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ABSTRACT: Numerical calibration of wind power is a critical strategy for mitigating power generation de�cits and

optimizing the micro-siting of wind turbine units. As wind energy development shi�s towards mountainous regions,

accurate assessment in these environments becomes increasingly challenging due to complex turbulence structures.

�is paper conducts a theoretical and numerical investigation of atmospheric boundary layer �ow in complex terrain.

Utilizing the industry-standardAskerveinHill benchmark for validation, we �rst evaluate the in�uence of top boundary

condition settings in rectangular �uid domains on the simulation accuracy of the equilibrium atmospheric boundary

layer. Subsequently, the study proposes a method to optimize the coe�cients of the k-ε turbulence model. By designing

nonlinear orthogonal experiments, the range of turbulence parameters is re�ned, and the spatial discretization error

is systematically analyzed to minimize the deviation in turbulent kinetic energy. �e results demonstrate that the

optimized turbulence model coe�cients signi�cantly improve the stability and accuracy of wind power density

calibration. Speci�cally, the proposed methodology e�ectively reduces the high prediction errors typically observed in

the leeward wake regions of mountains. Additionally, a hybrid grid strategy—combining unstructured grids near the

terrain surface with structured grids elsewhere—is recommended to balance computational e�ciency and accuracy.

�is study provides a robust engineering reference for wind resource assessment in complex topographical conditions.
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1 Introduction

Wind resource assessment is the foundational step in the development of wind power projects. Its

primary objective is to accurately quantify, analyze, and evaluate the density, distribution, and availability of

wind energy resources within a target region. With the re�ned advancement of the wind power market, the

exploitation of wind resources has progressively shi�ed from �at terrain—characterized by stable wind and

favorable construction conditions—to complexmountainous environments.�ese regions, however, present

challenges such as high turbulence and signi�cant construction di�culties. Furthermore, the assessment

process is o�en hindered by a lack of high-resolution terrain data, leading to compromised assessment

accuracy. Computational Fluid Dynamics (CFD) technology o�ers a solution by simulating �ow �elds

over complex topographies, such as mountainous and hilly regions, while explicitly accounting for the

aerodynamic e�ects of terrain undulations and obstacles to accurately predict wind speed and direction.

Consequently, conducting a reliability analysis of existing numerical calculationmethods for complex terrain

and developing an automated platform based on these optimized processes holds substantial research
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value and engineering signi�cance [1–5]. Recent studies have highlighted that uncertainty in wind resource

assessment remains a critical challenge, particularly regarding error distribution in leeward wake regions

and �ow separation zones [6–8].

�e application of CFD technology in numerical calculations of wind engineering is called “computa-

tional wind engineering”. Zou et al. [9] investigated the wind �eld characteristics of complex terrain based

on experimental and numerical methods, and Yoon [10] simulated the temporal characteristics of three-

dimensional turbulence over rough surfaces through DNS. At present, most of the numerical models used

for evaluating wind resources are CFDmodels. Song et al. [11] utilized elevation data to reconstruct complex

mountainous terrains and conducted numerical simulations of wind �ow parameters. Moreover, CFD can

depict the details of turbulent �ow under the in�uence of terrain and performs better than linear models in

the assessment ofwind resources in complex terrains. To furthermake theCFDmodelmeet the requirements

of actual wind �eld �ow, the researchers �rst studied the equilibrium atmospheric boundary layer that

needs to be considered most. Ayuso-Virgili et al. [12] evaluated the performance of four measure-correlate-

predict models for improving wind energy assessment accuracy. Shen et al. [13] developed an equilibrium

atmospheric boundary layer (EABL) model to improve the accuracy of wind �eld simulations.

To address the urgent need for the transformation of wind energy development and utilization

from �at terrain to complex terrain, and also to provide a complete database for verifying CFD models,

multiple �eld wind measurement experiments have been carried out internationally. Recent studies by

Ma et al. [14] have evaluated the performance of RANS turbulence models for predicting wind �ow

characteristics over typical complex terrains. Building on this, Bretos et al. [15] conducted an in-depth

analysis of wind farm �ow and wake characteristics in complex terrain by combining numerical simulations

with experimental measurements.

