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This study presents a quantitative comparison between the Jensen and Ishihara wake models to assess their impact on power output in wind 
farms. Both models were applied in a MATLAB-based simulation environment using pseudo-random number generation to optimize the 
configuration of 30 ENERCON E2 turbines on a 100-cell grid. Wind speeds between 7 m/s and 12 m/s were simulated. The Ishihara model 
predicted 57.96 MW at 12 m/s, corresponding to a 2.09% reduction in power, while the Jensen model predicted 55.71 MW, corresponding to 
a 5.89% reduction. For the Jensen model, the wake radius at x/D=10 was 4.53; for the Ishihara model, it was 2.05. The results show that the 
Ishihara model provides more accurate predictions of wake behavior and energy yield. At wind speeds close to the rated value (13 m/s), where 
wake effects become insignificant, both models agree. These results highlight the need to select an appropriate wake model in the design of wind 
farms to achieve optimal turbine placement and accurate energy predictions.
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1. Introduction 

Researchers have extensively studied wind farm wake ef-
fects. Studies have examined how changes in wind speed 
affect energy generation, rotor loads, wake morphology, 
and wake evolution. Models based on the Navier-Stokes 
equations as well as empirical-analytical models have been 
created among others [1]. Among these models, analyti-
cal wake models offer several advantages over CFD models: 

•	 Analytical models use simplified equations and, in con-
trast to CFD simulations, which are more demanding, 
especially at high resolutions—require less computing 
power and time.

•	 Unlike CFD models, which become difficult to modify, 
adaptable models can readily accommodate changes in 

wind speed, terrain, or wind turbine layout without re-
quiring a complete model redesign. 

•	 Analytical models depend on simplified assumptions 
and require less input data. CFD models require more 
comprehensive data.

•	 Speed: While CFD models might take much longer to 
provide correct results, they offer results quickly.

•	 CFD models are better for large-scale studies; there-
fore, analytical models are ideal for global simulations 
of large wind farms [2]; they are ideal for local and in-
depth investigations.

Early in the 1920s, Gumilar et al. [3] and Lanchester [4] first 
experimented with wake modelling in their research. Their 
work set the stage for later studies of wake effects in wind 
farms and of wind turbine modeling.
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Extending the linear momentum actuator disc concept, Houlsby et 
al. [5] assessed the potential power accessible to tidal turbine arrays 
covering the whole cross-section of an open channel. Their simpli-
fied approach removes earlier constraints on array design and on the 
Froude number, and accounts for the effects of far-wake mixing on 
overall energy recovery. According to the research, the power out-
put of a turbine is very dependent on its area to the cross-section-
al area of the channel, sometimes known as its blockage ratio. The 
peak power coefficient rises from 0.60 to 0.93 as the blockage ratio 
goes from 0.05 to 0.20. An additional 3% benefit follows a rise in 
the Froude number. The results indicate that turbines having small-
er thrust coefficients and larger blockage ratios are more efficient 
because they minimize wake-mixing losses in proportion to the en-
tire extracted power. Originally, wind wake investigations employed 
simple mathematical models such the Jensen model [6], which pro-
jected the downstream reduction in wind speed using a stationary 
methodology. Later, this model was improved by semi-empirical 
methods such the Larsen model [7], which more realistically repre-
sented scattering occurrences.

This study analyzes and compares two wake models: the frequent-
ly used simple, linear Jensen model [6], and a more recent Ishiha-
ra model [8], which incorporates wind turbulence. These models, 
along with the characteristics of the ENERCON E2 turbine [6-10], 
are implemented in a program developed under MATLAB to eval-
uate the power generated based on different wind turbine config-
urations. The turbine layout is optimized using pseudo-random 
number generation. The results of the numerical simulation are then 
presented and analyzed.

2. Wake models

Wind farm design primarily uses the simplified Jensen model [6] be-
cause it is simple and easy to implement. It is derived from the linear 
expansion coefficient of a wake. It posits that the radius gradually in-
creases, while its influence diminishes with distance. Its precision is, 
however, constrained as this model does not well represent intricate 
events like turbulence and atmospheric boundary-layer influences.

The more comprehensive Ishihara model [8], on the other hand, de-
velops on the Jensen model by adding these effects. In a wind farm, 
where all turbines are identical and located at the same height, the 
downstream wakes are similar for each turbine. The power generat-
ed at that time is determined by the velocity deficit and the down-
stream distance: a turbine outside the wake maintains its peak per-
formance, whereas one within the wake loses power as the wind 
speed is reduced.

