor, 3-Wiper, 4-Z300 leg, 5-

Z300 insulated body pod, 6-Lifting rope, 7-Leg release mechanism. 
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Each rotation of Z300 LiDAR at every height takes 1 s, in which 50 line-of-sight (LoS) 

measurements (i.e., 20 milliseconds (ms) sample rate) are taken.  

Table 1. summary of the specifications of Z300 with emphasis on the operation, performance, 
and safety. 

Parameter  Range and accuracy 
Operation 

Operating temperature  
AC power consumption  
DC power consumption (average wattage) 
 
 
Impute power range.  
Weight of Z300 Pod  
Weight of Z300 leg and foot castings  
 

Performance 
Measurement height range 
Focus heights  
 
Prob length  
Wind data averaging period  
10 minutes wind speed average  
Wind speed range 
Line of sight (LoS) per scan 
Sampling rate 
Scanning cone angle 
Wind speed accuracy  
Wind direction accuracy  
 

Safety 
Laser classification  
Laser peak power consumption  
Laser wavelength  
Eye safety standard  
Ingress protection rating (IP) 

 
-40 °C to +50 °C 
83 W - Standard climate (-15 °C to -22 °C) 
72 W - Standard climate (-15 °C to +22 °C) 
94 W -Hot climate (+23 °C to +50 °C) 119 
W-Cold climate (-15 °C to -16 °C) 
100 v to 250 v AC and 9.5 v to 13.5 v DC. 
55 kg 
8 kg 
 
 
10 m to 200 m, extended range 300 m 
10 user programable (besides a pre-fixed 
height of 38 m) heights up to 300 m 
0.7 m at 10 m and 7.7 m at 100 m 
1s (average) 
80 kB/day 
<1m/s to 70 m/s 
50 LoS/Scan 
50 Hz 
30° 
<0.5 % 
<0.5° 
 
 
Class 1 laser product 
< 1W (70 mm aperture) 
1560 nm to 1565 nm 
IEC/EN60825-1 compliance 
IP67 

 

               

Figure 7. Generic bistatic LiDAR system [11]  

The wind parameters extracted from each LoS measurement are horizontal wind speed, vertical 

wind speed and the wind direction [11]. The wind parameters captured are normally averaged 
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through 10 minutes to enable resource planning and energy evaluation. Z300 is monostatic in 

nature (i.e., the transmitted and received path shear common optics) but for easy visual 

comprehension, are normally represented by a generic bistatic LiDAR system (Figure 6) that 

simplifies anemometry principles used by coherent laser radar (CLR).  

Z300 emits laser radiation in a circular pattern by reflecting the laser beam off a spinning 

optical wedge, via the Velocity Azimuth Display (VAD) scanning technique [8]. The emitted 

laser beam hits the aerosol in the atmosphere and scatters in-elastically. The detector records 

information about the return signal by coherent detection method and creates an electric signal 

that is digitally sampled for determining the Doppler shifted frequency of the return light by 

comparing it to the transmitted laser. The Doppler shifted frequency gives an idea of the wind 

speeds carrying the aerosols [12].  

The LiDAR observed wind data assisted in further identification and independent description 

of the boundaries of the tower and boom wakes but were not suitable to predict the minimum 

boom length, wind flow characteristics around and through the 3D complex structure of an 

operational tower, flow interferences engendered by the presence of secondary support 

structures, and the true impact of freestream turbulence on tower shading. The identified 

shortfalls regarding site experimentations necessitated the use of computational fluid dynamics 

(CFD) for further evaluation of the suitability of using towers of this configuration for wind 

data measurement.  

1.5 Numerical Method 

1.5.1 Governing Equation 

Fluid flow was governed by the conservation of mass (continuity) and conservation of 

momentum (RANS equations) as shown in equation 1 and equation 2, respectively [4]. Steady, 

incompressible, and isothermal flow was assumed. 

𝜕𝑈𝑖̅
𝜕𝑥𝑗

= 0 (1) 

 

∂(UI̅̅̅UJ̅)

∂xj
= −

∂P̅

∂xi
+
∂

∂xj
[νT (

∂UI̅̅̅

∂xj
+
∂UJ̅

∂xi
) − ρuI

′̅uj′̅]  (2) 
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The variable 𝑢̅ is the Reynolds-averaged velocity, 𝑃̅ is the averaged pressure, 𝜈𝑇 is the eddy 

viscosity and 𝑢𝑖′𝑢𝑗′̅̅ ̅̅ ̅̅  is the Reynolds stress tensor. The presence of the stress terms introduces 

more variables than may be fully resolved with the available equations, hence the closure 

problem. Turbulence models often used in external aerodynamics study as described below 

were used to resolve the closure problem.  

1.5.2. Spalart-Allmaras One-Equation Turbulence Model 

This turbulence model was designed for aeronautic application, and this makes it suitable for 

external flow simulation. It solves one equation: as result, it is faster than its two-equation 

counterparts. For wall-bounded attached flow with adverse pressure gradient, the model 

performs well but demonstrates weakness in the region where flow separation occurs. In this 

model the transport equation is solved for 𝜈, a variable that behaves like the turbulent kinematic 

viscosity (𝜈𝑇) far away from the wall but remains linear close to the wall [13]. The transport 

equation contains primarily the temporal derivative and the convection terms, production, 

destruction, and diffusion terms as shown in equation 4. The eddy viscosity of this model is 

computed thus:  

𝜈𝑇 = 𝜈𝑓𝑣1,      𝑓𝑣1 =
𝜒3

𝜒3 + 𝐶𝑣1
3 ,     𝜒 =

𝜈

𝜈
   (3) 

