
Renewable and Sustainable Energy Reviews 144 (2021) 110991

1364-0321/© 2021 Elsevier Ltd. All rights reserved.

Critical evaluation of Wind Turbines’ analytical wake models 

John K. Kaldellis *, Panagiotis Triantafyllou, Panagiotis Stinis 
Lab of Soft Energy Applications & Environmental Protection, University of West Attica, 250, Thivon & P. Ralli Str., Campus Ancient Olive Grove, GR, 12241, Egaleo- 
Athens, Greece   

A R T I C L E  I N F O   

Keywords: 
Wind energy 
Wake effect parameters 
Wake effect modelling 
Wake models categorization 
Downstream distance 
Far-wake area 

A B S T R A C T   

The wind energy sector has faced remarkable growth during the last twenty years in view of tackling the global 
energy consumption rise and the adverse effects of fossil fuels on humans and the environment. On the other 
hand, the disperse character of wind energy has raised the need for contemporary Wind Turbines (WTs) to be 
clustered in industrial scale wind parks in an attempt to maximize the exploitation of the prevailing wind energy 
potential in a specific area. The increased land intensiveness has been considered as the Achille’s heel of wind 
energy. In this context, the thorough wind park micrositing and the subsequent reliable prediction of the wind 
speed deficit downstream the WTs’ rotor, are considered of paramount importance for the optimized WTs’ 
allocation across the examined territory, as they determine the availability for energy extraction. 

In order to investigate the wind energy potential downstream one or more WTs, considerable effort has been 
put by the scientific community on the development of several numerical or analytical wake models, including 
some relatively new ones. The present work investigates the performance of nine well-known numerical, semi- 
empirical wake models, by comparing their findings with experimental and simulation data from previous sci-
entific works. A thorough comparison between the case studies examined is conducted, attempting to elucidate 
the wake models prediction performance. The interesting findings that derived for five out of nine wake models 
analyzed enhance the need for further research in order to better understand the wake effect impact on wind 
parks energy yield.   

1. Introduction 

The forthcoming depletion of fossil fuel reserves and the continuous 
environmental deterioration raised the necessity to utilize more envi-
ronmentally friendly energy resources in order to tackle the continu-
ously increasing global energy demand [1]. In this context, renewable 
energy resources, like wind energy, have progressively increased their 
share in the global energy fuel mix, with industrial scale wind parks 
being developed for that purpose [2]. 

Wind Turbines (WTs) design optimization is critical to that end, as it 
influences the wind park’s Annual Energy Production (AEP) [3]. The 
optimum (both in financial and energy yield terms) performance of a 
wind park, translated mainly into the optimum exploitation of wind 
energy potential of a specific area and the reduction of turbulence 
loading on downstream WT rotors, is strongly correlated with the 
optimized WTs’ allocation across the available territory, known as wind 
park micrositing [4–6]. The WTs installation positions and the wind 
potential quality (wind speed intensity and predominant wind di-
rections) as also the area ground morphology are considered of 

paramount importance for this scope [7]. Less important but also crucial 
factors exist, such as the site accessibility and the local electricity grid 
infrastructure. It is also noteworthy that the intense land requirements 
for the installation of new wind power plants often raise serious oppo-
sition from the local societies [8]. 

The current rule of thumb for onshore applications considers a dis-
tance of two to three rotor diameters for WTs installed perpendicular to 
the prevailing wind direction and four to six rotor diameters between 
WTs’ rows [9]. For offshore applications, the relevant spacing increases. 
More precisely, the usual practice for the distance between WTs in the 
prevailing wind direction is four to ten rotor diameters, while the 
inter-row spacing varies between six to eleven rotor diameters [10]. 

More specifically, the wake (or shadowing) effect is a dominant 
factor influencing the wind park’s AEP. Actually, axial and radial pres-
sure drop and energy extraction occurs as wind passes through each 
WT’s rotor, leading to a relevant turbulence increase downstream the 
WT. The repercussion of this turbulence increase is a relative wind speed 
deficit [11]. Moreover, the tip vortices contribute to increased airflow 
swirl downstream the WT’s hub (Figs. 1 and 2) [5]. As the distance 
downstream of the WT’s rotor increases, spreading of the wake occurs 
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towards upstream (or undisturbed) conditions recovery. 
Within the previous framework, considerable effort has been put by 

the scientific community on the development of several analytical and 
numerical wake models that can serve as supporting tools during the 
pre-assessment of a potential site. Wake development is usually 

investigated in two different areas based on the downstream (or 
dimensionless streamwise) distance from the WT rotor ("x/D"), i.e. the 
near-wake (up to three "x/D") and the far-wake (four to twenty "x/D") 
sub-regions. Under the present work, emphasis has been put mainly on 
the far-wake area, as the near-wake area is characterized by intense 
airflow swirl, strong vortex structures and significant wind energy 
deficit. Moreover, the majority of analytical wake models are unable to 
generate reliable outcome concerning the wake development in the 
near-wake area [14–16]. Based on the aforementioned micrositing 
practices, it is the sub-area of five to ten "x/D" ratio values which attracts 
the greatest interest of both researchers and project developers, as due to 
ground morphology, land availability and local topography issues, WTs 
are rarely being installed in greater than ten "x/D" distances. For a more 
comprehensive investigation though, the area of four to twelve "x/D" is 
finally examined. 

The wake development downstream a WT’s rotor is a multifactorial 
function of the WT-generated turbulence intensity [17], the ambient 
turbulence intensity [18,19], the inter-array distance and the blade 
pitch angle [20], the wind speed and wind direction, the TSR of the 
upstream WT [21] as well as of the Atmospheric Boundary Layer (ABL) 
and the surface roughness [22,23]. Accordingly, the atmospheric tur-
bulence depends on the surface roughness, the atmospheric stability and 

the WT’s hub height [24]. The last parameter is of great importance as 
near the ground the turbulence levels increase [25]. 

Acknowledging that the upstream wind speed, the downstream dis-
tance and the surface roughness are classified among the basic param-
eters affecting the wake effect development, the present work carries out 

List of abbreviations including units and nomenclature 

The following abbreviations are used in this manuscript 
2D Two-Dimensions 
3D Three-Dimensions 
ABL Atmospheric Boundary Layer 
AD Actuator Disk 
AEP Annual Energy Production 
BEM Blade Element Momentum 
BESS Battery Energy Storage System 
CFD Computational Fluid Dynamics 
CPU Central Processing Unit 
GA Genetic Algorithms 
LES Large Eddy Simulations 
PIV Particle Image Velocimetry 
RANS Reynolds-Averaged Navier Stokes 
SAM Storpark Analytical Model 
TSR Tip Speed Ratio 
WT Wind Turbine  

Fig. 1. Wake impact in wind flow for downstream WTs with inter-row spacing equal to 3 rotor diameters, upstream wind speed equal to 10 m/s and Tip Speed Ratio 
(TSR) equal to 7 [12]. 

Fig. 2. Three-Dimensions (3D) vortex structure in a WT wake [13].  
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a comparative review of nine well-known analytical semi-empirical 
wake models, used up to now as the basis for relevant industrial soft-
ware development. More precisely, this is accomplished by comparing 
the wake models’ outcome with a wide range of experimental and 
simulation data from previous scientific works, based on a differentia-
tion of both upstream wind speed and downstream distance [26], of 
upstream wind speed [27] and of surface roughness [28]. In this context, 
the aforementioned rule of thumb for the WTs’ arrangement is further 
investigated. A comprehensive comparison between the case studies 
examined is carried out, attempting to evaluate the wake models pre-
diction performance under various parameters considered. 

It is worth noting that the interaction between WTs in the same wind 
park as well as the wind wake management play also a crucial role in the 
wake evaluation. Albeit not being thoroughly examined in the present 
work, a fair enough literature review of their characteristics is con-
ducted in Section 2, prior to the evaluation of the analytical wake 
models performance and the pertinent Case studies being examined in 
the rest of the work. 

