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Abstract

Pervasive micro-terrain is a significant contributor to wind disasters on transmission lines. This
study explores the effect of saddle micro-terrain on the wind field of transmission lines and proposes
relevant models and analysis methods. Firstly, the characteristic elements and parameters of saddle
micro-terrain are extracted using DEM and established representative cross-sections for
classification. Subsequently, a multimodal computational model is developed, considering the
geographical and meteorological features and the sag model of transmission lines under micro-
terrain. This study calculates wind field distribution and conductor wind loads for three types of
saddle micro-terrain conditions, revealing an exponential growth trend of wind loads with increasing
wind speeds. The results indicate that in transmission lines at saddle areas, the sag region does not
intrude into the boundary layer, with a wind speed growth rate of only 0.18, resulting in relatively
stable wind loads. In contrast, for transmission lines at saddle areas in secondary mountain ranges
and dual-mountain saddle regions, wind speed growth rates reach 0.97 and 1.53, respectively,
indicating higher disaster risks. This research provides a basis for distinguishing and disaster
prevention in mountainous transmission lines' micro-terrain variations, offering significant
contributions to enhancing wind-resistant design standards in mountainous regions.
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1 Introduction

As China's power grids continue to expand, the "14th Five-Year Plan" period prioritizes the
development of ultra-high voltage transmission lines and new energy generation. The proper site
selection plays a crucial role in facilitating long-distance UHV transmission and wind power
generation [1-3]. However, these developments will traverse areas with complex topography and
variable climate conditions [4, 5]. Micro-terrain in complex environments can cause changes in
certain meteorological factors, leading to small-scale micro-meteorological transformations in the
near-surface atmosphere that are challenging to identify through macro atmospheric parameter
characteristics.

The micro-terrain conceals abundant wind energy resources and poses extreme weather risks,
making it increasingly important to identify features of micro-terrain for the rapidly developing
globalized power grid. Operational data indicates that most sections where galloping, icing, and
wind deflection failures have occurred in the past decades are located within micro-topographic
regions. Therefore, its modeling and analysis method is essential for sustainable wind power
generation and ultra-high voltage transmission development.

Currently, within the realm of research about transmission line hazards, there are two primary
categories of research methodologies. The first category entails research grounded in statistical
modeling. In the literature, [6] and [7] employ a statistical model that relies on line failure rates and
weather modeling to evaluate the risk associated with transmission lines in the context of
meteorological hazards. However, this approach falls short in accounting for the nuanced influence
of micro-topographic factors on anomalies and exhibits a relatively modest level of resolution,
rendering it more suitable for broad-scale analyses. Turning to [8], it delineates ice-covered areas
within the grid using meteorological data. Nevertheless, due to a dearth of substantial ice-related
data, it relies solely on fundamental meteorological data to assess the impact on ice cover thickness.
As for [9], it employs the annual average daily distribution map of freezing rain to depict the
distribution of ice-covered areas. However, this study is limited by the number and distribution of
freezing rain observation points, preventing the creation of comprehensive nationwide statistics.
Lastly, [10] establishes an efficient early warning model of wind hazards, incorporating simplified
micro-topographic wind speed correction coefficients, 24-hour weather forecasts, and transmission
line tower data. However, for computational efficiency, these wind speed correction coefficients
have been engineered for simplification, rendering them more suitable for large-scale wind hazard
early warning systems. [11] provides a robust analysis for the design and reliability assessment of
high-voltage transmission lines in the mountainous terrain of Canada by integrating advanced
statistical methods to estimate wind speed, temperature, and precipitation rates. The empirical
equation-derived ice accretion predictions form the basis for establishing distribution models.
However, the model's consideration of the actual complex terrain is limited, with the exception of
altitude, indicating a potential area for further refinement.

The second category of methods relies on numerical simulation. [2] employs GIS information
modeling for direct target siting, combining CFD simulations validated by wind tunnel experiments
with meteorological measurements to optimize wind turbine placement. [12] focuses on actual
transmission lines, proposing a rational jumper calculation model and comparing wind deflection in
flat areas and specific mountainous terrains. [13] directly models the terrain around accident sites,
conducting LES to analyze jumper wind deflection under the combined influence of typhoons and
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micro-topographic mountainous terrain. [14] also employs GIS information modeling for direct
target siting, creating a 1:1300 terrain model and studying average and turbulent wind characteristics
through numerical simulation and wind tunnel experiments. [15] contends that wind power plants
are crucial renewable energy resources characterized by low generation costs, simple infrastructure,
and environmental advantages. With the emergence of advanced solid-state power devices and
converters, there is now the potential to transmit substantial amounts of renewable energy to the
main electrical grids. Accurate and reliable wind speed predictions are expected to facilitate the
efficient utilization of renewable energy in future grids, forming a crucial foundation for future
development. [16] explores the non-Gaussian characteristics of wind speed in complex terrain by
the LES method. These findings offer valuable insights for assessing extreme wind loads on
structures in complex terrain, underscoring the importance of considering non-Gaussian wind
characteristics in wind-resistant designs, pointing towards future directions in researching complex
wind fields. These methods are primarily used for analyzing known fault lines, characterized by
high model accuracy but substantial computational resource demands, making them unsuitable for
large-scale computations. Moreover, they do not comprehensively consider the complex effects of
micro-topography and meteorological factors. Currently, micro-terrain identification primarily
relies on on-site surveys by design personnel, resulting in suboptimal recognition efficiency.
Therefore, it is prudent to introduce a micro-terrain recognition model for pinpointing target
locations and mitigating computational burdens.