2.1. Jensen model

The simplified Jensen model [6] cannot accurately forecast wind 
farm power because it does not consider some important events like 
turbulence strength and interaction with the atmospheric boundary 
layer.

The wind speed within the wake, as illustrated in Figure 1 and dis-
cussed in references [11-17]:
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h= G 				    (1)

The wake radius in this model at a distance x is expressed as [12-
14]:

r R xw a= + 						      (2)

Figure 1. Physical model of the Jensen wake

3. Ishihara model

Including turbulence effects, the Ishihara model [8] builds on the 
Jensen model. It differentiates between ambient turbulence, caused 
by ground roughness and atmospheric conditions, and additional 
turbulence produced by an upstream wind turbine (Fig. 2). As a re-
sult, this approach enables improved prediction of downstream ve-
locity deficit and wake growth.

Figure 2. Physical model of the Ishihara wake

For this model, the wind speed in the wake is expressed by the equa-
tion (3)[18]:
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The wake diameter is given by [18]:

.D D K C D x0 833   w
T P P1
4
1

1 2 2= + - 					     (4)

The parameter p is a function of the ambient and added turbulence 
intensity, given by:

p k I Ia w2= +^ h 						      (5)

The ambient turbulence (Ia​) and the turbulence generated by the 
wake (Iw) are defined as follows:
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The coefficients k1, k2, k3 are 0.27, 6.0, 0.004 respectively [19-21].

4. MATLAB simulation setup

A MATLAB R2024b algorithm was developed to evaluate wake ef-
fects and optimize wind turbine placement within a wind farm. The 
simulation assumes a uniform and unidirectional wind flow, rep-
resenting the dominant wind direction across the site. Particularly 
in the sub-nominal region, where wake interactions are most pro-
nounced, wind speeds between 7 m/s and 12 m/s were considered 
representative of the operating conditions of the ENERCON E2 tur-
bine. The design of the wind farm was based on a grid of 100 iden-
tical square cells, each with dimensions of 10R × 10R. R denotes the 
length of the turbine blade. Thirty turbines were placed in the mid-
dle of the chosen cells. Wake-interaction calculations using both the 
Jensen and Ishihara models were performed; velocity deficits from 
multiple wakes were combined using the quadratic superposition 
approach. The simulation used pseudo-random number generation 
to look at different turbine layout ideas. The optimization objective 
was maximizing the wind farm’s entire power output; Convergence 
was attained when the optimal setup persisted constant over multi-
ple runs. For every layout, the effective wind speed at every turbine 
was computed utilizing the applied wake model; The turbine’s power 
curve was then used to estimate the matching power output. This 
setup under specific boundary conditions and realistic wind con-
ditions allowed a constant comparative evaluation of the two wake 
models.

4.1 Adopted wind turbine features

The simulations in this research are based on an Enercon E2 hori-
zontal-axis wind turbine [6]; its specifications and power curve are 
shown in Table 1 and Figure 3.

Table 1. Features of the Enercon E2 turbine

Characteristics Values

Rotor Diameter
Hub height

Number of blades
Cut-out speed
Rotation speed
Nominal power

Direction of rotation
Swept area

Wind speed at nominal 
power

82 m
85 m

3
28 - 34 m/s

6 - 18 rpm (variable)
2050 kW

Clockwise
5281 m²
13 m/s

Figure 3. Power curve of the ENERCON E2 turbine [6]

Song [22] presented a two-level optimization model combining tur-
bine placement with cable layout to maximize total profit by min-
imizing both cable cost and power loss, using an enhanced differ-
ential evolution and Dijkstra-based algorithm (IDEDA) in search 
of bettering wind farm layout optimization by tackling several as-
pects of the problem. Thomas et al. [23] created the Wake Expan-
sion Continuation (WEC) technique in reaction to the complexi-
ty of multi-modality in the optimization field. WEC progressively 
reduces the inflated wake diameter across numerous optimizations 
runs, thereby enabling gradient-based approaches to avoid local 
minimum and to find more generally optimal layouts. Song et al. 
[24] focused on how to make the most of the placement of turbines 
and active yaw control by using particle swarm optimization (PSO). 
This was done while considering that the wakes were asymmetrical 
and the wind direction varied. This was implemented to increase the 
annual amount of energy produced in ways that complemented each 
other. Although every study focuses on a different feature, advanced 
wake modeling and robust optimization techniques are their com-
mon thread, as they highlight economic constraints, search-space 
complexity, and operational control.
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5. Results and discussions

This study of the wake produced by a wind turbine, based on two 
different wake models, evaluates how the velocity deficit and wake 
expansion affect the aerodynamic performance of downstream tur-
bines. The upstream wind speed, rotor radius, and turbine spacing 
primarily determine these effects.