2 �eoretical Analysis

2.1 Characteristics of Atmospheric Boundary Layer Flow

�e atmospheric boundary layer is the lowest layer of the troposphere in the Earth’s atmosphere

and is directly in�uenced by factors such as surface friction, terrain undulations and vegetation. �e �ow

characteristics of the atmospheric boundary layer are mainly manifested as vertical variations in wind speed

and turbulent structures [16]. �ese characteristics determine the interaction between the surface and the

atmosphere and a�ect the practical application ofwind resource assessment. Under the cushion surface of the

atmospheric boundary layer (that is, the part below the free atmosphere), at the heightwhere thewind turbine

is located, the energy of turbulence comes from mechanical work and buoyancy work. In the atmospheric

boundary layer of stable strati�cation, turbulence is usually weak or completely absent, but there is a strong

wind shear between the upper and lower layers, which will generate shear gravity waves. When the shear is

large enough, the density is inverted, the amplitude of wave motion increases and breaks, and the broken

waves superimpose to form turbulence. �e formation of turbulence intensi�es the mixing of the upper and

lower layer �ows, thereby weakening wind shear.�emotion gradually returns to a state without turbulence,

thus repeating this cycle. Recent observations con�rm that turbulence generated by Kelvin-Helmholtz waves

is highly discrete in space (manifesting as tubes and knots) and intermittent in time [17].

�e main feature of the equilibrium atmospheric boundary layer is that the thermodynamic and

dynamic processes of the atmosphere are in a stable or quasi-stable equilibrium state, and the wind speed

pro�le is relatively stable, conforming to the commonly used logarithmic law distribution. �e stability

of the equilibrium atmospheric boundary layer simpli�es the CFD simulation process relatively, especially

when calculating wind speed distribution and turbulence intensity, reducing the complexity of the model.
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Under complex terrain conditions, the equilibrium state assumption, as the preliminary setting for numerical

calculation, can highly restore the atmospheric �ow characteristics of �at terrain, thereby improving the

numerical calculation accuracy of complex terrain conditions, as shown in Fig. 1.

Figure 1: Schematic diagram of atmospheric boundary layer �ow in equilibrium state

2.2 Classi�cation of Wind Farm Terrain

Measurement experiments show that when the windward slope is greater than 22○ and the leeward

slope is greater than 17○, the �ow shedding phenomenon will occur [18]. �erefore, in the industry, a slope

greater than 30○ is usually regarded as the dividing line between simple terrain and complex terrain. Based

on the boundary line rules and the geomorphic features of the terrain, the terrain has been further classi�ed.

Currently, there are mainly four types of terrain, namely �at terrain, simple mountain terrain, complex

mountain terrain, and special complex mountain terrain, as shown in Fig. 2.

3 Numerical Veri�cation of Wind Farms in Complex Terrain

�emethod for setting the optimal boundary conditions of the equilibrium atmospheric boundary layer

was applied to the numerical simulation of actual wind farms. CFD numerical calculations were conducted

on the actual windmeasurement project ASKERVEINMountain.�e calculation results were quantitatively

compared and analyzed with the measured wind speed to verify the reliability of the k-ε turbulence model

in the assessment of wind resources in complex terrain.

3.1 ASKERVEINMountain Wind Measurement Project

In order to provide certain data support for the numerical simulation of wind resource assessment

under complex mountain conditions, the wind resources research institution conducted a series of �eld

wind measurement experiments on ASKERVEIN Mountain on the west coast of South Euygett Island in

the Southern Hebrides of Scotland from September to October 1983. Fig. 3 shows the satellite location of

the mountain. �e mountain is 116 m high and almost elliptical in shape (with a long axis of approximately

2000 m and a short axis of about 1000 m).�emountain is relatively gentle with a lower slope.�e terrain in

the southwest is �at, while that in the northeast ismore complex. At present, both the surveying andmapping

data and the wind measurement data of this project are fully disclosed. �e experimental data studied in

this paper adopts the TU03-B data from the ASKERVEINMountain windmeasurement project (wind speed

data on 03 October 1983) [19].
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(a) Flat terrain (b) Simple mountainous terrain

(c) Complex mountain terrain (d) Special complex mountain terrain

Figure 2: Classi�cation of wind farm terrain

Figure 3: ASKERVEIN satellite location map

�e ASKERVEIN mountain wind measurement project has installed a total of 50 wind measurement

towers, evenly distributed at height of 10 m above the ground along the A-A, AA-AA, and B-B lines of the

mountain. �e intersection point of the B-B and A-A lines is the highest point HT of the mountain, with an

altitude of 126 m. �e intersection points of the B-B line and the AA-AA line are the second-highest point

CP of the mountain, with an altitude of 116 m. Point RS is an independent wind measurement point outside

the mountain, located 3000 m southwest of point HT. �e distribution positions of the wind measurement

towers on the mountain and the distribution positions of each characteristic point are shown in Fig. 4.