As GIS technology continues to integrate further into the field of electrical engineering,
enhancing its comprehensive capability in handling spatial and attribute data [17-20], the
achievement of micro-terrain recognition becomes imperative. A profound exploration of the
geographic and meteorological characteristics of small-scale terrain and microclimatic regions, as
well as their impact on transmission lines, is warranted.

Terrain classification methods are essential tools in landform research, used to extract information
about landform features and types from terrain data. Through terrain identification, it becomes
possible to gain an in-depth understanding of the spatial distribution of land surface forms, their
evolutionary processes, and the relationship between landforms and the environment. [19, 21]
constructed a convolutional neural network model for the automatic classification of micro-terrain
in raster DEM, enhancing the automation level of classification. They proposed a combination of
terrain features, including terrain position index, slope, relative elevation, and water body distance,
specifically tailored for micro-terrain transmission lines. [22] employed DEM image textures and
convolutional neural networks for deep learning, verifying the effectiveness of texture features in
landform classification. Their research findings serve as important references for improving and
optimizing landform classification methods.

These studies mainly employ machine learning methods to learn from relevant samples, yielding
certain achievements. However, these models often lack interpretability, and the physical meanings
of terrain attributes and features remain unclear. Moreover, they demand high-quality and large
quantities of samples.

Micro-terrain typically induces small-scale climate characteristics in the near-surface
atmospheric layer and at the ground level. These localized climate features are often manifested in
the numerical values of specific meteorological factors, without significantly altering the weather
and climate characteristics determined by large-scale processes. To address various transmission

line disasters in micro-topographic regions, researchers primarily focus on meteorological factors
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such as temperature, humidity, and wind speed. They employ methods such as statistical models
[11], empirical formulas [23], and simulation calculations [23] to establish the relationship between
terrain and microclimate. Micro-terrain and microclimate are closely interconnected, but most
existing research tends to separate the study of micro-terrain from that of microclimate.

Based on the literature analysis mentioned earlier, there is currently a deficiency in effective
methods for analyzing disasters on transmission lines within the saddle micro-terrain environment.
Describing the geographical attributes of saddle micro-terrain proves challenging, and there is a lack
of viable identification methods beyond manual recognition. Additionally, the scarcity of
observational data for transmission lines in the relevant regions compounds the difficulties.

Consequently, this study is aimed at investigating analytical and computational methods specific
to the analysis of common saddle-shaped micro-terrain found in mountainous regions. The primary
contributions of this research can be summarized as follows:

(1) The proposal of a classification and identification method for these terrains by extracting
topographical features distinctive to various saddle micro-terrains. This method facilitates the
identification of micro-terrain locations encountered along extended transmission lines,
thereby narrowing the scope of disaster analysis and reducing computational demands.

(2) Accomplishing simplified modeling based on the geographical attributes of saddle-shaped
micro-terrain. This approach accurately characterizes wind field features associated with
diverse saddle micro-terrains and evaluates their impact on transmission lines. It circumvents
inherent sample dependency issues present in statistical modeling approaches and general
limitations associated with direct modeling from DEM data.

(3) Introduction of a multimodal analysis method that combines meteorological data from
meteorological agencies with transmission line sag models. This integrated approach
comprehensively considers the catenary characteristics of transmission lines under micro-
terrain conditions and meteorological features. It contributes to the refinement of transmission

line designs in saddle-shaped micro-terrain environments.