 

𝜕𝜈

𝜕𝑡
+ 𝑈𝑗⏟    

𝜕𝜈

𝜕𝑥𝑗
𝑇𝐶

= 𝐶𝑏1𝑆̃𝜈⏟  
𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

− 𝐶𝜔1 (
𝜈

𝑑
)
2

⏟      
𝐷𝑒𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 𝑡𝑒𝑟𝑚

+
1

𝜎

𝜕𝜈

𝜕𝑥𝑘
[(𝜈 + 𝜈)

𝜕𝜈

𝜕𝑥𝑘
]

⏟            
𝑙𝑖𝑛𝑒𝑎𝑟

+
𝐶𝑏2
𝜎

𝜕𝜈

𝜕𝑥𝑘

𝜕𝜈

𝜕𝑥𝑘⏟      
𝑛𝑜𝑛𝑙𝑖𝑛𝑒𝑎𝑟 ⏟                      

𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑡𝑒𝑟𝑚

   (4)
 

 

The variable 𝑡 is the time, 𝑢 is the velocity field, 𝑥𝑗 is the cartesian coordinate and 𝑑 is the 

distance from the closest surface. The term TC found in the left-hand side is common to all 

transport equations and it is the temporal derivative and the convention terms. Within the region 

of high shear stress, there is production of turbulence which relates to the shear rate tensor (𝑆̃). 

The destruction terms enable the inviscid blocking of the pressure gradient near the wall while 

the viscous damping is catered for by equation 3. The diffusion terms enable the spread out 

from the regions of high concentration to those of low concentration. The spreading of the 

wake profile in this model is controlled by the nonlinear portion of the diffusion term [13]. The 

closure coefficients and the auxiliary relations are found in [14].  
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1.5.3 The 𝒌 − 𝝐 Turbulence Model  

The 𝑘 − 𝜖 turbulence model (Launder & Sharma 1974)[14] appears to be the most popular 

turbulence model used in the field of external aerodynamics study. The two transport equations 

(equations 5 and 6) are solved to obtain the values of the turbulent kinetic energy (𝑘) and that 

of turbulent dispassion rate (𝜖), respectively. The calculated values of 𝑘 and 𝜖 are plugged into 

equation 7 to compute the value of the kinematic eddy viscosity (𝜈𝑇). The value of 𝜈𝑇 computed 

is substituted back into the momentum equation (equation 2), making the system fully closed. 

With the closure problem fully resolved, the RANS equation can be solved [15]. 

 

𝜕𝑘

𝜕𝑡⏟
𝑡𝑖𝑚𝑒

+ 𝑈𝑗
𝜕𝑈𝑖
𝜕𝑥𝑗⏟

𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛

=
𝜕

𝜕𝑥𝑗
[(𝜈 + 𝜈𝑇 𝜎𝑘⁄ )

𝜕𝑘

𝜕𝑥𝑗
]

⏟              
𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛

+ 𝜏𝑖𝑗
𝜕𝑈𝑖
𝜕𝑥𝑗

− 𝜖
⏟      
𝑠𝑜𝑢𝑐𝑒𝑠+𝑠𝑖𝑛𝑘𝑠

  (5) 

 

𝜕𝜖

𝜕𝑡⏟
𝑡𝑖𝑚𝑒

+ 𝑈𝑗
𝜕𝜖

𝜕𝑥𝑗⏟
𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛

=
𝜕

𝜕𝑥𝑗
[(𝜈 + 𝜈𝑇 𝜎𝑘⁄ )

𝜕𝜖

𝜕𝑥𝑗
]

⏟              
𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛

+ 𝐶𝜖𝑖
𝜖

𝑘
𝜏𝑖𝑗
𝜕𝑈𝑖
𝜕𝑥𝑗

− 𝐶𝜖2
𝜖2

𝑘⏟          
         𝑠𝑜𝑢𝑐𝑒𝑠+𝑠𝑖𝑛𝑘𝑠

    (6) 

 

𝜈𝑇 = 𝐶𝜇𝑘
2 𝜖⁄    (7) 

 

The closure coefficients as reported in [14] are as follows: 𝐶𝜖1 = 1.44, 𝐶𝜖2 = 1.92, 𝐶𝜇 = 0.09, 

𝜎𝑘 = 1.0, 𝜎𝑘 = 1.0. This model, however, is not suitable for predicting boundary layers with 

adverse pressure gradients. In the context of this thesis, the model may not be the most suitable 

model to characterise the drag on the walls of the discrete members of the tower geometry 

during flow simulation. 

1.5.4 The 𝒌 − 𝝎 Turbulence Model  

The 𝑘 − 𝜔 turbulence model is also a two-equation model that has been extensively used in 

aerodynamics and turbomachinery studies. The two transport equations (equation 8 and 9) are 

solved to obtain the values of the turbulent kinetic energy (k) and that of the specific turbulent 

dispassion rate (𝜔), respectively [14]. Like its two-equation counterpart (𝑘 − 𝜖), the computed 

values of 𝑘 and 𝜔 are plugged into equation 10 to compute the value of the kinematic eddy 

viscosity (𝜈𝑇). The value of 𝜈𝑇 computed is subsequently substituted back into the momentum 
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equation (equation10) to resolve the closure problem. With the closure problem fully resolved, 

the RANS equation can be solved [16].  