Energy Eng. 2026;123(10):17 5

Figure 4: Satellite contour map of the ASKERVEIN mountains

3.2 ASKERVEINMountain Geometry Modeling

�e physical mountain modeling so�ware in this paper adopts CATIA parametric modeling. Based

mainly on the published mapping data [20], combined with the ARCGIS satellite elevation map, the local

area is downloaded using the GlobalMapper so�ware.�e elevation �le was in DEM format and exported in

*.xyz format. �e elevation coordinates were extracted by interpolation in combination with the surveying

and mapping data. �e extracted mountain coordinate parameters are shown in Table 1.

Table 1: Extraction table of 3D coordinates of mountains

X Y Z

−102.07658 0 112.81997

0 1486.41057 −2.17414
411.94204 200.04875 −52.38479

. . . . . . . . .

1001.54274 450 −11.39956
1001.15304 450 −7.94825
1000.76333 450 −4.11347

Based on themountain point cloud coordinate data in Table 1, a 1:1 model of the ASKERVEINmountain

was conducted with the parametric modeling function of CATIA. Set the highest point HT of the mountain

altitude as the origin of the coordinate system (the intersection of the B-B line and the A-A line). �e �uid

�ow direction of the entire basin of themodel is east-west, and themountainmodel is distributed fromnorth

to south. �e numerical calculation of the mountain model is shown in Fig. 5.

Fig. 6 shows the contour line graph of the mountain geometric modeling. From the values in the �gure,

it can be seen that the highest point HT in the mountain geometric modeling is 126.7 m above sea level, with

an error of 0.56% compared to the actual altitude of 126 m. �e second highest point CP is 111.7 m above

sea level, with an error of 3.7% compared to the actual altitude of 116 m. It can be seen that the numerical

calculation model has relatively precise modeling accuracy at the mountain top.
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Figure 5: Geometrical modelling of the ASKERVEIN hill

Figure 6: Contour map for geometric modelling of ASKERVEIN mountains

3.3 Calculation Settings and Boundary Condition Settings

�e details of grid division and �uid �ow direction are shown in Fig. 7. Taking the highest point of the

mountain, HT, as the coordinate origin, it extends 5000 m in the north-south direction (Y-axis direction)

and 6000 m in the east-west direction (X-axis direction). �e height of the basin (Z-axis) is 1200 m. �e

calculation grid adopts a structural grid, and the total number of grids is 3.5× 107.While hybrid grid strategies

are o�en recommended for balancing surface stability [21], this study utilizes a high-resolution structural

grid validated for spatial discretization accuracy using methods similar to Richardson extrapolation [22].

�e details of grid division and �uid �ow direction are shown in Fig. 7.

�e numerical calculation was carried out using the FLUENT solver. �e ground was a non-slip solid

wall boundary. �e outlet boundary was set at the local meteorological data given atmospheric pressure of

1.013 × 105 Pa, and the wind speed direction was orthogonal to the inlet cross-section. �e inlet wind speed,

turbulent kinetic energy and its dissipation are all given by the UDF and satisfy the function distribution

constraints as shown in Eqs. (1)–(3) below. �e selection of these top and inlet boundary conditions is

critical formaintaining the equilibrium of the atmospheric boundary layer, as con�rmed by recent validation

studies [23].
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u = u∗

K
ln(z − z1

z0
) (1)

K =
⎧⎪⎪⎨⎪⎪⎩

u∗2√
Cµ
[1 − z−z1

h g
]2 z ≤ z1 + hg

0 z > z1 + hg

(2)

ε = u∗3

K (z − z1) (3)