2 Saddle Micro-terrain Identification

Complex mountain ranges exhibit intricate patterns resembling leaf textures, with numerous
large ranges branching out from a main range, further dividing into secondary ranges. Saddle-type
micro-terrain is predominantly found in mountainous stretches, characterized by mountain

ridgelines and noticeable saddle-like depressions.
2.1 Typical saddle micro-topographic features

Fig.1(a) and Fig.1(b) illustrate two common types of saddle micro-terrain. When transmission
lines traverse these mountainous regions, they tend to avoid crossing the ridgelines of major
mountain ranges to minimize the impact of high-altitude crosswinds. Consequently, they often
intersect with secondary mountain range groups. The speed-up effect occurring within these
depressions amidst narrow secondary ranges causes the airflow to be accelerated, resulting in their
recognition as saddle terrains, as depicted in Fig.1(c). To effectively classify and identify saddle
micro-terrain, this study employs hydrological analysis and surface calculation methods commonly
used in geography. These techniques facilitate the extraction of various terrain features and elements,
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Fig.1 Typical saddle reality view with digital elevation topographic map
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2.2 Terrain Models Simplified by Terrain Factors

The numerical computational model based on fluid mechanics is closely related to the terrain
characteristics of micro-terrain. Its geometric parameters need to be obtained from the terrain
information embedded in the DEM. Terrain information can be categorized into two primary
categories: terrain surface parameters and terrain morphological characteristics. Terrain surface
parameters, including slope, aspect, and curvature, exhibit clear mathematical expressions and can
be directly measured using DEM. Conversely, terrain morphological features, although defined
clearly, involve some level of ambiguity in their boundary conditions, making them less suitable for
mathematical representation. These features are extracted by leveraging the spatial characteristics
and interrelationships within surface morphology, resulting in the identification of terrain feature
points, terrain feature lines, hydrological elements, and other relevant attributes. Some of the

parameters commonly used in mountain modeling are shown in Fig.2:

Topographic Information

Terrain Surface Parameters

Micro-topographic Factors Macro-topographic Factors
Surface Mean Elevation
Slope | Aspect Curvature Roughness Elevation Range

Terrain Morphological Characteristics

Terrain Features Hydrological Characteristics

Terrain Feature =~ Catchment ~ Water Flow

Terrain Feature Points . .
Lines Basin Network

Peak Ridge Pass Ridge Valley
Point = Point Point = Line Line

Fig.2 Topographic information classification

In the classification of landform morphology types, elevation plays a dominant role, while slope
and aspect are fundamental parameters for surface morphology. However, the aspect is directional,
which may result in the same aspect values for plains and mountains, hindering landform
morphology classification. On the other hand, ridges and valleys offer straightforward and
significant topographic information, aiding landform classification. Additionally, ridgelines and
valley lines serve as critical boundaries for elevation changes, essential for micro-terrain
identifications. Therefore, this study extracts slope, elevation change, ridgelines, valley lines, and
saddle points, utilizing topographic feature lines to create a saddle micro-topography feature section
within a geographic model. This model simplifies the terrain model and enables the classification
of saddle micro-terrain. Furthermore, meteorological parameters and a transmission line sag model
were introduced to construct a multimodal calculation model. The overall technical roadmap is
shown in Fig.3
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Fig.3 Technology roadmap

In terrain modeling, a 3 kmx3 km area is chosen, and its DEM elevation matrix is obtained from
publicly available data from ASF DAAC. The maximum slope algorithm [26] is employed to extract
fundamental terrain parameters such as mountain peaks, slopes, and terrain roughness. Using
hydrological analysis [27], the matrix undergoes depression filling and plain elevation, resulting in
a depression-free elevation matrix. This process calculates the flow direction matrix and
accumulates flow accumulation along the flow direction to construct a watershed tree. Consequently,
this enables the connection of confluence points to obtain valley lines, and similarly, ridge lines can
be obtained through reverse terrain analysis.

For micro-terrain analysis, two feature parameters, flow accumulation, and terrain roughness, are
considered as criteria for classifying ridge lines into primary and secondary ridges [28]. Based on
this hierarchy, the identification of saddle micro-terrain is possible, determining terrain feature
points a and b (mountain peaks), and identifying saddle point P where the valley line intersects the
horizontal projection of line segment ab. This preliminary assessment indicates the presence of
saddle micro-terrain in the area.

Further subdivision involves categorizing it as a dual-mountain saddle if only mountain peaks
exist without continuous long ridges. If only primary ridge lines are present in the region, it is
classified as a mountain range saddle. On the other hand, if secondary ridge lines exist on both sides
of the saddle point, it is classified as a secondary mountain range saddle. These categories exhibit
similar characteristic cross-sections. As an example, the contour lines and characteristic cross-
sections for secondary mountain range saddles are shown in Fig.4 below.
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Fig.4 Schematic diagrams of the mathematical definition of typical micro-terrains
Wherel] /7, ,(1H, andUh indicate the vertical projection distance from the horizontal plane to the
feature point (m); R and R, denote the horizontal projection distance between the saddle point P
and the feature point on both sides (m); tan « and tan S denotes the ratio of slope on both sides. I
and 7,, indicate the length of secondary ridge line.