𝜕𝑘

𝜕𝑡⏟
𝑡𝑖𝑚𝑒

+ 𝑈𝑗
𝜕𝑈𝑖
𝜕𝑥𝑗⏟

𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛

=
𝜕

𝜕𝑥𝑗
[(𝜈 + 𝜈𝑇 𝜎𝑘⁄ )

𝜕𝑘

𝜕𝑥𝑗
]

⏟              
𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛

+ 𝜏𝑖𝑗
𝜕𝑈𝑖
𝜕𝑥𝑗

− 𝛽∗𝑘𝜔
⏟          
𝑠𝑜𝑢𝑐𝑒𝑠+𝑠𝑖𝑛𝑘𝑠

    (8) 

 

𝜕𝜔

𝜕𝑡⏟
𝑡𝑖𝑚𝑒

+ 𝑈𝑗
𝜕𝜔

𝜕𝑥𝑗⏟
𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛

=
𝜕

𝜕𝑥𝑗
[(𝜈 + 𝜈𝑇 𝜎𝑘⁄ )

𝜕𝜔

𝜕𝑥𝑗
]

⏟              
𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛

+ 𝐶𝜖𝑖
𝜔

𝑘
𝜏𝑖𝑗
𝜕𝑈𝑖
𝜕𝑥𝑗

− 𝐶𝜖2
𝜔2

𝑘⏟          
+
𝜎𝑑
𝜔

𝜕𝑘

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗
         𝑠𝑜𝑢𝑐𝑒𝑠+𝑠𝑖𝑛𝑘𝑠

     (9) 

 

𝜈𝑇 =
𝑘

𝜔
   (10) 

 

The Wilcox 𝑘 − 𝜔 model demonstrates superior performance for wall-bounded flows with 

adverse project gradient when compared to it two equation counterparts (𝑘 − 𝜖), but it is highly 

dependent on the freestream turbulence and may not accurately describe flow within that 

region. The closure coefficients and auxiliary relations are found in [14]. 

1.5.5 The Shear Stress Transport Model (𝑘 − 𝜔𝑆𝑆𝑇) 

Menter [17] developed this model in 1993 by combining the unique advantages inherent to 𝑘 −

𝜖 and 𝑘 − 𝜔 models. The shear stress transport (𝑘 − 𝜔𝑆𝑆𝑇) turbulence model uses the blending 

function (𝐹1) to activate the 𝑘 − 𝜔 model near the wall and 𝑘 − 𝑒 model in the freestream 

region. Equations 11 and 12 are the transport equations for computing 𝑘 and 𝜔, respectively. 

The computed parameters are used in equation 13 to calculate the eddy viscosity which was 

then used to close the momentum equations to enable solution of the RANS equations.  

𝜕𝑘

𝜕𝑡⏟
𝑡𝑖𝑚𝑒

+ 𝑈𝑗
𝜕𝑈𝑖
𝜕𝑥𝑗⏟

𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛

=
𝜕

𝜕𝑥𝑗
[(𝜈 + 𝜈𝑇 𝜎𝑘⁄ )

𝜕𝑘

𝜕𝑥𝑗
]

⏟              
𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛

+𝑚𝑖𝑛 (𝜏𝑖𝑗
𝜕𝑈𝑖
𝜕𝑥𝑗

, 10𝛽∗𝑘𝜔) − 𝛽∗𝑘𝜔
⏟                  

𝑠𝑜𝑢𝑐𝑒𝑠+𝑠𝑖𝑛𝑘𝑠

     (11) 

 

𝜕𝜔

𝜕𝑡⏟
𝑡𝑖𝑚𝑒

+ 𝑈𝑗
𝜕𝜔

𝜕𝑥𝑗⏟
𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛

=
𝜕

𝜕𝑥𝑗
[(𝜈 + 𝜈𝑇 𝜎𝑘⁄ )

𝜕𝜔

𝜕𝑥𝑗
]

⏟              
𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛

+ 𝛼𝑆2 − 𝛽𝜔2
 𝑠𝑜𝑢𝑐𝑒𝑠+𝑠𝑖𝑛𝑘𝑠

+ 2(1 − 𝐹1)𝜎𝜔2
1

𝜔

𝜕𝑘

𝜕𝑥𝑖

𝜕𝜔

𝜕𝑥𝑖⏟              
𝑏𝑙𝑒𝑛𝑑𝑖𝑛𝑔 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛

   (12) 

 

The turbulent eddy viscosity (𝜈𝑇) is expressed thus: 
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𝜈𝑇 =
𝛼1𝑘

𝑚𝑎𝑥(𝛼1𝜔, 𝑆𝐹2)
   (13) 

 

The blending function F1 is defined by: 

𝐹1  =  tanh {{min [max (
√𝑘

∗𝑦
,
500

𝑦2
) ,
42𝑘

𝐶𝐷𝑘𝑦2
]}

4

}  (14) 

 

The model coefficients and auxiliary relations are found in Menter 1994 [4], [17]. 

The shear stress transport (𝑘 − 𝜔𝑆𝑆𝑇) turbulence model was adopted for the flow analysis in 

this thesis unless where sensitivity analysis with other turbulence models is performed. The 

𝑘 − 𝜔𝑆𝑆𝑇 enables accurate analysis of flow interferences and drag near the tower wall and at 

the same time captures the boom length at a desired distance upstream from the tower surface.  

1.6 Problem Statement 

Namibia depends greatly on energy imports to meet local demand. Data available from the 

public utility Namibia Power Cooperation (NamPower) clearly indicates a steady increase in 

energy imports from Southern Africa Power Pool (SAPP). Between 2013 and 2019, the 

country’s energy import stood at approximately 60 % on the average. As of 2020, as reported 

in [18], the energy import dropped to 53 % due to 11 % that was added to the grid locally. 