2. Literature review on wake effect major parameters 

Apart from the wind speed deficit and the turbulence intensity in-
crease, the wake effect intensifies the mechanical fatigue on down-
stream WTs as it is mixed with the faster-moving air surrounding the 
wake area, increasing the wear and tear of their mechanical components 
[13,29,30]. Accordingly, this can lead to increased failure rates and 
reduced technical availability, affecting considerably the wind park’s 
AEP [31,32]. Another important characteristic of the wake effect is that 
it influences the noise propagation and sound refraction processes 
[33–35]. A crucial parameter for this effect is the nature of the ABL. A 
smooth ABL leads to a shorter wake length as a direct result of the high 

momentum flow convection towards the ground (Fig. 3). Downstream 
WTs can also suffer from high turbulence inflow, even in the case of low 
turbulence inflow in the upstream WT [36]. Thus, it is of paramount 
importance to examine the intrinsic characteristics of the wake effect. 

More sophisticated analysis is required in order to consider the 
wakes generated by a cluster of upstream WTs (multi-wakes) [38]. This 
stems from the fact that the sum of separate wakes is characterized by a 
less notable influence on wind speed than the one that interacting wakes 
can have [39]. Consequently, when the interaction between a cluster of 
WTs is considered, the total AEP generated by them is accordingly 
decreased [40]. The aforementioned wake superposition (or over-
lapping) has been the subject of investigation by some recent studies in 
the field. More detailed information can be found in Tian et al. [11], 
Porté-Agel et al. [38], Sun & Yang [41], Parada et al. [42], Machefaux 
et al. [43] and Gaumond et al. [44]. 

2.1. Wake effect parameters 

There exist scientific works established in order to consider the effect 
of complex terrains and ground morphology on the wake development. 
Kozmar et al. [45] examined the influence of hill heights and shapes into 
the turbulence development. Next, Rockel et al. [36] investigated the 
turbulence intensity discrepancies between a floating WT and a fixed 
bottom one. Kabir & Ng [22] collated experimental data with Compu-
tational Fluid Dynamics (CFD) analysis in order to investigate both the 
surface roughness as well as the turbulence intensity impact on the ABL 
in wake recovery. Moreover, Veisi & Mayam [13] carried out experi-
mental measurements in two inline WTs which were rotating both in 
different direction and different rotational speeds in order to shed light 
into the parameters which affect the wind speed values and turbulence 
intensity. 

However, the influence of surface roughness on the output of WTs 
was not widely examined, as the number of experiments carried out on 

Fig. 3. Wake development (in terms of instantaneous streamwise wind speed 
contours) under two different atmospheric stability conditions [37]. 

Fig. 4. Schematic overview of near-wake and far-wake areas downstream a WT [22].  

Table 1 
Overview of wake models examined.  

Wake model Year developed/presented 

Jensen model 1983 
Katic et al. model 1986 
Ishihara et al. model 2004 
Frandsen et al. model 2006 
Bastankhah & Porté-Agel model 2014 
Tian et al. model 2015 
Xiaoxia et al. model 2016 
Ishihara & Qian model 2018 
Dhiman et al. model 2020  
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non-flat terrains is not justified as sufficient [38,39]. Hence, this is an 
area that the current work attempts to shed light, analyzing the influ-
ence that the variation of surface roughness has on the wake wind speed 
deficit. 

2.2. Wake modelling 

In the past, wind field experiments (based mainly on stereoscopic 
Particle Image Velocimetry (PIV) technology [38]) as well as wind 
tunnel simulation data have served as supporting mechanisms utilized 
for deepening the understanding of the wake effect [46,47]. Neverthe-
less, such experiments are not considered completely effective when a 
wind park layout optimization shall be carried out [41]. The retrieval of 
field experimental data is considered a demanding task due to the 
challenging issue of WT controllability. Moreover, field tests are quite 
expensive, especially if the examined WT has not yet reached economies 
of scale (design stage). On the other hand, CFD simulations increase 
greatly the computational time and cost due to the intrinsic character-
istics of the wind [18], while the reliability of their results is strongly 
depending on the assumption adopted during the CFD model 
development. 

In an attempt to counterbalance the aforementioned issues, various 
wake evolution predictive models have been introduced by researchers 
such as Jensen [48], Katic et al. [49] and Frandsen et al. [50]. These 
models are capable of estimating wind speed deficit values and repre-
senting the wind speed field downstream an examined WT’s hub. In 
Ref. [38], the performance of three analytical wake models was inves-
tigated, while the same was also carried out for four wake models in 
Ref. [27] under the presence of a sole set of wind field measurements 
from a commercial onshore wind farm. Sedaghatizadeh et al. [51] 
investigated the performance of four semi-empirical wake models using 
LES data as benchmark. The authors concluded that each model exam-
ined presents better performance in a particular range of downstream 
distances. In this context, it was stated that the accuracy of prediction 
could be increased if a combination of the semi-empirical models 
examined would be utilized and a relevant fragmentation of the down-
stream area would take place in order to match each area with the most 
appropriate model. 

Veisi & Mayam [13] and Eriksen & Krogstad [52] are among the 
researchers who have dealt with the borderline between the near-wake 
and far-wake areas. Mo et al. [53] identified the boundary at the point 
where the atmospheric shear layer spreads inwards and stretches out to 
the wake axis. This is the point where the static pressure recovers the 
atmospheric pressure value and the previously developed tip vortices 
collapse. Most predominant values among the ones referred in the 

literature are two to three rotor diameters, nevertheless the boundary 
can even reach five rotor diameters as Zahle and Sørensen [15] have 
stated. It is important to note that the near-wake area is characterized by 
root and tip vortices [22]. Moreover, the wake recovery rate is strongly 
influenced by the mixing phenomenon of the upstream WT-generated 
turbulence with the ambient one (Fig. 4) [54]. This can be translated 
to faster wake recovery when turbulent shear flow conditions are pre-
sent instead of laminar ones. The above was verified by wind tunnel 
measurements carried out by Talavera & Shu [18]. Nonetheless, the 
number of studies carried out so far to verify the analytical wake models 
outcome with regards to the wake distance variation is not justified as 
sufficient, unveiling a field where further research could be performed. 
This is dealt with during the present work. 

2.3. Wake models classification 

Nowadays, the wake models are mainly classified based on their 
intrinsic methodology in three main categories: 

• Numerical (or analytical), empirical or semi-empirical models, consist-
ing mainly of deterministic equations that govern the conservation of 
flow properties. Owning to this specific nature, analytical models 
have the added value of giving rudimentary insight into the physics 
[38].  

• Linearized or non-linearized Reynolds-Averaged Navier Stokes (RANS) 
applied in CFD programs, which integrate different numerical tech-
niques of basic fluid equations.  

• Large Eddy Simulations (LES), characterized by directly computed 
large eddies and parameterized calculation of the impact of eddies 
with volume less than grid spacing [55]. 

Models’ output presents variations in the accuracy of the wind speed 
deficit calculated. CFD and LES can provide unambiguously more 
detailed results than analytical or semi-empirical wake models. Never-
theless, their implementation is quite difficult due to the volume of the 
input data analyzed in their processes, leading sometimes to an unac-
ceptable computational time cost (three-to-four orders of magnitude 
Central Processing Unit (CPU) time more than the analytical models) 
[38,56], at least for preliminary micrositing studies. On the other hand, 
analytical models for wake development do not consider the turbulence 
intensity entire profile variation in the radial wake direction, accounting 
only for its average or outlier [22]. Nevertheless, the simplicity and low 
computational burden, which characterize the majority of analytical 
wake models, are considered as the motive force supporting their utili-
zation as the basis for the development of wind parks micrositing 

Table 2 
Wake models input parameters.  