5.1. Wind speed ​​in the wake

Figure 4 shows how the velocity deficit in the single wake produced 
by the ENERCON E2 turbine changes as the wake models created 
by Ishihara and Jensen [6-8] assume uniform, unidirectional flow 
over the active disk with wind speeds ranging from 7 m/s to 12 m/s 
upstream of the leading wind turbine.

Figure 4. Speed ​​deficit as a function of dimensionless distance x/D

The findings draw attention to these points:

•	 The Jensen model, in its simplified form, predicts faster recov-
ery of speed in the wake. It also shows substantial re-acceler-
ation as early as x/D = 0.75. Beyond x/D = 10, the two models 
diverge to a lesser extent, indicating a gradual weakening of 
the wake’s effect on downstream equipment.

•	 The u/U ratio, which indicates how much faster the water 
moves in the wake than upstream, increases almost perfect-
ly linearly with the normalized distance x/D. Immediately 
downstream of the rotor, the velocity deficit is highest and 
progressively decreases owing to turbulent mixing, asymptot-
ically approaching its initial value.

•	 Beyond x/D = 10, the predictive variances of the two mod-
els are negligible, with a relative difference of roughly 1.36%, 
thereby verifying their convergence at large distances.

•	 In both analytical methods, consistent with the progressive 
dissipation of wake effects, the velocity field asymptotically 
approaches the upstream velocity as the distance from the 
turbine increases.

5.2. Wake radius

The wake radius is defined as the radial distance from the flow axis 
to the position where the velocity recovers to 99% of the upstream 
speed U. For velocities between 6 m/s and 11 m/s, uniform, unidi-
rectional flow across the active disk of the ENERCON E2 turbine 
will result in According to the Jensen and Ishihara models [6-8], 
Figure 5 illustrates the evolution of the wake growth rate Dw/D with 
respect to the reduced distance x/Dx.

Over the entire downstream range, the Jensen model consistently 
predicts a larger wake diameter than the Ishihara model projects. 
For example, for x/D=5, the Dw/D ratio reaches 1.69 according to 
Ishihara and 2.77 according to Jensen; at x/D=10, these values ​​are 
2.05 and 4.53 respectively. This difference is explained by the nature 
of the wake expansion: linear growth in Jensen’s model versus hy-
perbolic growth in Ishihara’s model (Figure 5).

Figure 5. Wake radius rate as a function of the normalized 
downstream distance x/D

The proposed wind farm is subdivided into a grid of 100 uniform 
cells. Thirty ENERCON E2 wind turbines were chosen and were 
possibly positioned at the centers of these cells. Considering the 
wake models of Ishihara [8] and Jensen [6], the pseudo-random 
generation approach helps to investigate several turbine configu-
rations. A program developed in MATLAB enables calculation of 
energy production for each configuration and identifies the optimal 
location that maximizes the power generated by all 30 turbines.

For uniform wind speeds between 7 and 12 m/s, after several iter-
ations, the two models converge on an identical optimal configu-
ration shown in Figure 6, where the symbols “Х” indicate turbine 
positions relative to the dominant wind direction.
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Figure 6. Optimal wind turbine layout with wind direction

The simulation results for the maximum power output and the pow-
er reduction rate of the two wake models in their optimal configura-
tions are presented in Table 2.

Comparing the maximum power of the wind farm with and without 
wake effects for both models, Table 2 clearly shows that the power 
reduction rate, ∆P/PWWE, decreases with increasing wind speed. In 
other words, the wake effect becomes less significant as wind speed 
increases. At 13 m/s, corresponding to the rated wind speed of the 
ENERCON E2 turbine, the nominal power of the wind farm, with-
out wake losses, is 61.5 MW. By extrapolating the trend from Table 2, 
the Ishihara model reaches approximately 94.2% of nominal capac-
ity (≈57.96 MW), while the Jensen model achieves 90.6% (≈55.71 
MW). These findings show that under or close to rated conditions, 
wake effects have a noticeably reduced impact, and the models ap-
proach the rated power restriction of the turbine.