Demand for energy will however continue to increase if sustainable economic growth 

continues. In [19] Namibia energy consumption pattern was deemed unfeasible, though it has 

been sustained through imports, leaving the country with an unfavourable trade balance and 

this may constitute a strategic security supply risk. To reduce energy dependence, Namibia, in 

view of its geographical location is oriented to development of renewable sources of energy of 

which wind and solar are the most promising. Namibia is perceived to have great wind energy 

potential. This perceived wind energy potential will not be properly utilized unless accurate, 

reliable, and dependable wind data is available. Data of this type will enable stakeholders to 

make informed decisions in terms of site energy output and project associated risks if wind 

energy technology is deployed. However, industrial best practice of installing dedicated masts 

for wind measurement on the sites is cost intensive and requires lengthy approval processes 

from the relevant authorities. Thus, the National wind Resource Assessment Project 

(NWRAP), in 2012 utilized the advantages afforded by the existing communication towers for 

wind data collection. The Mobile Telecommunication Limited (MTC) towers were 
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instrumented with the booms placed parallel to the tower face for wind measurement. The 

instrumentation as reported in [7] was according to [20]. As earlier stated, in contrast, the IEC 

standard prescribes a standard boom configuration (θ = 0°) i.e., a boom that is mounted 

perpendicular to the tower face. The centreline velocity deficit expression which enables the 

computation of the requisite boom length was derived on this premises. The implication is that 

the incident wind is considered perpendicular to the same mast face, giving rise to velocity 

deficit values that are predicted using the upstream contour profiles of the modified flow 

around the tower [6]. Regarding boom installation, [1] suggested that the best option was to 

mount the anemometer on the top of the tower to avoid tower induced flow perturbation. This 

option was not possible due to the presence of lighting and communication equipment on top 

of the tower. Also, wind shear pattern that is needed to gain insight on some aspect of the sites 

risk, in a situation where wind turbine is deployed, necessitated the installation of the booms 

at intermediate heights of the tower. This type of boom arrangement would inevitably expose 

the speed sensor mounted on it to the wake distortion effect of the tower. As reported in the 

previous studies that utilized site experimentation [21] [22] and numerical approach [4][23], 

tower shadowing contributes a non-negligible uncertainty to the readings of the speed sensors 

mounted on them. Application of the previous studies to a tower that has a different 

construction detail and located in different atmospheric condition in the boundary layer are 

limited. With the bulky nature of the MTC towers used and the presence of secondary support 

structures thereof, flow interferences around and through them are more complex. It is against 

this backdrop that LiDAR measured wind data, CFD derived flow distortion around the tower 

and physical modelling of the tower structure were combined to investigate the suitability of 

deploying available communication towers for wind measurement. The identified knowledge-

gap and the limitations to the universal application of the relevant standards formed the key 

area that this study investigated. 

1.7 Research Motivation 

Namibia is the driest country in sub-Saharan Africa with a climate that is highly variable and 

unpredictable and vulnerable to desertification and frequent incidences of severe droughts [24]. 

Globally, climate change and environmental degradation are traceable to excessive emission 

of greenhouse gasses [25], [26], resulting from the use of conventional energy sources. Global 

efforts point towards attitudinal change; energy must be sourced from a more sustainable and 

environmentally friendly way. Being a net importer of energy [18], the cost of energy in 

Namibia will continue to increase due to population growth, urbanization, and the quest for 
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industrialization. These trends will continue if unmitigated. One way to mitigate high energy 

costs and environmental degradation is to improve the local energy mix by utilizing available 

renewable energy resources. In the Namibian context, wind and solar are dominant among 

renewable energy resources. To improve the local energy mix using wind generated power 

requires assessment of the resources as the first and most important step in planning and 

development of a wind power project [27]. Site wind resources properly characterised can 

provide the requisite parameters to evaluate wind power project economic viability and risks. 

Investment in capital intensive projects such as micro-siting or development of a wind farm 

requires relative certainty in wind measurements [27]. It will only be possible if there is 

reliable, dependable, and bankable wind data. In recent times, lenders or financial institutions 

are increasingly depending on the combination of anemometer measurement, ground profiling 

of wind data (using LiDAR) and computer modeling of wind flow characteristics on the site 

for decision making rather than the traditional approach of using only an anemometer mounted 

on the mast [28]. In line with the current global trend, this research work combines data 

obtained from the traditional approach (anemometer-to-mast arrangement), LiDAR observed 

wind data, and CFD that accounts for tower wind interaction and physical modelling of the 

tower structure to fully assess the suitability of using MTC communication towers that are not 

built according to IEC standard [1] for wind measurement in Namibia and other Southern 

African countries. Proper characterisation of wind flow around and through these operational 

towers is a key factor in boom installation to reduce tower wake distortion effect. This means 

that wind data captured is site representative and can be used for wind power development. 

The holistic approach adopted ensures that terrain influence in the form of atmospheric 

turbulence effect is duly captured and that all the limitations inherent with the use Annex G of 

IEC 61400-12-1 standard [1] regarding boom installations are reasonably resolved. The study 

provides confidence in installation and utilization of communication towers of different 

construction details scattered all over Namibia and other Southern African countries for wind 

measurement.   

1.8 Aims and Objectives 

The aim of this thesis was to combine field experimentations (anemometer and LiDAR 

measurement), numerical analysis (CFD derived flow distortion around the tower) and physical 

modelling of the tower structure to ascertain the suitability of using the Mobile 

Telecommunication Limited (MTC) of Namibia communication towers scattered all over the 
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country for accurate wind measurement. To realise this aim, the following specific objectives 

were implemented: 

• To perform field experimentation to capture site wind data using the speed sensors 

mounted on the communication towers and the ground profiler (LiDAR) for validation 

and comparison. 