Parameter Symbol Jensen 
[48] 

Katic 
et al. 
[49] 

Ishihara 
et al. [77] 

Frandsen 
et al. [50] 

Bastankhah & 
Porté-Agel [28] 

Tian 
et al. 
[17] 

Xiaoxia 
et al. [32] 

Ishihara & 
Qian [55] 

Dhiman 
et al. [56] 

Upstream wind speed U ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
WT rotor radius (or 

diameter) 
r0 (or 
D0) 

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Downstream distance x (or s) ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
Wake expansion (or 

decay) coefficient 
k ✓ ✓   ✓ ✓ ✓  ✓ 

Thrust coefficient CT  ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
Axial induction factor a    ✓  ✓ ✓   
Ambient turbulence Ia   ✓     ✓  
WT-generated 

turbulence 
Iw   ✓       

WT hub height h     ✓ ✓ ✓ ✓  
Surface roughness z0      ✓ ✓   
Spanwise coordinate z     ✓   ✓  
Vertical coordinate y     ✓   ✓  
Wake model-specific 

coefficients 
–   ✓ ✓    ✓   
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software [11,41,42]. It is noteworthy that the Jensen and the Katic et al. 
wake models have been mainly used for the development of the most 
widespread commercial software, such as WAsP, WindPRO, WindSim, 
WindFarmer and OpenWind [11,57], used up to now for the micrositing 
of the vast majority of commercial wind parks around the globe. 
Moreover, analytical wake models as well as CFD simulations can be 
combined with metaheuristic techniques, such as the widely used Ge-
netic Algorithms (GA), for wind parks micrositing scope. More infor-
mation on this can be found in the relevant works of Markarian et al. 
[58], Abdelsalam & El-Shorbagy [59], Parada et al. [42] and Kuo et al. 
[60]. 

Sedaghatizadeh et al. [51] classified the semi-empirical wake models 
in two categories based on the distance up to which their predictions can 
be considered reliable. These categories are the near-wake models and 
the far-wake models. Near-wake models include the Blade Element Mo-
mentum (BEM) model, the Actuator Disk (AD) model and the vortex 
wake models. These models estimate the forces acting on the WT rotor, 
without contributing to flow features calculations. Moreover, the in-
fluence of yaw misalignment, ABL and ambient turbulence as well as the 

multi-wake effect are not considered. On the other hand, far-wake 
models can predict wake expansion, turbulence intensity impact and 
wind speed deficit. 

Finally, Kloosterman [61] classified far-wake models into:  

• Kinematic (or explicit) wake models: These models utilize the 
equation of momentum to model the wind speed deficit downstream 
a WT. The turbulence intensity influence in the wake development is 
not modelled by the original forms of kinematic models. Therefore, 
additional turbulence-dedicated models need to be combined with 
them.  

• Field (or implicit) wake models (also known as boundary layer 
models): These models are preferred when high blade induction and 
unsteady WT turbulence mixing are present, due to the underlying 
instabilities and smaller convergence rate of explicit wake models 
when the previous parameters are present [62].  

• Combined wake models, such as the models of El Kasmi & Masson 
[63], Voutsinas et al. [64] and Voutsinas et al. [65]. 

Fig. 6. Average percentage deviation per wake model for upstream wind speed equal to 5 m/s (Case study#1).  

Fig. 5. Estimated and experimental wake development for upstream wind speed equal to 5 m/s (Case study#1).  
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2.4. Wind wake management 

Owning to its multifaceted nature, the wake effect plays a crucial role 
in the wind farm control strategy adopted by wind farm operators [4]. 
The wind speed variation and the inflow turbulence intensity changes 
can affect the wake properties, necessitating a real-time update in the 
configuration of the control strategy adopted [66]. Simley et al. [67] 
pinpointed that the wind speed calculation shall be carried out prior to 
the interaction of the incident wind with the WT, thus providing suffi-
cient time for real-time control actions to be undertaken. In this 

framework, adaptive control is mainly adopted as the most efficient 
mechanism to confront the intrinsic wake effect uncertainties [68,69]. 
This specific mechanism acts on the principle of feedback 
signals-induced actions: critical parameters values are measured and 
afterwards compared with the reference ones in order to activate the 
required control mechanisms under the scope of maintaining the desired 
system performance. 

Two fundamental techniques are mainly used to attain an efficient 
wind farm control and consequently maximize the power capture, that is 
the pitch and yaw angle control techniques [70,71]. The impact of the 

Fig. 8. Percentage deviation per wake model for upstream wind speed equal to 13 m/s (Case study#1).  

Fig. 7. Estimated and experimental wake development for upstream wind speed equal to 13 m/s (Case study#1).  
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relative upstream WTs’ yaw position on the performance of downstream 
ones was also noted by Adaramola and Krogstad [72] and Dahlberg and 
Medici [73]. On the other hand, the integration of accurate wind mea-
surement devices, such as the Lidar one, could ameliorate control ac-
tions and decrease time periods of power sags [74,75]. Among the 
various research works carried out in the specific field, a Lidar-based 
closed-loop wake management strategy was developed by Dhiman 
et al. [70]. Wind speed measurements at the point before interaction 
with the WT have been integrated into the control loop to ensure an 
improved wind farm performance. The model was validated for a wind 
farm layout consisted of two and five WTs correspondingly. In another 
approach, Dhiman & Deb [76] deployed a wake management approach 
that adopts the Jensen model to evaluate the ageing effect of a Battery 
Energy Storage System (BESS) used to mitigate the wind speed variation 
impact on a hybrid wind power plant. The reliability of the proposed 
methodology was appraised using available wind speed datasets. Hence, 
it gets obvious that identifying the prediction performance that 

characterize the various analytical wake models based on different wind 
speed datasets can significantly contribute to the wind wake manage-
ment concept improvement. 

3. Evaluation methodology 

3.1. Wake models input parameters 

The nine numerical wake models which have been examined in the 
present study are included in Table 1. 

Elaborate description of the formulae consisting each numerical 
wake model is available in Appendix A. 

Various parameters are used as inputs for each of the aforementioned 
wake models. Although the Jensen wake model is the most well-known, 
widely used and simplified model which is based on four parameters, 
other more sophisticated wake models, such as the Bastankhah & Porté- 
Agel and the Ishihara & Qian models, consider more specialized 

Fig. 10. Percentage deviation per wake model for upstream wind speed equal to 17 m/s (Case study#1).  

Fig. 9. Estimated and experimental wake development for upstream wind speed equal to 17 m/s (Case study#1).  
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parameters. These indicatively may comprise the ambient turbulence, 
the interaction of the ambient turbulence with the WT-generated one 
and Two-Dimensions (2D) or even 3D coordinates of the wake expansion 
downstream the WT’s hub. Table 2 aggregates the inputs utilized from 
each wake model examined. 

3.2. Data sets used as comparison basis 

Three different data sets have been used as basis in order to evaluate 
the prediction performance of the wake models examined, characterized 
by a variety of WT characteristics deployed and site-specific conditions 
[26–28]. This is the reason why parameters such as WT rotor radi-
us/diameter, thrust coefficient, WT hub height or surface roughness are 
different at each specific case. More precisely, the following case studies 
have been taken into consideration: 

3.2.1. Case study#1: comparison of wake models’ outputs with 
experimental measurements from a lidar device 

A Lidar device, installed downstream a WT’s hub, was used to gather 
reliable experimental measurements for downstream distances up to 
twenty "x/D" and for wind speeds values’ ranging between 4 and 18 m/s 
using a step of 2 m/s. The WT type is the Areva M5000-116 with cut-in 

wind speed equal to 5 m/s and rated wind speed equal to 12 m/s [26]. 
The experimental measurements concerning the upstream wind speed 
were divided in bins, starting from the [4–6] m/s and reaching the 
[16–18] m/s. For better representation purposes, the middle point of 
each wind speed bin is utilized for the subsequent evaluation. 

3.2.2. Case study#2: comparison of wake models’ outputs with 
measurements acquired at a specific downstream distance (5.1 "x/D") and 
different upstream wind speed values 

This dataset consists of measurements acquired at a distance equal to 
5.1 "x/D" downstream a Vestas V80 2 MW WT (cut-in wind speed equal 
to 4 m/s and rated wind speed equal to 15 m/s) for wind speed values’ 
ranging between 6 and 19 m/s [27]. For simplicity sake and better final 
comparison between all case studies examined, the downstream dis-
tance is considered equal to five rotor diameters. 