3 Multimodal computational model

Numerical simulations are conducted through FLUENT. In wind engineering, the air is typically
turbulent, necessitating the system to comply with additional turbulent transport equations.

In the context of a continuous fluid medium, the motion of mass follows the principle of mass
conservation, which means that the net mass inflow into each face of the fluid element per unit time
equals the increase in mass flow within the same element during that time interval. This conservation

can be expressed mathematically through a continuum equation [29]:

op ~-O0pu,
PP o1
Ot ; ox, M

1

where u, (i = 1,2,3) is the velocity component of the velocity function of a given spatial point in
the X, y, and z directions, respectively, p represents the air density.

Any macroscopic low-velocity moving matter must satisfy Newton's second law, and in fluid
dynamics, the conservation of momentum equation is obtained for a fixed volume element or
microcluster of mass pdV :
pav 24— pavr + 2%y )
Dt 0.

X;

where f; is force acting on a unit fluid mass, o is internal stress of volume element dV’
Asu, is the velocity function of a given spatial point, which is a function of both time ¢ and the

spatial coordinates x, . Therefore, u;, =u, (x, ,xz,x3,t) derivative with respect to time is:

, . Ouu,
Du, _ 0w, , Ot (3)
J

Dt Ot ox

In general, for incompressible fluids such as air moving at low velocity at room temperature, the
volume expansion rate is 1.01. According to the above equation and the assumptions, the simplified
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continuity equation and the equation of motion can be derived as follows:

-+
ot

where /I(N . s/ m’ ) is the fluid dynamic viscosity coefficient.

This study employs the Realizable k-¢ two-equation model to simulate the atmospheric boundary
layer flow, which is effective in handling flows with high strain rates and large flow line curvatures.
The velocity-pressure coupling equations are solved using the SIMPLEC method, while the
momentum, turbulent kinetic energy, and turbulent kinetic energy dissipation rate equations are
discretized using the second-order upwind scheme for the nonlinear convective terms. The
simulation is deemed to have reached a steady state when the residuals of & and ¢ are less than 104,

which serves as the simulation criterion.
3.1 Numerical simulation model

In the study of wind fields within the atmospheric boundary layer, researchers commonly use the
outer contour to construct mountain models. However, due to the complexity and variability of
actual mountain shapes, the previously constructed characteristic cross-sections are used as the
source of parameters for the outer contour equation to recreate the saddle micro-terrain. The main
body can be approximated as composed of stretched segments of the mountain's outer contour with
a certain length. At the extension of the mountain range, a combination of three-dimensional models
using the rotation and lofting of partial contour lines is employed to construct the numerical
computational model.

The outer contour of mountains can be classified into various types, including Sinusoidal, Cosine,
Bell, and Gaussian types. The Cosine type more closely approximates the majority of mountain
outer contours, and thus, this paper employs cosine-type modeling for the general mountain outer
contour, with the following expressions in Table 1 [30]:

Table 1 Outer contour of mountains

Hill shape Analytic form
) H cos’(xr/D)  for |r|< D/2
Cosine squared z= .
0 otherwise

Where H denotes the height of the mountain and D denotes the diameter of the mountain.

The schematic diagrams of the dual-mountain saddle and mountain range saddle are shown in
Fig.5 (a) and (b) respectively, where ¥ represents the inter-mountain distance, and L represents the
length of the ridgeline. However, due to the difference in elevation between the secondary ridgeline
and the mountain peak, the numerical model for the secondary mountain range saddle shown in
Fig.5 (c) introduces an additional parameter y, which represents the angle of the mountain flank
uplift, and L represents the length of the secondary ridgeline, as shown in the diagram.



261
262
263
264

265

266

267

(a) Dual-mountain saddle

(b) Mountain range saddle

(c) Secondary mountain range saddle

Fig.5 Simulation model
As the influence of topography on the wind field is primarily considered at the micro-topographic
scale, the modeling parameters are only related to the geographic elements extracted within the
micro-terrain, and the main modeling parameters are transformed as follows:

H =max(DHa,DHb) (6)
D=21H/tana (7)

tana=(|]H-Dh)/R ®)
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W=R+R, (9)
L=max(L,L,) (10)
In particular, for the secondary mountain range saddle model, there are
tan y = (DHH -DHC)/I (11)

L=I/cosy- D/2 (12)

To facilitate physical modeling, a set of typical parameters is selected shown in Table 2 of micro-
terrain based on actual cases and verify the influence of micro-terrain through simulation
calculations to verify the influence of micro-topographic areas on the wind field distribution of
transmission corridors.