The power curve leveling off and becoming almost constant as wind 
speed nears 13 m/s, which corresponds to the rated power output 
of 2.050 MW for the ENERCON E2 turbine (see Figure 5), helps 
to explain this trend. Beyond this point, the wake effect no longer 
influences the turbine’s power output or the rate of power loss.

The detailed Ishihara model is more optimistic and better suited 
than the Jensen model for the following reasons:

•	 Higher total power.
•	 Lower power reduction rate.

In addition to the core findings, a sensitivity analysis was performed, 
as shown in Figure 7, to evaluate the influence of inter-turbine spac-
ing on total power output. Increasing the distance between turbines 
by 20% led to a 6.3% and 4.7% drop in wake-induced power losses 
for the Jensen and Ishihara models, respectively. This means that 
the Jensen model is more affected by changes in spatial layout than 
the other model because it assumes that the wake spreads out in a 
straight line. The results also back up what Tian et al. [14] found 
earlier: that there was a 6-9% difference in overall power output 
between basic and advanced wake models in the same wind farm 
conditions. The higher predictive power of the Ishihara model is due 
in part to its consideration of ambient and additional turbulence ef-
fects, which accelerate wake recovery and reduce wake width, espe-
cially at speeds below the rated wind speed. These characteristics 
reduce overall velocity deficits and, therefore, increase energy pro-
duction. Furthermore, a key design insight is the convergence of the 
two models at 13 m/s: wake-induced losses are minimal at the rated 
wind speed; therefore, the best designs found using various models 
could perform similarly under those circumstances. The choice of 
wake model is crucial for accurate prediction of energy yield in wind 
farms that operate predominantly in the sub-rated zone. 

Table 2. Overview of maximum power output and associated power reduction rate

U(m/s) 7 8 9 10 11 12

P(MW)
Ishihara model 14.26 22.42 32.77 43.58 52.52 57.96
Jensen model 13.56 22.11 32.66 43.23 51.32 55.71

∆P/PWWE (%)
Ishihara model 9.21 9.24 8.30 6.56 4.27 2.09
Jensen model 13.62 10.50 8.61 7.35 6.46 5.89



1222Journal of Thermal Engineering, 12 (2026)

Figure 7. Comparison of power output and reduction rate for Jensen and Ishihara models

6. Conclusion

This research underlines the significant impact of wake effects on 
wind farm energy production through careful analysis of two refer-
ence models: Ishihara and Jensen. The results suggest that the wake 
effect is small beyond a certain distance because the wind speed de-
creases downstream and is most visible near the generating turbine.

Based on wake-width analysis, which reveals clear differences be-
tween the two models, the Jensen model predicts larger wake growth, 
whereas the Ishihara model predicts more moderate growth. Energy 
production is more efficient when using the Ishihara model; there-
fore, the turbine layout is directly affected.

Rising wind speed also caused the rate of power loss to fall; beyond 
13 m/s — the ENERCON E2 turbine’s rated speed — the loss was al-
most non-existent. The Ishihara model is a suitable choice for mod-
elling wake effects in wind farms, as simulations show that it yields 
greater total power and a lower rate of power reduction.

Several points should be considered. Uniform, unidirectional wind 
flow reduces the realism of wind conditions and could have affected 
the convergence of both models to the same configuration. The ab-
sence of experimental validation constrains the assessment of model 
accuracy in practical contexts. Using pseudo-random number gen-
eration for layout optimisation might not give the best results for the 
whole world, but it is good for comparison. Future studies that use 

wind roses, employ advanced optimization methods such as genetic 
algorithms, and verify results with real data will enhance the reli-
ability and utility of the findings.
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Nomenclature 
CT	      Trust coefficient
D	      Turbine diameter 
Dw	      Wake diameter
Dx	      Wake diameter at x position
Ia 	      Ambient turbulence intensity
Iw 	      Added turbulence intensity
K1, K2, K3    Coefficients of Ishihara model
P	      Power of wind turbine
PWWE            Power without wake effects
P	      Parameter 
∆P               Power reduction rate
R	      Turbine radius
rw	      Wake radius
x	      Wake downstream position
U	      Wind speed
Uw	      Downstream wind speed
Z	      Hub height
Z0	      Terrain roughness
a 	      Wake expansion coefficient
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