• To perform data analysis in other to accurately define the tower wake boundaries and 

to evaluate the impact of tower shadowing on resource parameters and performance. 

• To combine CFD derived flow simulation around the tower and physical modelling 

approach to understand the angle dependence of tower wake distortion effect. This 

objective helps to modify the existing velocity deficit expression prescribed in the 

relevant standards. 

• To perform a full 3D CFD study to understand flow characteristics around and through 

the tower structure. This will enhance understanding of the minimum boom length for 

achieving 99 % to 101 % (-1% to +1 % speed deficits) of the free stream speed at all 

direction especially when the boom is in the wake of the tower. This objective will also 

enable the evaluation of the influence of the secondary support structures, understand 

the concept of safe angle range and the influence of atmospheric turbulence on tower 

shadowing. 

• To employ a suitable statistical tool/model to compare, combine and validate data 

captured using different techniques in order to formulate a correction method for 

removing the effect of tower induced flow perturbation on the observed wind data.  

1.9 Significance of the Research Work 

Being the driest country in sub-Saharan Africa, Namibia has a climatic condition that is highly 

variable and unpredictable. The vulnerability of the country to desertification and frequent 

incidences of severe droughts is a source of great concern [24]. Namibia is also a net importer 

of energy, and this has resulted in an unfavourable trade balance and constitutes a strategic 

security supply risk. Not only that, the country’s biggest local generator (the Ruacana 

Hydropower station) a run-of-river system, depends on the amount of rainfall received each 

year. With its unpredictable weather pattern, there is an urgent need to improve the local energy 

mix in a sustainable manner by utilizing available renewable energy sources. To improve the 

local energy mix using wind generated power requires assessment of the resources as the first 

and most important step in planning and development of the wind power project [27]. Site wind 
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resources properly characterised can provide the requisite parameters to evaluate a wind power 

project’s economic viability and risks. 

Against this backdrop, this research work combines field experimentation (anemometer and 

LiDAR measurement), numerical (CFD flow analysis) and physical modelling to ascertain the 

suitability of using the MTC communication towers scattered all over the country and other 

southern African countries for wind measurement. The holist approach adopted in this work 

and the output thereof will ensure that wind data captured using these communication towers 

are site representative. This is because the identified limitations to the universal applicability 

of the relevant standards regarding tower instrumentation for wind measurement perspective 

are reasonably resolved. With the realistic site wind characterisation, investment into wind 

power project will not only improve the contribution of renewable energy to the local energy 

mix but will also attract much-needed foreign direct investment. This will offset the country’s 

energy trade deficit, guarantee security of supply, and improve the local economy through job 

creation. 

1.10 Thesis Outline 

This thesis comprises eight chapters, and is structured thus: 

Chapter 1 introduces the tower wake distortion effect. A brief background of the NWRAP 

project and the need for the thesis was presented. The wind measurement site description and 

communication towers construction details were covered. The specifications of the LiDAR and 

the numerical model used and the need for their application were briefly highlighted. The 

chapter ended with a layout of the content of the report documenting the following 

subheadings: problem statement, research motivation, significance of the thesis work, general 

organisation, and scope of the thesis.  

Chapter 2 is a comprehensive review of the relevant literature regarding the evaluation method 

of tower wake distortion effect and their applications. The state of the art and best practice to 

define, describe and minimise tower wake distortion effects for both lattice (triangular and 

rectangular) and cylindrical (tubular and rod) towers are fully accounted for based on relevant 

literature i.e., journal articles, conference papers, standards, books, and reports that are 

published between 1941 to 2019. The key findings, conclusions, and knowledge gaps identified 

are documented.  
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Chapter 3 documented the extensive investigation on the various methods/approaches to 

identify and accurately define tower wake boundaries using wind data obtained from 

anemometers collocated at the same intermediate height but of different azimuth from the 

north. The LiDAR observed wind data enabled independent and accurate verification of the 

tower and boom wake boundaries. Methods explored include the traditional speed ratio, the 

coefficient of determination (𝑅2) of wind speed, the root mean square errors (RMSE) of wind 

speed, the coefficient of determination (𝑅2) of turbulence intensities (TI) which appears to be 

the better descriptor of the wake boundaries when compared to the commonly used traditional 

speed ratio approach. 

Chapter 4 fully answered the question “If the wake affected direction sectors are not corrected 

or discarded during data analysis, what impact would that have on the resource and 

performance?”. This chapter motivates the need for accurate definition of tower wake 

boundaries and explains the key features of wake affected direction sectors where collocated 

sensors are not available. It further proposes a new and a simpler approach to using time series 

WSC computed from wind data measured at two different intermediate heights, located at 

approximately the same azimuth from the north to identify the wake affected sectors without 

the need for collocated sensors. 

Chapter 5 combines physical modelling of the tower structure and CFD flow simulation to 

perform a parametric study in order to investigate the angle dependence of the tower wake 

distortion effect. The controlling parameters (thrust coefficient [CT] and the leg length [Lm]) 

in the centreline velocity deficit expression prescribed in IEC 61400-12-1, varies with incident 

wind angle. This chapter incorporated the (thrust coefficient [CTi] and the leg length [Li]) 

obtained at different incident wind angles into the IEC centreline velocity deficit expression to 

obtain a modified speed deficit expression used to predict the booms lengths at incident wind 

angles other than the IEC reference direction (θ = 0°). 