In the formula,K is von Karman constant is taken as 0.4, z1 represents the altitude of the inlet boundary,

u* is the friction velocity, z0 is the roughness height taken as 0.03 m from the mapping data, and hg is the

thickness of the atmospheric boundary layer, which is calculated to be hg = 909.56 m based on the local

longitude and latitude. From Eqs. (1)–(3), it can be seen that the frictional velocity is directly related to

the velocity distribution at the inlet, the distribution of turbulent kinetic energy, and the distribution of

turbulent kinetic energy dissipation.�erefore, in order to accurately provide the expressions of the inlet and

outlet velocities, turbulent kinetic energy, and their dissipation, the accuracy of the value of the frictional

velocity needs to be improved. Most researchers conduct simulation calculations for complex terrain wind

�elds based on the wind speed data at �xed height in certain wind measurement point. �ey substitute the

�xed-height wind measurement data at one point into the constraint function to solve the friction velocity

u* with undetermined coe�cients. �e friction velocity or distribution solved by this prior method only

meets 100% accuracy at a �xed height, while the corresponding distribution errors at other positions are

relatively large. �e multi-point wind measurement data at di�erent elevations are adopted for function

�tting to ensure that the overall distribution has high accuracy, and then the value of the friction velocity

is determined by the function. Based on this method combined with the function expression structure, the

wind speed inlet distribution function as shown in Fig. 8 was obtained by �tting the windmeasurement data

at di�erent elevations of the on-site measured point RS (Table 2) with a custom function. It can be seen that

the correlation coe�cient accuracy between the �tted speed inlet wind speed function distribution and the

measured wind speed at di�erent heights reaches 99.4%, which can be used to solve the friction velocity of

the mathematical model.�erefore, by �tting the expression of the wind speed function, the friction velocity

can be calculated as 0.6117 (m/s). It should be particularly noted that its turbulent kinetic energy satis�es a

functional distribution when the height is less than or equal to the atmospheric boundary layer. When the

height is greater than the height of the atmospheric boundary layer, the actual observed turbulent kinetic

energy approaches 0. �erefore, processing is done as 0 here, and the turbulent kinetic energy dissipation

setting satis�es Eq. (3).

Figure 7: Schematic diagram of the computational domain of a mountain body
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Figure 8: Plot of measured wind speed �tting inlet wind speed function

Table 2: Mountain �eld wind measurement data sheet

Wind Speed (m/s)

Height (m) RS HT

3 7.1 15.71

5 7.86 16.38

8 8.44 16.3

10 9 16.2

15 9.35 16.63

24 10.19 16.15

34 10.84 15.77

To ensure the calculation accuracy, the RNAS algorithm is selected for the solution algorithm, and the

turbulence model is a two-way k-ε turbulence model. �e turbulence model is modi�ed to C1ε = 1.21;C2ε =
1.92;Cµ = 0.03; σk = 1.0; σε = 1.3.�e calculation is set to be based on the pressure-velocity coupled SIMPIEC

method. �e spatial discrete format adopts the second-order upwind mode, and the residual convergence

degree is set to 10−3. �e turbulent kinetic energy at the outlet is used as the monitoring quantity for

calculation and monitoring to ensure that the turbulent kinetic energy is fully developed and advanced to

the outlet for solution calculation.

3.4 Simulation Analysis

�e mountain is a�ected by the altitude gradient. Generally, the wind speed is higher at the top of the

mountain, while it is signi�cantly weakened on the leeward side. Fig. 9 shows the static pressure map of the

mountain surface. It can be seen from the �gure that the pressure on the windward side of the mountain
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is greater than that in other areas, while the relative pressure at the ridge is negative. �e pressure on the

leeward side is smaller than that on the windward side but greater than that at the ridge. �is causes the

�uid on the windward side to rapidly squeeze towards the ridge of the negative pressure area, resulting in

a rapid increase in wind speed at the ridge or the mountain top. Although the pressure on the leeward side

is slightly lower than that on the windward side, the cross-section behind the mountain is correspondingly

expanded and there is a �uid bypass phenomenon, so the �ow velocity is smaller than the wind speed on the

windward side.