Table 2 Typical saddle micro-terrain parameters table

Saddle Type D(@m) H(@m) W@m) L(m) y(°)
Dual-mountain saddle 150
Mountain range saddle 300 100 150 300
Secondary mountain range saddle 200 300 10

3.2 Simulation condition setting

The calculation domain for saddle models should be 7 and 8 times the characteristic width and
height of the mountain, respectively. For the secondary mountain range saddle, any symmetric
section can be chosen, with a width and height of 1 time and 20 times the characteristic width and
height of the mountain, respectively. This study utilized structured meshing with C-cut and O-cut
techniques to enhance mesh quality and prevent small-angle mesh appearance. The model mesh
quality was maintained above 0.4, while the minimum angle was held at or above 36°.

The velocity entrance is specified as the boundary condition for the flow field entrance. The
entrance is located in a mountainous area, classified as a Class B landform according to China's
standard. The wind velocity entrance profile is adjusted using equation (13) to ensure an equilibrium
boundary layer flow field. To model turbulence at the entrance, the profile of turbulent kinetic
energy k and dissipation rate ¢ is obtained from the Japanese building industry. The parameters used
for the turbulent kinetic energy and dissipation rate profiles at the entrance are as follows [31].

UE)=U,(5)" (13)

¥

k(z)=0.5[U)I(2)] (14)
£(2) = qC, ; ]/i(z)”

u

(15)

where z, is the reference height, U, is the wind speed at the reference height, & is the mean wind
profile index, I(z) is the turbulence degree, C, is the empirical constant, K is the Carmen constant,
and L, is the turbulence integration scale; &=0.15, C,=0.09, K=0.42 for Class B landscapes, L, as
well as /(z) are taken according to the Japanese standard. The inlet parameters are defined by the
user-defined function.

In general, CFD simulations often use default atmospheric conditions while neglecting the



300
301
302
303
304
305

306

307

308
309
310
311
312

313

314
315
316
317
318
319
320
321
322
323
324

325
326
327
328
329

influence of local topography. However, micro-topography significantly affects local
meteorological environments, necessitating the correction of microclimate inputs. Notably, average
temperature and atmospheric pressure are strongly correlated with the elevation of measurement
points. Therefore, this study utilizes meteorological data publicly available from the National
Meteorological Science Data Center for meteorological parameter calibration and configuration
[32].

k;l — e—H/SlSO (16)

AN
z=zd; ;d;f’ (17)

i=1 i

In the equation: k, is relative barometric pressure, H is elevation. Z represents the estimated
temperature in degrees Celsius, n is the number of observation stations, Z; is the actual temperature
measurement at observation point i in degrees Celsius, d; is the Euclidean distance between the
interpolation point and observation point 7, and p is the power of the Euclidean distance. p = 2 in
this study.

3.3 Transmission line sag model

Under the known distribution of wind field in the saddle micro-terrain, determining the sag curve
of the transmission line in the saddle and the tower location allows us to obtain the along-line wind
speeds of the transmission line.

The line suspended between the two towers is not straight under the influence of its weight. To
faithfully represent the actual conditions of the line, it is necessary to calculate the sag curve between
the towers. There are various methods for calculating the sag curve of the conductor, and the
catenary method [33] is commonly used in engineering to calculate the sag curve of equidistant
tower lines, which is relatively straightforward. However, calculating the sag curve of non-
equidistant tower lines is relatively complex. In this study, the unit conductor between towers is
treated as a truss unit subjected only to axial forces, and a truss model is adopted to calculate the
sag curve of the line between towers.

() E.()

¥y
T ; F, ()
— —

(a) Unit line force analysis (b) Coordinate transformation
Fig.6 Schematic diagram of unit line force
Selected the unit line axial direction as the positive direction of x , the normal direction as the unit
line positive direction of yandz, and they are perpendicular to each other, F, , F; , F. denote the
left node in the three directions of the force component respectively, and F;j ’F_v,. , FE] denote the
right node in the three directions of the force component respectively, the same reason, ., V., @,, U, ,

V;, @, denote the left and right side of the node in the three directions of the displacement component
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respectively, as shown in Fig.6(a), then the line node force vector and displacement vectors exist in

the equation [34]:

(Fl=r £ RE B E] 0D

J J

—_——

N
la)
[¢]

[
——
=
=I
LI
<

v, @} (19)
there exists an equation between {F} and {5}, :
{F}, =IKL{3}, o)

where [K],is the unit stiffness matrix in this coordinate system:

1 00 -1 00
000 0 00

R EA 0 00 0 00
L,|-1 00 1 00
00 0 00
(000 0 0 0

Where E is Young's modulus, 4 is the cross-sectional area of the conductor, and /; is the unit
conductor length. To facilitate the superposition of the unit line nodal forces and displacements in
the subsequent structural analysis, the unit line coordinate system is transformed into a unified
coordinate system through a coordinate transformation as presented in Fig.8(b), and the cosines
between the unit line and the x, y, and z axes of the unified coordinate system are /, m, and n. The

unit stiffness matrix in the unified coordinate system is:

(7 m o P -lm -in |

2
Im m mn -lm -m°~ -mn

— EAlIn mn n’ -ln -mn -n
K] =[TUK! [T] === 22
K1 =1 ]{ }e[ | Po-im -ln P Im In @2)

2
s-im o -m© -mn Im om mn

-In -mn -n In mn n

After establishing the stiffness matrix of the individual conductor, the overall stiffness matrix is
constructed based on deformation compatibility and the balance of internal and external forces at
the nodes. The overall stiffness matrix is singular and cannot be solved directly. It requires the
specification of a displacement elimination matrix to remove singularity and enable the solution. In
this study, the displacement at both supporting points is specified as 0.0025 times the length of the
conductor. The conductor has a diameter of 26.82 mm, a weight of approximately 1349 kg per
kilometer, and a cross-sectional area of 425.24mm?, resulting in a density of 3174kg/m3. The
Young's modulus is set to 60 GPa. Under the influence of gravity, the sag curves of the conductor

between equidistant and non-equidistant towers are shown in the following Fig.7.
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Fig.7 Truss model calculation line sag curve of transmission line

4 Analysis and experimental validation

4. 1 Characterization of wind lord in micro-terrain

According to the description of the ice cover survey protocol [35], the growth of ice cover is
closely related to wind, which in turn is closely related to topography. In the process of airflow
movement, the ups and downs of the terrain lead to the diversion, diffusion and concentration of
airflow. In addition, wind speed is the environmental factor that is most significantly affected by
topographic features, and the data related to wind speed are mainly used to standardize the various
protocols. Based on the wind field calculations under micro-terrain, the influence on the wind load
of the transmission line can be determined. The LGJ-400/35 conductor is widely used within the
common voltage levels in China [36, 37], thus chosen as the subject of study. In this research, the
wind load on the conductor is obtained by solving the wind pressure distribution on its surface. The
wind pressure on the conductor surface has directionality, with the positive direction defined as
perpendicular to the conductor surface. In the case where the wind pressure in the X-direction is
known, the wind load on the conductor can be calculated using the following equation [31]:

7dP, Td &
F.. . =—%4d0="%-"> P, (23
wind .!‘ 360 360; X; ( )

In the equation, F

wina Tepresents the wind load per unit length of the conductor, / represents the
surface arc of the conductor, and d represents the diameter of the conductor. Taking a wind speed of
5 m/s as an example, the unit wind load on the conductor is 0.93 N/m.

Wind loads of conductors were calculated for a total of 20 wind speeds, with a gradient of 1 m/s,
as shown in Fig.8(a). It can be observed that as the wind speed increases, the wind load
approximately exhibits exponential growth.

The wind load curves for Class II lines in the three types of saddles generally demonstrate a
decrease in wind load as they move away from the high suspension point. However, a specific
section closer to the mountain exhibits a distinct pattern, which refer to as the sag region in this
study, as illustrated in Fig.8(c). It is revealed in Fig.8(b) that the wind load curve for the sag region
in the dual-mountain saddle displays a concave trend. Meanwhile, the wind load variation in the sag

region of the secondary mountain range saddle is relatively small, resulting in a bending wind load
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curve. Conversely, the wind load curve for the sag region of the mountain range saddle shows
minimal changes compared to other regions.
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Fig.8 Wind load curve of the transmission line passing saddle and division of transmission line

areas

Using the typical saddles outlined in Table II as a case study, the terrain model was employed to
conduct CFD simulations for wind field distribution within the micro-terrain environment.
Subsequently, the truss model was used to calculate the sag curve of the transmission line across the
saddle point. By utilizing the calculated wind speed distribution results for the saddle point and the
unit conductor wind load curves under varying wind speeds, as shown in Fig.8(a), the wind load
curve can be obtained for the transmission line in the saddle micro-terrain, as illustrated in Fig.8(b).
The solid green line in Fig.8(b) represents the wind load curve of the dual-mountain saddle
transmission line without sag (straight line). Comparing it with the wind load curve of the dual-
mountain saddle transmission line with sag, it can be observed that the presence of sag influences
the line loads differently for the two types.

For Class I lines (located within the saddle), sag results in approximately a 2% reduction in wind
load within the central region. Conversely, for Class II lines (outside the saddle), the presence of
sag yields a significant difference of up to 17% in the wind load curves between the two lines. This
highlights the necessity of considering the actual sag condition when calculating wind loads for
transmission lines crossing saddles. Fig.8(b) also depicts the wind load curves of transmission lines
traversing outside slopes and saddles.