3.2.3. Case study#3: comparison of wake models’ outputs with LES data 
for four different surface roughness values 

This dataset comprises of LES data retrieved from Wu & Porté-Agel 
[78] and concerns a 2 MW WT with upstream wind speed equal to 9 m/s, 
for downstream distances ranging between four and twenty "x/D" and 
for four different surface roughness values [28]. 

Fig. 12. Percentage deviation per upstream wind speed for the three best-performing wake models (Case study#2).  

Fig. 11. Comparison of percentage deviation per upstream wind speed for all wake models (Case study#2).  
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Detailed information for each dataset are available in Appendix B. 

4. Calculation results 

The wake models’ output percentage deviation (or error rate [27]) 
from the relevant experimental results will be used as the basis for the 
evaluation process carried out. The specific deviation will be examined 
either when the downstream distance (Case studies#1 and #3) or the 
upstream wind speed (Case study#2) are investigated as variables. 
Moreover, this will be considered in the wake center (wake radius equal 
to zero), which is characterized by the highest wind speed deficit. In this 
context, the analysis can be characterized as a worst-case scenario. The 
percentage deviation is calculated using formula (1): 

Deviation(%)=

⃒
⃒Vdef ,model − Vdef ,experimental

⃒
⃒

Vdef ,experimental
∗100% (1)  

where:Vdef ,model is the wind speed deficit calculated by each analytical 
wake model examined. 

Vdef ,experimental is the wind speed deficit resulting during the relevant 
Case study examined, mainly on the basis of experimental data. 

Moreover, depending on the Case study considered, the relevant 
average percentage deviation can be calculated using formulae (2) or 
(3): 

Average deviation(%)=
∑
x
D=12

x
D=4

Error deviation (%) (2)  

Fig. 14. Comparison of estimated and LES data for upstream wind speed equal to 9 m/s and surface roughness equal to 0.5 (Case study#3).  

Fig. 13. Comparison of average percentage deviation per upstream wind speed including (Data series " % deviation ") and excluding (Data series " % deviation* ") the 
two least accurate wake models (Case study#2). 
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Average deviation(%)=
∑

upstream wind speed
Error deviation (%) (3)  

4.1. Case study#1 

In order to examine the performance of the analytical wake models 
under evaluation, it was selected to investigate the corresponding de-
viation between analytical results and experimental data for three 
characteristic wind speeds. Actually, the wind speed values selected 
include the cut-in wind speed (equal to 5 m/s), the most approximate to 
the rated wind speed value (equal to 13 m/s) and the maximum wind 
speed for which experimental data are available (equal to 17 m/s), 
belonging to the WT constant power output region. Figs. 5–10 depict the 
wake models’ outcome and their relevant average percentage deviations 
for the aforementioned upstream wind speeds. 

The majority of wake models examined present the least percentage 
deviation (Fig. 5) from the experimental data for downstream distance 

between five and seven "x/D", being usually the most probable location 
of the second WTs row. It is characteristic that in this specific region the 
Frandsen et al. the Ishihara et al. and the Bastankhah & Porté-Agel 
models present percentage deviations less than 8%. As the downstream 
distance increases further, the wake models outcome deviation from the 
experimental data increases also. It is also worthwhile to notice that for 
the upper limit of the wake region investigated (downstream distance 
equal to twelve "x/D"), only one out of the nine wake models examined 
presents an acceptable percentage deviation (the Dhiman et al. model in 
the order of 1.5% magnitude). The rest wake models examined depict 
percentage deviations in the range [8%–21%]. This last remark is 
considered quite critical as the wind speed investigated coincides with 
the cut-in wind speed of the WT examined (a crucial parameter for the 
WT’s controller operation), being the lowest limit for the pertinent en-
ergy generation calculations inherent in each wind power project 
economics. 

As a consequence of the low upstream wind speed the WT-generated 

Fig. 16. Comparison of estimated and LES data for upstream wind speed equal to 9 m/s and surface roughness equal to 0.005 (Case study#3).  

Fig. 15. Comparison of estimated and LES data for upstream wind speed equal to 9 m/s and surface roughness equal to 0.05 (Case study#3).  
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turbulence is prevalent, while the wind flow is characterized as unstable. 
The Bastankhah & Porté-Agel, the Frandsen et al. and the Ishihara & 
Qian models depict (Fig. 6) the most accurate predictions, with a total 
average percentage deviation approximating 8%. Contrarily, the Katic 
et al. model presents the greatest deviation, with a value approaching 
21%. 

The second wind speed case investigated lies in the constant power 
segment of the WT power curve and is close to the rated wind speed. For 
downstream distance in the region between seven and twelve "x/D", the 
majority of wake models examined present the least percentage devia-
tion from the experimental data (Fig. 7). It is also noteworthy that for the 
upper limit of the wake region investigated (downstream distance equal 
to twelve "x/D"), six out of the nine wake models examined present an 
acceptable percentage deviation. These are the Jensen, the Frandsen 
et al. the Ishihara et al. the Bastankhah & Porté-Agel, the Xiaoxia et al. 
and the Ishihara & Qian models. However, for the aforementioned upper 

limit, all wake models examined generated values less than the rated 
wind speed as outcome, a fact that is also considered crucial for the WT’s 
controller adjustment and the power regulation strategy adopted. 

The higher upstream wind speed value examined leads to a better 
models’ performance. Four out of nine wake models (the Jensen, the 
Frandsen et al. the Xiaoxia et al. and the Ishihara & Qian models) present 
acceptable percentage deviation (lower than 8%) for the entire down-
stream area analyzed (Fig. 8). The Ishihara & Qian model depicts the 
most accurate prediction, with an average percentage deviation 
approximately equal to 3.5%. 

As already mentioned, the wind speed case investigated lies 
completely in the constant power segment of the WT power curve. For 
the entire downstream region examined, the Katic et al. and the 
Frandsen et al. models depict quite accurate prediction of the wind 
speed development, presenting percentage deviations less than 3% 
(Fig. 9). Acceptable is also the outcome of the Tian et al. and the Ishihara 

Fig. 18. Average percentage deviation for all wake models and all surface roughness values (Case study#3). Note that the horizontal axis is not linear.  

Fig. 17. Comparison of estimated and LES data for upstream wind speed equal to 9 m/s and surface roughness equal to 0.00005 (Case study#3).  
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et al. models in the downstream distance between nine to twelve "x/D", 
of the Bastankhah & Porté-Agel model in the downstream distance be-
tween six to twelve "x/D" and of the Ishihara & Qian model in the 
downstream distances between eight to twelve "x/D". 

According to the authors’ experience, the even higher upstream wind 
speed retains the value of turbulence intensity at high levels. Seven out 
of nine wake models (excluding the Jensen and the Dhiman et al. 
models) present acceptable accuracy in their predictions (Fig. 10), with 
an average percentage deviation less than 8%. This is not the case for the 
Dhiman et al. wake model, presenting an average percentage deviation 
around 17%. Accordingly, the classical Jensen wake model presents an 
average percentage deviation approaching 11.5%. 

4.2. Case study#2 

As the downstream distance is considered constant during investi-
gation of Case study#2, it is more convenient to examine the percentage 
deviation variation as a function of the upstream wind speed for the 
entire range that experimental data are available, see also Equation (3). 
Thus, applying the analytical wake models equations, Fig. 11 gives an 
overview of the relevant percentage deviation of all wake models 
examined, while Fig. 12 presents separately the percentage deviation of 
the three best-performing wake models. Moreover, combining the in-
formation that can be inferred from Figs. 11 and 12, the average per-
centage deviation per upstream wind speed for all wake models 

Fig. 20. Total average percentage deviation for all wake models (Case study#1).  

Fig. 19. Percentage deviation per upstream wind speed and wake model in the wake area examined (Case study#1). Note: The green column represents the average 
percentage deviation of all wake models examined. 
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Fig. 22. Percentage deviation per wake model for all surface roughness values in the wake area examined (Case study#3). Note: The green column represents the 
average percentage deviation of all wake models examined. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 23. Average percentage deviation of all wake models (Case study#3).  