Figure 9: Contour plot of static pressure on the mountain surface

As shown in Fig. 10a, it can be seen that the maximum CFD calculated wind speed of the wind �eld is

15.3m/s, and itsmaximumwind speed is located at the ridge or the top of themountain.�is further con�rms

the conclusion of the static pressure analysis that the wind speed on the leeward side is signi�cantly smaller,

indicating that the wind speed is blocked by the mountain. Due to the �uid �ow around, the wind speed is

signi�cantly reduced on the leeward side. From the density of the velocity contour lines in the �gure, it can be

seen that the contour lines at the mountain top are relatively dense, indicating that the ridge is a high-wind-

speed area. Although the wind speed on the windward side is also relatively high, the distance between the

wind speed contour lines is too scattered, indicating that the wind speed distribution gradient is small. On

the leeward side of the mountain, the wind speed is more variable due to the increase in turbulence. From

the wind speed cloud maps at various heights in the comprehensive Fig. 10, it can be seen that as the height

increases, the density of the contour lines gradually decreases. From this, it can be analyzed that the e�ect of

the �uid on the windward side squeezing towards the ridge gradually weakens as the height increases. �e

wind speed at the top of the mountain gradually stabilizes. For the �uid on the leeward side, the turbulence

degree also gradually weakens as the height increases. A�er reaching a certain height, the in�uence of the

mountain terrain on the �uid disappears and tends to be laminar �ow.

Due to the fact that ASKERVEIN Mountain is constantly hit by southwest winds, which are almost

parallel to the A-A line and AA-AA line of the mountain, and the wind measurement towers of the project

are evenly distributed along the A-A line and AA-AA line, almost orthogonal to the measured wind, etc.

�erefore, by comparing and analyzing the simulated wind speed data of the mountain section along the

A-A line and the mountain section along the AA-AA line with the measured data, not only can the error

analysis of the calculation results of the numerical algorithm adopted in this paper be further conducted, but

also the interference of wind direction on the wind speed simulation can be e�ectively ignored, making it

more of engineering signi�cance. As shown in Fig. 11a, the wind speed at the A-Amountain section follows A

logarithmic rate distribution along height, which is consistent with the experimental observations.Moreover,

the highest wind speed point is the highest altitude point HT, with A wind speed of 15.3 (m/s). Combining
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the measured wind speed data, it can be inferred that the simulation error of the wind speed at this point is

2.6%. Here, it is assumed that the experimental error is 0. For the same reason, as shown in Fig. 11b, the error

estimation of the second-highest point CP of the mountain altitude on the AA-AA line was conducted, and

the simulation error of this point was obtained to be 4.9%.�erefore, it can be seen that the simulated wind

speed has high accuracy at the summit.

(a) 3 m above the ground (b) 5 m above the ground

(c) 8 m above the ground (d) 10 m above the ground

Figure 10: Wind speed cloud at di�erent elevations of the mountain

(a) A-A cross-section (b) AA-AA cross-section

Figure 11: Wind speed cloud map

To assess the calculation error of the simulated wind speed as comprehensively as possible, the

distribution positions of the windmeasurement towers along the A-A line andAA-AA line [24] were selected

as feature points to conduct multi-point comparisons between the simulated wind speed and the measured

wind speed, and the comparison results in Fig. 12a,b was obtained. It is found from the error calculation of

multiple feature points that the simulatedwind speed errors of each point on theA-A line and theAA-AA line

can be maintained within 8%, and the wind speed variation trend is basically consistent with the change of

mountain altitude, which is in line with the overall trend of the actual observation and experimental results.
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�erefore, it can be seen that this numerical calculation model has high reliability and can be used for the

mutual deduction of wind speed in actual wind engineering calculations.

(a) Lines A-A (b) AA-AA line

Figure 12: Wind speed comparison chart

4 Reliability Analysis of Turbulence Model Parameters

From the previous research and analysis, it can be known that under complex terrain conditions, the

simulation error of wind speed is greatly a�ected by turbulence parameters. In the later stage of wind resource

assessment work, it is necessary to correct the calibration error of the wind power curve, which requires

the simulation calculation results to maintain a relatively small average error. �erefore, with the aim of

reducing the simulation error of wind speed and the �uctuation of its error, the parameters of the turbulence

model were optimized and analyzed under complex terrain conditions, and the optimal coe�cient under

this condition was obtained.