The peak wind load for all three types of saddle transmission lines is observed at the high
suspension points. Among them, the secondary mountain range saddle exhibits the highest peak
wind load, followed by the mountain range saddle, while the dual-mountain saddle experiences the
lowest wind load intensity. The wind load curves of Class I lines for these saddles display varying
levels of concavity in the central region.

At the high suspension point of the secondary mountain range saddle transmission line, the wind
load measures 10.03 N/m, whereas the wind load in the central area averages approximately 8.84
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N/m, representing a reduction of approximately 13.5%. Similarly, for the mountain range saddle
transmission line, the wind load at the high suspension point reaches 9.07 N/m, while the wind load
in the central area is around 8.28 N/m, resulting in a reduction of approximately 9.5%. In the case
of the dual-mountain saddle, the wind load at the high suspension point reaches approximately 7.56
N/m, while the wind load in the central area averages approximately 7.32 N/m, indicating a
reduction of approximately 3.27%. These results indicate that the reduction in wind load is most
pronounced in the central region of the secondary mountain range saddle, while the central area of
the dual-mountain saddle exhibits the least significant reduction in wind load.

m/s

(¢) Secondary mountain range saddle

Fig.9 The front view of the cloud map of the wind field on the saddle transmission line

The front views of wind fields for the three types of saddles is depicted in Fig.9. From Fig.9(a),
it was observed that in the case of the dual-mountain range saddle and Class II lines, the sag region
extends into the boundary layer of the mountain. This spatial arrangement results in a certain
distance between adjacent lines and the mountain boundary layer. As the transmission line departs
from the lowest point of the sag region, the wind load magnitude increases, leading to a concave
trend in the wind load curve within the sag region. In Fig.9(b), it was evident that the sag region of
the mountain range saddle does not extend into the mountain's boundary layer. Consequently, there
is no significant difference in wind load between the sag region and adjacent regions of the
transmission line. This leads to a relatively consistent trend in the wind load curve. Considering the
symmetric nature of the secondary mountain range saddle along the direction of the mountain ridge,
Class 1II lines extend from the mountain peak to the bottom area of the saddle, rather than the
mountain's base. Fig.9(c) shows that in the case of the secondary mountain range saddle and Class
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II lines, the sag region extends into the boundary layer of the mountain. Notably, the lower portion
of the sag region remains within the mountain's boundary layer until the line reaches the bottom of
the saddle. As a result, after leaving the sag region, the wind load on the line does not undergo
significant changes. The wind load curve within the sag region exhibits a bending trend.
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Fig.10 Normal wind speed profile in the sag region of the transmission line

Fig.10(a) and (b) illustrate wind speed variation profiles at normal heights in the sag region.
Notably, Fig.10(b) reveals a boundary for mountain boundary layer winds. Below the boundary
layer height, wind speeds at secondary mountain range saddles, mountain range saddles, and dual-
mountain saddles all rapidly increase with normal height, with average growth rates of 4.78, 4.33,
and 3.25, respectively. Above the boundary layer height, wind speeds at secondary mountain range
saddles and dual-mountain saddles gradually increase with normal height, with reduced average
growth rates of 0.22 and 0.09. Wind speeds at mountain range saddles exhibit an average growth
rate of less than 0.05, indicating minimal variation with normal height. While the sag curves and
mountain profiles for dual-mountain and mountain range saddles transmission lines are similar, their
wind load curve trends differ due to distinct wind field distributions. Comparing wind speed profiles
at normal heights for saddles, it is evident that the boundary layer at mountain range saddles is
thinner, with the intersection point's wind speed growth rate at only 0.18, resulting in relatively
stable wind loads. In contrast, the intersection points for secondary mountain range saddles and
dual-mountain saddles fall within the boundary layer, with wind speed growth rates of 0.97 and 1.53,
indicating substantial non-uniform wind load variations, posing a higher risk of accidents according
to current standards.

In the current stage of China, the wind design criteria for mountainous transmission lines are
relatively simple, typically using a design standard value of 1.1 times the wind speed on flat terrain.
This design approach is overly broad and fails to consider the uneven wind loads on transmission
lines caused by saddle micro-terrain. Therefore, further clarification of the influence of saddle
terrain parameters on the imbalance of wind loads can provide a basis for differentiated

identification of micro-terrain and disaster prevention in mountainous transmission lines.

4.2 Wind tunnel test verification

The CQU Open-type Wind Tunnel Laboratory, or CQ-1, is located on the B Campus of
Chongqing University. It features an aerodynamic profile measuring 4.4m x 3.4m x 31.2m, and a



456
457
458
459
460
461
462
463
464

465

466
467
468

469

470
471
472

473

474
475

476
477

test section measuring 2.4m (width) x 1.8m (height) x 15m (length). In terms of experimental
instrumentation, many tools were used for the experiments including a HFFB, a multi-channel
synchronized pressure sensing system, Cobra probes, Laser displacement sensors, and a Dynamic
data acquisition system.