Fig. 21. Average percentage deviation for all upstream wind speeds per wake model (Case study#2).  
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examined, both including and excluding the two least accurate ones, is 
visualized in Fig. 13, in order to stress their influence on the relevant 
calculations. 

On the basis of calculation results obtained, the wake models output 
can be categorized in two main upstream wind speed areas, with the 
second one presenting the most interest as it includes the rated wind 
speed of the majority of commercial WTs. Hence, for all upstream wind 
speeds in the range [7–12] m/s, the majority of wake models examined 
(except the Jensen, the Frandsen et al. and the Ishihara & Qian models) 
present significant average percentage deviation, exceeding the value of 

8%. As the upstream wind speed increases further than the upper 
boundary of the aforementioned range, the average percentage devia-
tion decreases and tends to converge approximately to the value of 6%. 
More precisely, for the aforementioned range, the Xiaoxia et al. and the 
Dhiman et al. models depict the greatest deviation, while the Katic et al. 
and the Ishihara & Qian models seem to represent better the experi-
mental data of this Case study. 

On the other hand, the Jensen and the Frandsen et al. models present 
a completely different behavior. More precisely, for all upstream wind 
speeds in the range [7–11] m/s, the aforementioned models present 

Fig. 24. Average percentage deviation per wake model for all Case studies.  

Fig. 25. Average percentage deviation for all wake models per Case study.  
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acceptable average percentage deviation, in the order of less than 8%. As 
the upstream wind speed increases further than the upper boundary of 
the aforementioned range, the average percentage deviation rises 
significantly, exceeding the value of 15%. 

4.3. Case study#3 

In Figs. 14–17 one may find the difference between the estimated by 
the analytical models under evaluation and LES data for each surface 
roughness value examined. Accordingly, Fig. 18 presents the average 
percentage deviation for all wake models and all surface roughness 
values. 

According to the comparison included in Figs. 14 and 15 for rela-
tively high surface roughness values, most analytical models describe 
quite well the LES results, although their computational effort is more 
than five orders of magnitude lower. This is also the case for low surface 
roughness values (Figs. 16 and 17), however in these last two cases 
almost all analytical models seem to underestimate the wind speed 
deficit for the entire wake region examined. 

Finally, it is worthwhile to notice (Fig. 18) that an inverse relation-
ship characterizes the surface roughness impact on the relevant average 
percentage deviation for all wake models examined. More precisely, the 
percentage deviation increases as the surface roughness decreases. 

5. Discussion of wake models analyzed 

This Section has been structured in the same way as the previous one 
in order to provide further assessment and analysis of the results 
presented. 

5.1. Case study#1 

Variations are recorded between the wake models predictions con-
cerning the wake decay rate. There exist models that underestimate this 
wake decay rate, while others overestimate it. As the accuracy which the 
wake models present increases, the same is also noted for their ability in 
representing the experimental measurements. Fig. 19 depicts the vari-
ation of percentage deviation per wind speed and wake model, while 
Fig. 20 describes the cumulative average percentage deviation. 

The high values of percentage deviation which characterize the Katic 
et al. model in the upstream wind speed range [5–15] m/s, the Tian et al. 
model in the upstream wind speed range [5–11] m/s and the Dhiman 
et al. model for all upstream wind speeds, determine (Fig. 19) the 
increased average percentage deviation value (9.64%) for the wake area 
examined. The last value is greater than the average percentage devia-
tion of five out of nine wake models, while the Jensen model’s average 
percentage deviation is slightly greater than the average value, which is 
considered a significant outcome and explains the model’s use (with 
optimized equations) for commercial software development. The 
Frandsen et al. the Ishihara et al. the Bastankhah & Porté-Agel, the 
Xiaoxia et al. and the Ishihara & Qian models present even better results, 
with average percentage deviation values smaller than or approximately 
equal to the average value mentioned above. More precisely, their 
average percentage deviations are 5.7%, 9.8%, 6.9%, 7.8% and 4.4% 
respectively (Fig. 20). 

The discrepancies between the analytical wake models’ output and 
the experimental values are intensified as the upstream wind speed is 
decreased. The Ishihara et al. and the Bastankhah & Porté-Agel models 
outcome present the smallest variations for all upstream wind speeds 
examined. This is a noteworthy result, especially for the Ishihara et al. 
model, which can be mainly attributed to the model’s dependence on the 
turbulence intensity level. The same dependence is also noted for the 
Tian et al. model. Nevertheless, the last model presents greater 
variations. 

Summarizing, it can be concluded that for the wide range of exper-
imental data available, the majority of existing semi-empirical wake 

models describe the experimental data with acceptable accuracy for 
various upstream wind speed bins. Moreover, some of the available 
analytical models present maximum percentage deviation less than 8% 
for the entire experimental data range analyzed. 

5.2. Case study#2 

This Case study’s data are concentrated at a given downstream dis-
tance equal to five WT’s diameters. However, this downstream distance 
is one of most widely used during the wind park micrositing, while a 
wide range of incoming wind speed values have been investigated. 
Fig. 21 gives an overview of the average percentage deviation for all 
upstream wind speeds per wake model examined. 

The average percentage deviation for all wake models analyzed is 
equal to 9%. This value is greater than the average percentage deviation 
of six out of nine wake models. More precisely, the Jensen, the Katic 
et al. the Tian et al. the Ishihara et al. the Bastankhah & Porté-Agel and 
the Ishihara & Qian models present acceptable results, with average 
percentage deviation smaller than the average value. Their exact values 
are 8.3%, 6.8%, 7.9%, 8.8%, 8.6% and 3.8% respectively. It is note-
worthy also that the Katic et al. model provides more reliable output 
than the Jensen model, which is considered as its “ancestor”. In any case 
both analytical models describe fairly well the experimental data. 

5.3. Case study#3 

Fig. 22 depicts the average percentage deviation per wake model and 
surface roughness value for the wake area examined. To that end, Fig. 23 
demonstrates the average percentage deviation calculated for each wake 
model and all surface roughness values. 

The Katic et al. the Frandsen et al. the Bastankhah & Porté-Agel and 
the Ishihara & Qian models present steadily smaller average percentage 
deviations than the average per surface roughness value. The same is 
also valid for the Jensen model for the last three surface roughness 
values examined. On the other hand, the Tian et al. the Ishihara et al. 
and the Dhiman et al. models are characterized by relatively high 
average percentage deviations for the surface roughness values inves-
tigated. It is noteworthy that the average percentage deviation value for 
the Ishihara & Qian model for all surface roughness values examined is 
equal to 2.7%. 

5.4. Comparison of wake models’ outputs for all case studies 

Figs. 24 and 25 demonstrate the variations generated in wake 
models’ outputs for all Case studies examined. 

There is a remarkable similarity between the calculations conducted 
for all three Case studies investigated. Generally speaking, five out of 
nine wake models examined generate quite reliable predictions. More 
precisely, the Jensen, the Katic et al. the Frandsen et al. the Bastankhah 
& Porté-Agel and the Ishihara & Qian models present average percent-
age deviation less than 9%. Even the rest four models may improve their 
results by slightly modifying their numerical constants, while almost all 
analytical models examined present an overall deviation less than 
10.5%, being an acceptable value taking into consideration the wide 
range of tests carried out. In any case, Ishihara & Qian model gives 
surprisingly good results, while the most widely used in commercial 
software applications semi-empirical models of Jensen and Katic et al. 
provide a fairly well reproduction of reality. 

6. Conclusions 

The present work carries out a systematic analysis and comparison of 
nine commonly utilized analytical and semi-empirical wake models, 
deployed in order to represent the wind speed downstream the WT’s 
rotor. This comparison has been conducted considering various pa-
rameters retrieved from pertinent experimental scientific works, such as 
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the surface roughness, the spatial coordinates downstream the WT and 
the incoming wind speed. 