Chapter 6 describes a full 3D CFD flow simulation on the complex 3D geometry of the 

communication towers and proposes a safe angle range. This aspect of the study is necessary 

because the boom length computed using the centreline velocity deficit expression found in 

IEC standard does not guarantee that wind observation is accomplished within the 

recommended industry-accepted accuracy of < 1 % errors between 0° and 360°. With safe 

angle range of θ = < ± 70º with respect to each boom arrangements reference direction (i.e., θ 

= 0º), the boom lengths obtained based on the IEC standard boom configuration (θ = 0º) are 
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long enough to keep the speed sensors out of the tower wakes. Winds that arrive at the tower 

at other angles outside this range will likely induce error readings on the speed sensor and this 

explains why towers instrumented according to the IEC standard still fall short of the 1 % speed 

deficit recommended.  

Chapter 7 Explores the impact of freestream turbulence on the boom length required to keep 

the speed sensor out of tower wakes by comparing the CFD flow simulation results that capture 

the site’s realistic freestream turbulence parameters to the simulation results obtained from 

standard external flow analysis. Extreme case of laminar flow was also computed and 

compared with the models that have different turbulence parameters. The chapter concludes 

that freestream turbulence does not have any significant impact on the boom but makes flow 

interference more complex within the regions near the wall of the tower. It also increases the 

drag on the tower and engenders visible inhomogeneity in the flow parameters in the wake of 

the tower. 

Chapter 8 is the summary of the conclusions collected from the entire thesis and 

recommendations for future work. 

1.11 Scope of the Study 

The focus of this thesis was to combine wind data obtained from site experimentations (speed 

sensors and LiDAR measurement), CFD flow simulation and physical modelling of the 

communication tower to study wind flow characteristics around them in other to minimise error 

readings captured by speed sensors mounted on them. Analysis of the observed data enables 

comparison, validation, identification, and description of the of tower waked direction sectors 

and the impact of tower shadowing on wind resource and performance. The numerical analysis 

and physical modelling provide insight on the boom lengths, angle dependence of tower wake 

distortion effect, the concept of safe angle range (the angle range at which boom lengths 

obtained based on the IEC standard boom configuration [θ = 0º] are sufficient to keep the speed 

sensors out of the tower wakes) and the effect of free stream turbulence on the boom length 

required to keep the speed sensor out of the tower wakes. However, the study did not investigate 

the impact of boom vibration on the captured wind speeds and the impact of freestream 

turbulence on boom vibration and its associated errors regarding anemometer readings.  
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CHAPTER 2: TOWER WAKE DISTORTION EFFECT: A COMPREHENSIVE 

REVIEW OF METHODS AND APPLICATIONS 

 

This chapter presents a comprehensive review of the relevant literature on the evaluation 

method of tower wake distortion effect and their application. The state of the art and best 

practice to define, describe and minimise tower wake distortion effects for both lattice 

(triangular and rectangular) and cylindrical (tubular and rod) towers were fully accounted for 

based on the relevant literature i.e., journal articles, conference papers, standards, books, and 

reports that are published between 1941 to 2019. The methods used, key findings, conclusions, 

and knowledge gaps identified, were documented.  

CHAPTER 1: Cite this article: M. E. Okorie and F. Inambao, “Tower wake distortion effect: 
A comprehensive review of methods and applications,” International Journal of Engineering 
Research and Technology, vol. 13, no. 12, p. 17, 2020. 

Link to the article: 

http://www.irphouse.com/ijert20/ijertv13n12_02.pdf 
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CHAPTER 3: IDENTIFICATION OF TOWER AND BOOM-WAKES USING 

COLLOCATED ANEMOMETERS AND LIDAR MEASUREMENT 

 

This chapter documented extensive investigation on the various methods/approaches to 

identify and accurately define tower wake boundaries using wind data obtained from 

anemometers collocated at the same intermediate height but of different azimuth from the 

north. The LiDAR observed wind data enabled independent and accurate verification of the 

tower and boom wake boundaries. Methods explored include the traditional speed ratio, the 

coefficient of determination (𝑅2) of wind speed, the root mean square errors (RMSE) of wind 

speed, the coefficient of determination (𝑅2) of turbulence intensities (TI) which appear to be 

the better descriptors of the wake boundaries when compared to the commonly used traditional 

speed ratio approach. 

CHAPTER 2: Cite this article: M. E. Okorie and F. L. Inambao, “Identification of tower and 
boom-wakes using collocated anemometers and Lidar measurement,” International Journal of 
Mechanical Engineering and Technology, vol. 10, no. 6, pp. 72–94, Sep. 2019. 

Link to the article: 

https://iaeme.com/MasterAdmin/Journal_uploads/IJMET/VOLUME_10_ISSUE_6/IJMET_1

0_06_005.pdf 
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CHAPTER 4: PREDICTION OF THE IMPACT OF TOWER SHADING ON 

RESOURCE PARAMETERS AND PERFORMANCE BY USING LIDAR 

 

This chapter reasonably answered the question “If wake affected direction sectors are not 

corrected or discarded during data analysis, what impact would that have on the resource and 

performance?”. This chapter motivates the need for accurate definition of tower wake 

boundaries and explains the key features to identify wake affected direction sectors where 

collocated sensors are not available. It further proposes a new and a simpler approach of using 

time series WSC computed from wind data measured at two different intermediate heights, 

located at approximately the same azimuth from the north to identify the wake affected sectors 

without the need for collocated sensors. 

Cite the article: M. E. Okorie and F. Inambao, “Prediction of the impact of tower shading on 

resource parameters and performance by using LiDAR,” International Journal of Engineering 

Research and Technology, vol. 13, no. 11, p. 3125, Nov. 2020, doi: 

10.37624/IJERT/13.11.2020.3125-3144. 