4.1 Reliability Selection of Turbulence Parameters

Under numerical calculation, to optimize the reliability of turbulence parameters, it is necessary to

de�ne the range of turbulence parameter values that are relatively reliable for numerical calculation based

on complex terrain conditions. Turbulent kinetic energy introduces the most signi�cant uncertainty in

�ow �eld calculations.Sensitivity analyses indicate that standard turbulence model parameters o�en lead to

prediction deviations in complex terrain, necessitating speci�c coe�cient corrections [25,26]. It is observed

that the errors in wind speed and turbulent kinetic energy dissipation are strongly correlated with the

turbulent kinetic energy error. �erefore, to minimize calculation deviation and enhance stability, the

standard deviation of the turbulent kinetic energy error is selected as the primary objective function for

optimization.�erefore, in order to further reduce the calculation error and improve the stability of the error,

the standard deviation of the turbulent kinetic energy error should be taken as the basis for correction.

In numerical calculations, turbulent kinetic energy is expressed as

k = 3

2
(UI)2 (4)
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In the formula, k is turbulent kinetic energy, with the unit of (m2/s2); I =
√
(u2 + v2 +w2)/3

U
is the turbulence

intensity, and u, v, and w are respectively the three-dimensional pulsating wind speed components, with the

unit of (m/s). U is the average wind speed, measured in (m/s).

To ensure the engineering accuracy of the selection range of turbulent kinetic energy, the physical

locations of the characteristic points are in accordance with the “Wind Energy Measurement Method for

Wind Farms” speci�cation.�e turbulent kinetic energymeasurement data of theASKERVEINMountainA-

A line at height of 10 m above the ground are shown in Table 3. By adjusting the parameters of the turbulence

model for calculation, it was found that the lowest simulated average error of the turbulent kinetic energy

at the selected feature points was 9.23%.�erefore, taking the turbulent kinetic energy error less than 9.23%

as the division standard, the value range of the turbulence model coe�cients was divided. �e obtained

turbulence model coe�cient values were Cµ within the range of [0.03, 0.09]. σk is within the range of [0.3,

1.3], σε is within the range of [0.6, 1.6], C1ε is within the range of [1, 1.6], C2ε is between [1.65, 2.25].

Table 3: Measurement of turbulent kinetic energy on line A-A of ASKERVEIN Hill at 10 m above ground level

�e distance

from point HTm

Average wind

speed m/s

Turbulence

intensity u

Turbulence

intensity v

Turbulence

intensity w

Turbulent kinetic

energy m2/s2

−350 7.2 0.174 0.145 0.081 0.028931

−200 10.5 0.107 0.107 0.054 0.012907

−100 13.2 0.080 0.093 0.044 0.0084925

HT 16.2 0.068 0.064 0.036 0.005008

100 12.0 0.146 0.084 0.044 0.015154

200 5.6 0.458 0.269 0.158 0.15354

400 3.0 0.668 0.606 0.402 0.487532

4.2 Optimization and Correction of Turbulence Parameters

As can be seen from the above text, during the process of dividing the reliability range of turbulence

parameters, the minimum error turbulence parameter setting range under the same numerical calculation

conditions has been found. To further enhance the error stability of the numerical calculation results, this

section will, within the selected turbulence model parameter range, continuously reduce the average error

standard deviation of the turbulent kinetic energy of the characteristic points to improve the error stability

of its numerical calculation. When the standard deviation of the simulation error of the turbulent kinetic

energy at the characteristic point is the smallest, it can be regarded as the turbulence parameters have been

optimized and corrected, and this turbulence coe�cient can be used for the mutual deduction of wind speed

in actual engineering calculations. According to the three-dimensional expression of the turbulence model

in the previous text, it can be seen that the in�uence of turbulence parameters on numerical calculation is

nonlinear.�erefore, in the process of turbulence parameter optimization, the in�uence of a single parameter

cannot be considered only, but rather the combination of various parameters is needed to �nd the optimal

solution.�is optimization strategy aligns with recent �ndings aimed at enhancing CFD simulation accuracy

through algorithm-based parameter tuning [27]. �erefore, �ve values were uniformly selected within the

parameter range, as shown in Table 4. �e turbulence parameters were optimized and corrected based on

the 5-factor 5-level values formed in Table 5. A preliminary orthogonal experiment was conducted under

the ASKERVEIN mountain condition. �e new value range was further divided from the error analysis,

and multiple rounds of orthogonal experiment calculations were carried out until the standard deviation no
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longer decreased further, thereby completing the optimization and correction of the turbulence parameters.

�e orthogonal experiment values are shown in Table 5.