Quite interesting results have been produced on the basis of the 
present extended analysis, contributing into a better comprehension of 
the wake effect and its impact on the relative wind park’s micrositing 
optimization (in terms of cost and efficiency). The wake models devel-
oped by Jensen, Katic et al. Frandsen et al., Bastankhah & Porté-Agel and 
Ishihara & Qian are in line with the experimental or simulation data 
examined, as their calculated deviations are limited, not exceeding 9% 
maximum. Moreover, of paramount importance is the fact that the 
Jensen wake model, albeit its simplicity, limited number of required 
input data and easy implementation, has provided an acceptable (yet not 
perfect) representation of the wake development behavior. 

Any future work shall include further examination of the impact that 
dedicated parameters (such as the mixed turbulence intensity) may have 
on the models’ output. Excluding the quite accurate wake models of 
Bastankhah & Porté-Agel and Ishihara & Qian, all other examined wake 
models are characterized as “top-hat” shaped, entailing an inherent 
error in relevant energy estimation predictions. A further evolution of 
the Bastankhah & Porté-Agel and the Ishihara & Qian models will also be 
useful, as these specific models consider more specialized parameters in 
order to reproduce the downstream wind speed distribution. 

Recapitulating, the current work has presented the main parameters 
of nine well-established analytical wake models and has proved that 
there exist wake models that predict the wake development character-
istics downstream of a contemporary WT with acceptable accuracy 
(maximum percentage deviation 9%). Using available experimental 
data, emphasis has been put on analyzing the wake characteristics for 
distances used by the majority of wind parks’ developers between suc-
cessive WTs’ rows. The relatively low CPU time required and the suffi-
cient accuracy of the examined wake models, encourage their 
application for a preliminary wind parks’ micrositing investigation. To 
this end, their combined utilization with more complicated numerical 

simulation codes for subsequent in-depth analysis can be considered a 
rational approach, significantly reducing the entire computational 
effort. 
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Appendix A 

Appendix A presents the formulae that describe the numerical wake models developed. 

A.1. Jensen wake model 

The Jensen [48] wake model is considered to be the “ancestor” of modern numerical models, as most kinematic numerical wake models are an 
evolution or a more sophisticated approach of it. The Jensen is a 1-Dimension (1D) wake model which utilizes 2 formulae assuming a linear expanding 
wake diameter with a constant wind speed recovery (proportional to the downstream distance) and a “top-hat” distribution. This can be translated into 
a constant wind speed in the cross-wind direction, with changes appearing only in the streamwise direction [11]. The following formulae are 
applicable: 

Dw = 2*(k * x+ r0), (A.1)  

VDEF =U
[

1 −
2
3

(
r0

r0 + k*x

)2]

(A.2)  

where:Dw is the wake’s diameter. 

k is the wake expansion coefficient. 
x is the downstream distance. 
r0 is the WT rotor radius. 
VDEF is the wind speed deficit. 
U is the upstream wind speed. 
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Fig. A.1. Jensen wake model schematic representation [79].  

It has to be noted that the wake expansion coefficient k can receive various values, depending on local morphology and meteorological conditions. 
It is strongly affected by the WT-generated and the ambient turbulence levels [66,80]. An empirical expression for the wake expansion coefficient is 
[81]: 

k = κ*
[

loge

(
h
z0

)

−

(

ψm*
(

h
L

))]− 1

(A.3)  

where:κ is the von Karman constant (equal to 0.4). 

h is the WT hub height. 
z0 is the surface roughness. 

ψm*
(

h
L

)

is the local atmospheric stability correction factor at the given hub height. 

For onshore applications the suggested value is 0.075 [82], while for offshore ones the suggested value is 0.04 [28,83,84] or 0.05 [28,82]. It shall 
be mentioned also that the Jensen wake model is applicable for downstream distances greater than 3 times the WT rotor diameter (i.e. from the 
mid-wake area and onwards) due to assumptions for totally turbulent wake and negligible tip vortices contribution [17]. 

A.2. Katic et al. wake model 

The “top-hat” shaped distribution assumption made by the Jensen wake model was not considered totally realistic [28,42,[57,85,86]]. Katic et al. 
[49] stated that the aforementioned assumption leads to an estimation rather than an exact calculation of the energy output. To overcome this 
shortcoming, the authors evolved the Jensen wake model including actual WT physical characteristics and also attempted to represent the wake in an 
idealized way. Their assertion was supported by field measurements carried out by Vermeer et al. [16]. Thus, instead of using the common Gaussian 
distribution, the Katic et al. wake model assumes a constant wind speed inside the wake area [28]. The authors concluded to the following formula: 

1 −
VDEF

U
=

(
1 −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − CT

√ )

(

1 + 2*k*x
D0

)2 (A.4)  

where: VDEF is the wind speed deficit. 

U is the upstream wind speed. 
CT is the thrust coefficient. 
k is the wake expansion coefficient. 
x is the downstream distance. 
D0 is the WT rotor diameter. 

A.3. Ishihara et al. wake model 

Ishihara et al. [77] introduced a new numerical wake model for the wake development prediction considering the aggregated effect of both 
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ambient and WT-generated turbulence. Their model has been based on the experimental measurements of a small WT and can provide results for any 
value of thrust coefficient and ambient turbulence based on the following formulae: 

VDEF =

̅̅̅̅̅̅
CT

√
*U

32
*
(

1.666
k1

)2

*
(

x
D0

)− p

exp
(

−
r2

b(x)2

)

(A.5)  

b(x)=
k1*C

1
4
T

0.833
D1− p

2
0 *x

p
2, p = k2*(Ia + Iw) (A.6)  

Iw =
k3*CT

max(Ia, 0.03)

[

1 − exp
(

− 4 *
(

x
10*D0

)2)]

(A.7)  

where: U is the upstream wind speed. 

CT is the thrust coefficient. 
x is the downstream distance. 
D0 is the WT rotor diameter. 
Ia is the ambient turbulence intensity. 
k1 = 0.27, k2=6 and k3=0.004 are model coefficients. 

Ishihara et al. wake model is based on a Gaussian wind speed distribution, which in turn was validated via experiments carried out by Xie & Archer 
[87]. 

A.4. Frandsen et al. wake model 

Frandsen et al. [50] proposed the Storpark Analytical Model (SAM), aiming mainly to be used in large offshore wind parks wake modelling. The 
model was based on conservation of momentum equations [88]. As the Jensen and the Katic et al. wake models perform, SAM also assumes a “top-hat” 
shaped wake development. The following formulae are applicable: 

CT = a*(2 − a) (A.8)  

A0 =
π
4
*D2

0 (A.9)  

β=
1 +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − CT

√

2*
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − CT

√ , 0 < CT < 1 (A.10)  

Dnoj(x)=
(
1+

(
2 * anoj * s

))
*D0 (A.11)  

ΔU
U

= 1 − a*
A0

Anoj
= 1 − a*

D2
0

D2
noj

(A.12)  

where: U is the upstream wind speed. 

CT is the thrust coefficient. 
x is the downstream distance. 
D0 is the WT rotor diameter. 
H is the WT hub height. 
A is the WT rotor swept area. 
A0 is the wake swept area. 
anoj ≅ 0.05. 
a is the axial induction factor (a ≅ 10*anoj for large x and small CT values). 

A.5. Bastankhah and Porté-Agel wake model 

Bastankhah and Porté-Agel [28] developed a non-dimensional model to predict the wind speed distribution downstream a WT, which is also known 
as the Gaussian wake model [42]. The intrinsic innovation of this model is the implementation of 3D fluid flow coordinates (spanwise and vertical 
coordinates), which stems from the application of the conservation of mass and momentum theory with the assumption of a Gaussian distribution. This 
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was also verified by several wind tunnel experiments in the far-wake area [89]. It is worthwhile to mention that the model was implemented in later 
scientific works [42,90,91]. The following formulae are applicable: 

β=
1
2
*
1 +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − CT

√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − CT

√ (A.13)  

ε= 0, 2*
̅̅̅
β

√
(A.14)  

ΔU
U

=

⎛

⎜
⎜
⎜
⎝

1 −
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
CT

8*
(

k*x
D0

+ ε
)2

√
√
√
√
√

⎞

⎟
⎟
⎟
⎠
∗exp

⎡

⎢
⎢
⎣ −

1

2*
(

k*x
D0

+ ε
)2

((
z − h
D0

)2

+

(
y

D0

)2)

⎤

⎥
⎥
⎦ (A.15)  

where: U is the upstream wind speed. 