Link to the article: 

http://www.irphouse.com/ijert20/ijertv13n11_05.pdf 
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CHAPTER 5: ANGLE DEPENDENCE OF TOWER WAKE DISTORTION: A 

PARAMETRIC STUDY 

 

This chapter combines physical modelling of the tower structure and CFD flow simulation to 

perform a parametric study in order to investigate the angle dependence of tower wake 

distortion effect. The controlling parameters (thrust coefficient [CT] and the leg length [Lm]) in 

the centreline velocity deficit expression prescribed in IEC 61400-12-1, varies with incident 

wind angle. This chapter incorporated the (thrust coefficient [CTi] and the leg length [Li]) 

obtained at different incident wind angles into the IEC centreline velocity deficit expression to 

obtain a modified speed deficit expression used to predict the booms lengths at incident wind 

angles other than the IEC reference direction (θ = 0°). 

 
Cite this article: M. E. Okorie and F. L. Inambao, “Angle Dependence of Tower Wake 
Distortion: A Parametric Study,” International Journal of Mechanical and Production 
Engineering Research and Development, vol. 11, no. 3, pp. 481–498, 2021, doi: 
10.24247/ijmperdjun202138. 
 
Link to the article: 
 
http://www.tjprc.org/publishpapers/2-67-1621862211-IJMPERDJUN202138.pdf 
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CHAPTER 6: LOCAL WIND FLOW MODIFICATIONS WITHIN THE VICINITY 

OF A COMMUNICATION TOWER 

 

This chapter describes a full 3D CFD flow simulation on the complex 3D geometry of the 

communication towers and proposes a safe angle range. This aspect of the study becomes 

necessary because the boom length computed using the centreline velocity deficit expression 

found in IEC standard does not guarantee that wind observation is accomplished within the 

recommended industry-accepted accuracy of < 1 % errors between 0° and 360°. With safe 

angle range of θ = < ± 70º with respect to each boom arrangements reference direction (i.e., θ 

= 0º), the boom lengths obtained based on the IEC standard boom configuration (θ = 0º) are 

long enough to keep the speed sensors out of the tower wakes. Winds that arrive at the tower 

at other angles outside this range will likely induce error reading on the speed sensor and this 

explains why towers instrument according to IEC standard still fall short of the 1 % speed 

deficit recommended.  

Cite this article: M. E. Okorie and F. L Inambao, “Local wind flow modifications within the 

vicinity of a communication tower,” International Journal of Mechanical and Production 

Engineering Research and Development, vol. 11, no. 3, pp. 421–440, 2021, doi: 

10.24247/ijmperdjun202135. 

Link to the article: 

http://www.tjprc.org/publishpapers/2-67-1621326533-IJMPERDJUN202135.pdf 
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CHAPTER 7: IMPACT OF FREESTREAM TURBULENCE ON THE BOOM 

LENGTH 

 

This chapter explores the impact of freestream turbulence on the boom length required to keep 

the speed sensor out of tower wakes by comparing the CFD flow simulation results that capture 

the site’s realistic freestream turbulence parameters to the simulation results obtained from 

standard external flow analysis. Extreme cases of laminar flow were also computed and 

compared with the models that have different turbulence parameters. The chapter concludes 

that freestream turbulence does not have any significant impact on the boom but makes flow 

interference more complex within the regions near the wall of the tower. It also increases the 

drag on the tower and engenders visible inhomogeneity in the flow parameters in the wake of 

the tower.  

Cite this article: M. E. Okorie and F. L. Inambao, “Impact of Freestream Turbulence on the 

Boom Length,” International Journal of Mechanical and Production Engineering Research and 

Development, vol. 11, no. 4, pp. 341–354, 2021, doi:10.24247/ijmperdaug202126. 

Link to the article: 

http://www.tjprc.org/publishpapers/2-67-1626785833-IJMPERDAUG202126.pdf 
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CHAPTER 8: CONCLUSION AND RECOMMENDATIONS 

8.1 Conclusion 

This thesis aimed at a combination of light detection and ranging (LiDAR) and in-situ 

measurements and computational fluid dynamics (CFD) simulations to evaluate the suitability 

of using mobile telecommunication towers for wind measurement in Namibia. This project 

falls under the National Wind Resource Assessment Project (NWRAP) of Namibia which is so 

far the most comprehensive wind measurement in the country. The lattice equilateral triangular 

communication towers of different configurations instrumented for this wind measurement, 

belong to the Mobile Telecommunication Limited (MTC) Namibia. Cost reduction and timely 

commencement of the project necessitated the choice of the available communication towers 

for this purpose. Holistic evaluation of the site’s wind statistics and risks required placing some 

speed sensors at intermediate heights of the tower using booms. This type of boom arrangement 

inevitably exposes the speed sensors to tower wake distortion effects and introduces non-

negligible errors in the readings of the speed sensors, even where a dedicated mast erected 

solely for wind measurement is used. The presence of other secondary support structures 

commonly found in operational towers of this type exacerbate tower induced flow defects due 

to complex interferences resulting from these discrete members. To take a spot check at each 

hub height where winds are measured and to also capture undisturbed freestream winds, the 

LiDAR was deployed at a proximity (2.4 m) to the foot of the tower. The placement of the 

LiDAR in a close range to the tower enabled comprehensive assessment, evaluation and 

comparison of the data sets captured by the two measurement techniques. To gain insight into 

the winds’ interaction with the towers, a three-dimensional (3D) CFD derived flow distortion 

around and through the complex 3D nature of the triangular towers was performed in Ansys 

fluent solver using different turbulence models (k – wSST, k- standard equation, k- and one 

equation Spalart-Almaras). The results obtained from different approaches were combined 

where appropriate for the context of this study and the following conclusions were drawn: 