Table 4: Table of parameter values

Horizontal value Cµ σk σε C1ε C2ε

1 0.09 1.3 1.6 1.6 2.25

2 0.075 1.05 1.35 1.45 2.10

3 0.06 0.80 1.10 1.30 1.95

4 0.045 0.55 0.85 1.15 1.80

5 0.03 0.3 0.6 1.0 1.65

Table 5: L25 (5
5) Orthogonal table

No. Cµ σk σε C1ε C2ε Standard deviation of turbulent kinetic energy error

1 1 1 1 1 1 0.04669

2 1 2 3 4 5 0.04514

3 1 3 5 2 4 0.04513

4 1 4 2 5 3 0.06511

5 1 5 4 3 2 0.05504

6 2 1 5 4 3 0.05512

7 2 2 2 2 2 0.03512

8 2 3 4 5 1 0.03510

9 2 4 1 3 5 0.03507

10 2 5 3 1 4 0.06501

11 3 1 4 2 5 0.03508

12 3 2 1 5 4 0.03507

13 3 3 3 3 3 0.04506

14 3 4 5 1 2 0.06503

15 3 5 2 4 1 0.05496

16 4 1 3 5 2 0.04504

17 4 2 5 3 1 0.03503

18 4 3 2 1 5 0.03502

19 4 4 4 4 4 0.02498

20 4 5 1 2 3 0.05490

21 5 1 2 3 4 0.02515

22 5 2 4 1 3 0.03496

23 5 3 1 4 2 0.02494

24 5 4 3 2 1 0.02490

25 5 5 5 5 5 0.02482

As can be seen from Table 5, the standard deviation of some parameter combinations is relatively large.

�erefore, new value ranges are divided based on the corresponding combinations with smaller standard

deviations, and orthogonal experiments are conducted. By the third round of calculation, it was found
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that the standard deviation no longer decreased further, and the �nal corrected turbulence coe�cient was

obtained as Cµ = 0.03;Cε1 = 1.10;Cε2 = 2.15; σk = 0.85; σε = 0.90.
4.3 Comparative Analysis of Wind Power Calibration

Wind power calibration plays an irreplaceable role in wind resource assessment. It not only provides

quanti�ed wind energy resource indicators to guide the site selection of wind farms and the selection and

layout of wind turbine generators, but also enhances the accuracy and reliability of wind resource assessment,

supporting the planning and operation of wind power projects. �erefore, during the development of wind

power projects, great importance should be attached to the calibration of wind power to ensure the reliability

of its assessment results.

Wind power refers to the energy that the air�ow possesses when passing through a certain cross-

sectional area at a certain speed within a unit of time. It can also be understood as the power captured by the

wind turbine from the wind and converted into useful work.�emagnitude of wind power is closely related

to factors such as wind speed, air density, and the capture e�ciency of wind turbines. Taking the feature

points selected in Fig. 4 as an example, numerical calculations were carried out using di�erent turbulence

model coe�cients (the coe�cient values are shown inTable 6. Referring to the speci�cation “Numerical Field

CalibrationMethod for Power Performance Testing ofWind Turbine Generators inWind Power Generation

Systems”, the numerical calculation results at di�erent elevations were selected for the analysis of wind power

density calibration errors to verify the actual e�ect of the optimized and corrected turbulence parameters.

Table 6: Table of values for k-ε turbulence model parameters

Turbulence parameters Cµ σk σε C1ε C2ε

Default coe�cient 0.09 1.0 1.3 1.44 1.92

Literature coe�cient 0.03 1.0 1.3 1.21 1.92

�e coe�cient of this article 0.03 0.85 0.90 1.10 2.15

It can be seen from Fig. 13a,b that at the wind measurement points a and a1 in front of the mountain,

under the default turbulence coe�cient, the maximum wind power density error is approximately 55% at

distance of 3 m from the mountain surface, and the minimum wind power density error is approximately