CT is the thrust coefficient. 
x is the downstream distance. 
D0 is the WT rotor diameter. 
h is the WT hub height. 
k is the wake expansion coefficient. 
z is the vertical coordinate. 
y is the spanwise coordinate. 

It is also worthwhile to notice that the Bastankhah and Porté-Agel wake model is valid for downstream distances greater than 3 times the WT rotor 
diameter [42]. Figure A.2 depicts the discrepancy in the calculation of a single WT’s wake development by the Jensen and the Bastankhah and 
Porté-Agel wake models.

Fig. A.2. Overview of a single WT’s wake development by (i) the Jensen and (ii) the Bastankhah and Porté-Agel wake models [42].  

For the sake of comparison convenience, during the evaluation process the spanwise coordinate has been taken equal to zero, while the vertical 
coordinate has been considered equal to the hub height of each case study examined. In this context, the hub height coordinate level is considered as 
the reference one. 

A.6. Tian et al. wake model 

Tian et al. [17] evolved the Jensen wake model by introducing a cosine shaped instead of a “top-hat” shaped wind speed distribution in the wake 
cross section, integrating also the surface roughness z0 into calculations in order to consider the effect of turbulence (both atmospheric and 
WT-generated) into the wake recovery process. The model is also known as Cosine wake model [41] and was based on the fact that the wind speed 
inside the wake area has an approximately Gaussian axisymmetric shape from a specific downstream distance and onwards [6,92]. In this context, the 
developers utilized a cosine function instead of a Gaussian distribution. Moreover, the wake decay became a variable parameter as, except for the 
ambient turbulence, the WT-generated turbulence as well as the shear-generated turbulence also influence the wake decay [80]. 

Two analytical sub-models have been developed, namely the 2D_Jensen model and the 2D_k Jensen model. The following formulae are applicable 
for the linear component u*and the radial component u calculated by the 2D_Jensen model: 
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rx = k*x + r0 (A.16)  

k =
0.5

ln
(

h
zo

) (A.17)  

a=
1 −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − CT

√

2
(A.18)  

r1 = r0*
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − a
1 − 2a

√

(A.19)  

u* =U*

⎡

⎢
⎢
⎣1 −

2*a
(

1 + k*x
r1

)2

⎤

⎥
⎥
⎦ (A.20)  

u=(uo − u*)cos
[

π
rx

r+ π
]

+ u* (A.21)  

where:U is the upstream wind speed. 

CT is the thrust coefficient. 
x is the downstream distance. 
h is the WT hub height. 
zo is the surface roughness. 
α is the axial induction factor. 
k is the wake expansion coefficient. 
r0 is the WT rotor radius. 
r is the wake radius, denoted as the distance between the WT rotor axis and the 1st point that the wind speed recovers its upstream value. 
r1 is the wake radius exactly behind the WT hub. 

The 2D_k Jensen model considers the interaction between ambient and wake turbulence. Based on this fact, "k" in the 2D_Jensen model is 
substituted with kwake which can be derived from the following formulae: 

Iwake =Kn*
CT

x/D0
+ Io (A.22)  

kwake = ko*
Iwake

Io
(A.23)  

where: Io is the upstream ambient turbulence intensity. 

Iwake is the wake’s turbulence intensity. 
k is the wake expansion coefficient (considered from 2D_Jensen model). 
Kn is equal to 0.4. 

It is worthwhile to notice that the 2D_k Jensen model is considered more reliable due to the adjustment of the wake expansion coefficient. Thus, it is 
this wake model that is examined in the calculations of the present work. A limitation of Tian et al. and Frandsen et al. wake models is that the average 
turbulence levels at downstream positions is calculated instead of the turbulence distributions [17]. 

The 2D_k Jensen model leads to a faster wake recovery and a greater wake expansion than the 2D Jensen model [17]. Moreover, during a set of case 
studies simulated, it was proved that the discrepancy between these two wake models is inversely proportional to the downstream distance. This can 
be attributed to the nature of the predominant turbulence intensity in each wake area (prevailing mixing of the ambient and the WT-generated 
turbulence in the near wake area in contrast to the prevalence of the ambient turbulence in the mid-wake area and onwards). 

A.7. Xiaoxia et al. wake model 

Based on the Jensen wake model and the theory of Gaussian distribution for the wind speed profile across the WT wake flow cylinder segment, 
Xiaoxia et al. [32] developed a 2D analytical wake model, which is also known as the Jensen-Gaussian wake model. This specific model presents similar 
characteristics with the Tian et al. wake model. In this context, a new empirical wake turbulence model has been additionally introduced in order to 
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consider the effect of both ambient and WT-generated turbulence. Thus, the same formulae are applicable except for the Iwake, which is calculated by 
the following formula: 

Iwake =

⎛

⎜
⎜
⎜
⎜
⎜
⎝

Kn*
CT

(
x

D0

)

(

1
2

) + I

(

1
2

)

0

⎞

⎟
⎟
⎟
⎟
⎟
⎠

2

(A.24)  

Moreover, the radial wind speed profile is calculated as follows: 

u= u0 −

⎛

⎜
⎜
⎜
⎜
⎝
(u0 − u*) *

5.16
̅̅̅̅̅̅̅̅
2*π

√ * e

− r2

2*

(
rx

2.58

)2

(A.25)  

Fig. A.3. Schematic drawing of Jensen (left) and Xiaoxia et al. (right) wake models [32].  

It is noteworthy that there is a remarkable physical meaning for each component of Equation (A.25), as it is depicted in the schematic of Figure A4. 
More information are also available in the initial work [32].  

Fig. A.4. WT wake characteristic parameters as per Xiaoxia et al. [32].  

For a large wind park, if either the Tian et al. or the Xiaoxia et al. wake models are utilized for a preliminary assessment, the parameter Kn is 
assumed equal to 0.4 [32]. 

A.8. Ishihara and Qian wake model 

Ishihara & Qian [55] introduced a new wake model which assumes linear wake decay, self-similarity and axial symmetry in the downstream region 
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of the WT, valid also for the Bastankhah and Porté-Agel wake model. The following formulae are applicable: 

k* = 0.11*C1.07
T ∗I0.2

α (A.26)  

ε= 0.23*C− 0.25
T ∗I0.17

α (A.27)  

a= 0.93*C− 0.75
T ∗I0.17

α (A.28)  

b= 0.42*C0.6
T ∗I0.2

α (A.29)  

c= 0.15*C− 0.25
T ∗I − 0.7

α (A.30)  

r =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

y2 + (z − h)2
√

(A.31)  

σ
D0

= k**
x

D0
+ ε (A.32)  

ΔU(x, y, z)
U

=
1

(

a +

(

b* x
D0

)

+ 1 + x
D0

)(

1 + x
D0

)(

1 + x
D0

)− 2))2*e

(

− r2
2*σ2

)

(A.33)  

where:U is the upstream wind speed (mean value at WT hub height). 

CT is the thrust coefficient. 
x is the downstream distance. 
D0 is the WT rotor diameter. 
h is the WT hub height. 
z is the vertical coordinate. 
y is the spanwise coordinate. 
Ia is the ambient turbulence intensity. 
σ is the representative wake length. 
r is the radial distance from the wake’s center. 
k*, ε, a, b, c are model coefficients. 

It has to be noted that the correlation of thrust coefficient and ambient turbulence intensity with the wake model’s parameters was validated 
against experiments and LES for both near-wake and far-wake areas [55]. 

For the sake of comparison convenience, during the evaluation process, the spanwise coordinate has been considered equal to zero, while the 
vertical coordinate was considered equal to the hub height of each case study examined. In this context, the hub height coordinate level has been 
assumed as the reference one. 