• On the identification of the tower waked direction sectors/regions, the study revealed 

that the coefficient of determination (𝑅2) of turbulence intensities (TI) obtained from 

the collocated speed sensors and the LiDAR observed data appears to be a better 

descriptor of the wake boundaries when compared to the commonly used traditional 

speed ratio approach. This is because the perturbations resulting from the tower wakes 

are more accurately captured by the turbulence level they generate, hence a more 
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accurate description of the boundaries of the wake affected direction sectors. A new, 

simpler, and more useful approach to identifying and defining waked boundaries is 

proposed. The study established that time series wind shear coefficient (WSC) 

computed from wind data measured at two intermediated heights (binned in < 5° bin of 

the wind direction interval and drawn as a function of the wind direction), located at 

approximately the same azimuth from the north, is enough to describe accurately the 

wake boundaries without the need for a collocated speed sensor.  

• The controlling parameters (thrust coefficient [CT] and the tower leg lengths [Lm]) 

found in the centreline speed deficit expression provided in the International 

Electrotechnical Commission (IEC 61400-12-1) standard of which the derivation was 

based on the reference direction (θ = 0°) are proven to be angle dependent. The boom 

length is calculated using this expression is based on the IEC 61400-12-1 standard 

boom configuration (θ = 0°). As a result, the boom length computed thus, does not 

guarantee that wind observation is accomplished within the recommended industry-

accepted accuracy of < 1 % errors between 0° and 360°. This study combined physical 

modelling and numerical simulations on two towers (at Amper-bo and at Korabib) of 

different construction details to derive the values of the thrust coefficient (CTi) and the 

leg length (Li) at different incident wind angles. The derived values of the thrust 

coefficient (CTi) and the leg length (Li) were incorporated into the IEC centreline 

velocity deficit expression to arrive at a modified speed deficit expression used to 

predict the booms lengths at incident wind angles other than the IEC reference direction 

(θ = 0°). For each of the towers, a suitable expression for the thrust coefficient was 

proposed. 

• Furthermore, the study proposed a safe angle range x = ± ≤ θ°, i.e., the incident wind 

angles for which the boom length computed based on the IEC standard configuration 

(θ = 0°) can effectively keep the speed sensors out of the tower wakes for winds that 

arrive at the tower within that defined angle range. The safe angle range θ = < ± 70º 

with respect to each boom configuration reference direction (i.e., θ = 0º). The proposed 

safe angle range is applicable to the IEC standard boom configuration and the common 

boom arrangement (locating the boom parallel to the tower face) found in operational 

towers.  

• On the impact of atmospheric turbulence on the tower induced flow defect, the study 

concludes that freestream turbulence does not have any significant impact on the boom 
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such that it is required to keep the speed sensors out of the tower wakes. It rather makes 

flow interference more complex and tense within the regions near the wall of the tower. 

It also increases the drag on the tower and engenders visible inhomogeneity on the flow 

parameters in the wake of the tower. It is relevant to note at this point that considering 

tower wake distortion as an ordinary external flow problem rather than atmospheric 

problem is adequate if the emphasis is on the computation of the boom length. This 

approach will underpredict the drag on the individual tower members and the speedups 

around and through the tower.  

• Physical modelling of the tower structure enabled accurate computation of the solidity 

ratio to an accuracy of 0.001m. This approach shows that the presence of secondary 

support structures increased the blockage to wind flow, giving rise to higher CT which 

when used in the centreline speed deficit expression prescribed in IEC 61400-12-1 

standard, produced longer boom lengths. The study concluded that overestimation of 

the boom lengths associated with the standard is traceable to how CT is evaluated and 

used. In contrast, the computational approach illustrates a more complex flow 

interference around the towers structure due to secondary support structures with no 

appreciable increase in boom length. Accurate tower instrumentation for wind 

measurement perspectives will require a combination of physical and numerical 

modelling and knowledge of prevailing wind patterns at the site. 

• An accurate correction method that removes the need to discard wind data in the wake 

affected direction sectors during wind analysis was proposed.  

• In-situ measurements validated with light detecting and ranging (LiDAR) observations 

and computational fluid dynamics (CFD) simulations, coupled with physical modelling 

of the tower structure, were used to evaluate the suitability of using mobile 

telecommunication towers for accurate wind measurement in Namibia. Accurate tower 

instrumentation for wind measurement perspective requires a combination of physical 

and numerical modelling, a good understanding of the safe angle range for proper boom 

installation and knowledge of prevailing wind pattern at the site. The result obtained 

from this study will be applicable to towers of different configurations for accurate 

instrumentation. 

8.2 Recommendations 

Due to freestream turbulence effects, flow interference is observed to be more complex and 

tense within the regions close to the tower surface. Although, the study concluded that 
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freestream turbulence does not have significant effect on the boom length required to keep the 

speed sensor out of the tower wakes. However, it is expected that the resulting complex flow 

due to freestream turbulence will increase the vibration of booms mounted on the tower. If such 

vibration is significant, it will induce more error readings to the speed sensor fixed on the boom. 

Future research work therefore becomes necessary in other to understand the impact of 

freestream turbulence on the boom vibrations and how it affects the readings of the speed 

sensors fixed on them. This may be accomplished by comparing the flow induced perturbations 

(speed sensor error readings) due to boom vibration when standard external flow simulation is 

performed around the tower structure to the flow induced perturbations (speed sensor error 

readings) obtained from flow simulation that captures the effect of atmospheric turbulence on 

the site. Combination of wind tunnel test and computational flow simulation will generate 

enough data for validation and are hereby proposed for this future work. 
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