30% at distance of 34 m from the mountain surface. Under the turbulence coe�cient in the literature, the

maximum wind power density error is approximately 48% at distance of 3 m from the mountain surface,

and the minimum wind power density error is approximately 22% at distance of 34 m from the mountain

surface. Under the corrected turbulence coe�cient in this paper, the maximum wind power density error

is approximately 29% at distance of 3 m from the mountain surface, and the minimum wind power density

error is approximately 20% at distance of 34 m from the mountain surface. It can be seen from Fig. 13c,d

that at the wind measurement points b and b1 on the mountain top, under the default turbulence coe�cient,

the maximum wind power density error is approximately 48% at distance of 3 m from the mountain

surface, and the minimum wind power density error is approximately 35% at distance of 34 m from the

mountain surface. Under the turbulence coe�cient in the literature, themaximumwind power density error

is approximately 44% at distance of 3 m from the mountain surface, and the minimum wind power density

error is approximately 29% at distance of 34 m from the mountain surface. Under the corrected turbulence

coe�cient in this paper, the maximum wind power density error is approximately 30% at distance of 3 m

from the mountain surface, and the minimumwind power density error is approximately 20% at distance of

34 m from the mountain surface. It can be seen from Fig. 13e,f that at the wind measurement points c and
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c1 behind the mountain, under the default turbulence coe�cient, the maximum wind power density error

is approximately 71% at distance of 3 m from the mountain surface, and the minimum wind power density

error is approximately 56% at distance of 34 m from the mountain surface. Under the turbulence coe�cient

in the literature, the maximum wind power density error is approximately 68% at distance of 3 m from the

mountain surface, and the minimum wind power density error is approximately 49% at distance of 34 m

from the mountain surface. Under the corrected turbulence coe�cient in this paper, the maximum wind

power density error at distance of 3 m from the mountain surface is approximately 47%, and the minimum

wind power density error at distance of 34 m from the mountain surface is approximately 39%.

Based on the comparative analysis of Fig. 13, it can be known that the error in front of the mountain <
the error at the top of the mountain < the error behind the mountain. �e error behind the mountain is the

largest, which is caused by excessive turbulence behind the mountain due to �uid disturbance. However, the

calculation errors at di�erent elevations of the same plane position decrease with the increase of height, and

the error trend is isotropic.

(a) Point a (b) Point a1

(c) Point b (d) Point b1

Figure 13: (Continued)
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(e) Point c (f) Point c1

Figure 13: Comparison chart of calibration errors of wind power density at di�erent elevations

From the analysis of the above comparison results, it can be known that the numerical calibration

of wind power density in complex terrain conditions is greatly a�ected by the terrain surface. �e error

magnitudes at di�erent position points are di�erent, and the error at di�erent elevations of the same plane

position decreases with the increase of height. �e revised turbulence coe�cient in this paper performs

better than other coe�cients in terms of error stability at di�erent positions and elevations, and has higher

reliability in the mutual inference of wind speed in actual wind resource assessment.

5 Conclusion

�enumerical calibration ofwind power in complex terrains is signi�cantly in�uenced by topographical

features.�e error distribution varies spatially: the calculation error isminimized at the windward foot of the

mountain and maximized in the leeward wake region. At a given horizontal location, the error diminishes

with increasing altitude. Regarding grid strategies, while structured grids o�er high accuracy in the free

stream, they exhibit lower stability near complex terrain surfaces compared to unstructured grids.�erefore,

a hybrid grid strategy—employing unstructured grids near the terrain surface and structured grids in the

rest of the computational domain—is the optimal choice for engineering calculations.

�rough computational analysis, the Richardson extrapolation method was proven e�ective in eval-

uating spatial discretization errors. Furthermore, the setting of the top boundary condition signi�cantly

impacts the simulation of the equilibrium atmospheric boundary layer. Results indicate that the velocity inlet

condition is the optimal setting, followed by the symmetry boundary condition. Applying these boundary

settings to actual complex terrains e�ectively improves the accuracy of numerical simulations.

Crucially, correcting the coe�cients of the k-ε turbulence model is essential for complex terrain

conditions.�e optimized turbulence coe�cients provide more stable numerical results in the calibration of

power density values. �is optimization strategy aligns with recent �ndings on improving CFD simulation

accuracy in complex terrain, and e�ectively addresses the uncertainty factors in wind resource assessment

highlighted in recent studies. However, it is important to note that the speci�c turbulence coe�cients

optimized in this study are based on the Askervein Hill benchmark. While these values are highly e�ective

for similar complex terrains, applying them directly to signi�cantly di�erent topographies may carry an

over�tting risk. �erefore, the core contribution of this work is the nonlinear orthogonal optimization
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methodology itself. In practical engineering applications, it is recommended to use this methodology to

recalibrate turbulence parameters based on local �eld measurement data to ensure universal applicability.
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