A.9. Dhiman et al. wake model 

Dhiman et al. [56] introduced a bilateral wake model for wind speed deficit calculation mainly at the far-wake area. Their model is also known as 
the Bilateral Gaussian wake model. Two reference wake models, the Jensen and the Frandsen et al. models, contributed as the basis for the development 
of the Bilateral Gaussian wake model, stemming from the fact that the Jensen model has upper-class time-complexity, while the Frandsen et al. model 
is characterized by great validation in the far-wake area (5–7 “x/D”). In this framework, the downstream area has been divided in two sub-areas with 
each one being evaluated independently by each dedicated wake model. The consolidation of the results led to the final mathematical formulae which 
characterize the wake model: 

σj =
r0 + k*x

̅̅̅
2

√ (A.34)  

σf =
r0 + k*x

2
(A.35)  

Aj(x, r)=
k

(
σj
r2

2

)*e
− r2

2*σ2
j (A.36)  
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Af (x, r)=

⎛

⎜
⎝1 −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⎛

⎝1 −
CT

2*
(

σf
r0

)2

⎞

⎠

√
√
√
√
√
√

⎞

⎟
⎠*e

− r2
2*σ2

f (A.37)  

Q(x, r)=Aj(x, r)*Af (x, r) (A.38)  

VDEF =U * (1 − Q(x, r)) (A.39)  

where: U is the upstream wind speed. 

x is the downstream distance. 
r0 is the WT rotor radius. 
k is the wake expansion coefficient. 
r2 is the wake radius just after the WT rotor (considered equal to r0). 
σj is the representative wake width of the Jensen model. 
σf is the representative wake width of the Frandsen et al. model. 
r is the radial distance from the wake’s center (considered equal to r0 + k*x). 
CT is the thrust coefficient. 
Aj(x, r) is the Jensen Gaussian component (as a function of longitudinal x and radial r distances respectively). 
Af (x, r) is the Frandsen et al. Gaussian component (as a function of longitudinal x and radial r distances respectively). 

Note that Aj(x, r) and Af (x, r) are multiplied to integrate each reference wake model’s individual advantages. 

Appendix B 

Appendix B provides the necessary information about the data sets used as the comparison basis during the evaluation of the case studies examined. 

B.1. Case study#1 

Figure B.1 visualizes the wake expansion for all wind speeds and downstream distances considered. Table B.1 depicts an overview of the input 
parameters that Gallacher & More [26] utilized.    

Table B.1 
Input parameters for Case study#1.  

Parameter Symbol Value 

Upstream wind speed Vo [5,7,9,11,13,15,17] m/s 
WT rotor diameter D0 116 m 
Thrust coefficient CT variable 
Wake expansion coefficient k 0.038 
WT hub height h 90 m 
Surface roughness z0 0.0002 m 
Ambient turbulence Ia 5%   
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Fig. B.1. Wake expansion for the entire wind speed range and downstream distances of Areva M5000-116 WT [26].  
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B.2. Case study#2 

Table B2 provides an overview of the input parameters used by Jeon et al. [27]. Figure B.2 visualizes the relevant wind speed deficit.  

Table B.2 
Input parameters for Case study#2.  

Parameter Symbol Value 

Upstream wind speed Vo [6–19] m/s 
WT rotor diameter D0 80 m 
Thrust coefficient CT variable 
Wake expansion coefficient k 0.075 
WT hub height h 70 m 
Surface roughness z0 0.08 m 
Ambient turbulence Ia [12%–13%]    

Fig. B.2. Wind speed deficit development data at 5.1 "x/D" downstream distance retrieved from Jeon et al. [27].  

B.3. Case study#3 

Table B.3 gives an overview of the input parameters used by Bastankhah & Porté-Agel [28]. Figure B.3 visualizes the relevant LES simulation data.    

Table B.3 
Input parameters for Case study#3.  

Parameter Symbol Value 

Upstream wind speed Vo 9 m/s 
WT rotor diameter D0 80 m 
Thrust coefficient CT 0.8 
Wake expansion coefficient k 0.05 
WT hub height h 70 m 
Surface roughness z0 [0.5, 0.05, 0.005, 0.00005] m 
Ambient turbulence Ia [13.4%, 9.4%, 6.9%, 4.8%]   
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Fig. B.3. LES simulation data retrieved from Bastankhah & Porté-Agel [28].  
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[92] Chamorro LP, Porté-Agel F. A wind-tunnel investigation of wind-turbine wakes: 
boundary-layer turbulence effects. Bound-Lay Meteorol 2009;132(1):129–49. 

J.K. Kaldellis et al.                                                                                                                                                                                                                             

http://refhub.elsevier.com/S1364-0321(21)00283-5/sref40
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref40
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref40
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref41
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref41
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref41
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref42
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref42
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref43
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref43
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref43
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref44
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref44
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref44
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref45
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref45
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref46
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref46
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref47
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref47
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref47
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref48
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref49
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref49
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref50
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref50
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref50
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref51
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref51
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref52
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref52
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref53
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref53
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref53
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref54
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref54
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref54
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref55
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref55
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref55
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref56
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref56
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref57
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref57
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref57
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref58
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref58
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref58
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref59
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref59
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref60
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref60
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref60
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref61
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref61
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref62
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref62
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref62
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref63
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref63
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref64
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref64
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref64
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref65
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref65
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref65
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref66
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref66
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref66
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref66
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref67
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref67
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref67
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref67
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref68
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref68
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref69
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref69
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref70
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref70
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref71
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref71
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref72
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref72
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref73
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref73
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref73
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref74
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref74
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref75
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref75
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref75
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref76
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref76
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref76
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref77
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref77
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref78
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref78
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref79
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref79
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref80
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref80
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref80
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref81
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref81
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref82
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref82
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref82
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref83
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref83
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref83
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref84
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref84
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref85
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref85
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref85
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref86
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref86
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref86
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref87
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref87
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref88
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref88
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref88
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref89
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref89
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref90
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref90
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref91
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref91
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref92
http://refhub.elsevier.com/S1364-0321(21)00283-5/sref92

	Critical evaluation of Wind Turbines’ analytical wake models
	1 Introduction
	2 Literature review on wake effect major parameters
	2.1 Wake effect parameters
	2.2 Wake modelling
	2.3 Wake models classification
	2.4 Wind wake management

	3 Evaluation methodology
	3.1 Wake models input parameters
	3.2 Data sets used as comparison basis
	3.2.1 Case study#1: comparison of wake models’ outputs with experimental measurements from a lidar device
	3.2.2 Case study#2: comparison of wake models’ outputs with measurements acquired at a specific downstream distance (5.1 "x ...
	3.2.3 Case study#3: comparison of wake models’ outputs with LES data for four different surface roughness values


	4 Calculation results
	4.1 Case study#1
	4.2 Case study#2
	4.3 Case study#3

	5 Discussion of wake models analyzed
	5.1 Case study#1
	5.2 Case study#2
	5.3 Case study#3
	5.4 Comparison of wake models’ outputs for all case studies

	6 Conclusions
	Data availability
	Funding
	Declaration of competing interest
	Acknowledgements
	Appendix A Acknowledgements
	A.1 Jensen wake model
	A.2 Katic et al. wake model
	A.3 Ishihara et al. wake model
	A.4 Frandsen et al. wake model
	A.5 Bastankhah and Porté-Agel wake model
	A.6 Tian et al. wake model
	A.7 Xiaoxia et al. wake model
	A.8 Ishihara and Qian wake model
	A.9 Dhiman et al. wake model

	Appendix B A.9 Dhiman et al. wake model
	B.1 Case study#1
	B.2 Case study#2
	B.3 Case study#3

	References