To produce a thick boundary layer flow field at a short distance in the wind tunnel test section, a
turbulence generation device is required at the entrance of the test section. To better simulate the
characteristics of the boundary layer flow field, including turbulence intensity and turbulence
integration scale, this study employs the sharp wedge-roughness element technique, as shown in
Fig.11.
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Fig.11 Layout of turbulence generation device in the wind tunnel and saddle terrain model
The usual way to measure the acceleration effect of the mountain on the wind field is
dimensionless, using the acceleration ratio S, which is defined as [29]:
U(2)
Uy(2)
Where U(z) is the wind speed at z height of the mountain, and Uy(z) indicates the wind speed at z
height of the flat land.

Turbulence intensity / is a standard for measuring the degree of airflow velocity fluctuations:

S= (24)

ul
I=— (25
g

Where u' represents the root mean square of turbulence velocity (i.e., the standard deviation of wind
speed), and U is the mean velocity.
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Fig.12 Comparison of wind field measurements with standards

According to the specified criteria for the average wind profile and turbulence profile in Class B
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terrain [31], when compared to the measured values in a wind tunnel, as shown in Fig.12, the
maximum relative error does not exceed 0.1%, it can be considered that the wind tunnel has
accurately recreated the wind field in the actual environment.

The acceleration ratio profile of the micro-terrain wind field is shown in Fig.13. The left side is
the incoming direction of flow. The findings of the wind tunnel testing have confirmed the CFD
calculations for all measurement points, with a substantial alignment between the CFD results and
the wind tunnel test results. The error in the valley line indicates that the measured acceleration
effect is slightly greater than the simulation result. The primary reason for this discrepancy is that
the model's surface is covered with turf, making it smoother compared to other measurement
points. As a result, the wind speed measured at this location is not impeded by surface roughness,
leading to a higher value than the simulation calculation results. Therefore, it is possible to use the

multimodal computational model to analyze the wind field environment for micro-terrain

effectively.
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Fig.13 Comparison of measuring point experiment and numerical acceleration ratio

The maximum acceleration ratio occurs at the windward entrance of the saddle terrain, reaching
a maximum acceleration ratio of 1.740. As the wind enters the interior of the mountain, the
acceleration effect weakens, with a slight resurgence of the acceleration effect at the exit. Generally,
the acceleration effect is more pronounced closer to the ridge, but on the windward side, the
acceleration effect on the inner side of the saddle terrain may be slightly higher than at the ridge.
According to current line survey protocols[35], under operating conditions, the micro-terrain-
corrected wind speed for overhead transmission lines is typically 1.2 times the design wind speed,
with a maximum corrected wind speed of 1.5 times. If the actual operating wind speed exceeds the
corrected wind speed due to the saddle micro-terrain, the ice thickness on the transmission lines
influenced by micro-terrain is likely to exceed the design standard, significantly increasing the
probability of wind disasters. This study uses the maximum correction as the criterion. Under the
saddle micro-terrain, numerical simulation results indicate that the above micro-terrain features
exhibit distinct micro-meteorological characteristics, with the wind field at the windward and

mountain ridge entrance being the most significantly affected.
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5 Conclusion

This study utilizes real case examples of saddle micro-terrain and micro-meteorological
conditions to investigate the identification scheme and analysis method based on topographic
feature extraction. By considering the geographical and meteorological features and the
transmission line sag model under micro-terrain, we analyze the impact of different saddle micro-
topographic features on transmission line wind loads. It enhances the computational efficiency and
precision of wind field analysis for transmission lines in micro-terrain regions. The following
conclusions are drawn from this study:

(1) An identification method for saddle micro-terrain is proposed by comprehensively considering
its topographic features and topological structure. The extraction of characteristic terrain
elements and parameters from the DEM enables the formation of representative cross-sections
for classification purposes. Additionally, a numerical simulation calculation model has been
developed based on the parameters of the characteristic sections and outer contour lines.

(2) By equating the conductor unit to a truss unit solely subjected to axial force, the sag curve
model of the transmission line has been obtained. The wind field of the saddle terrain,
considering typical shape parameters, has been calculated. The wind speed distribution and
intervals of the transmission line at the saddle have been derived, with a clear understanding
of the line erection method.

(3) By coupling the geographical and meteorological features of micro-terrain with the sag model
of transmission lines, a multimodal computational model for long-distance transmission lines
under micro-topographic conditions has been established. The wind load on conductors has
been calculated for various wind speeds within the wind speed interval of the line. It has been
observed that the conductor wind load exhibits an approximately exponential increase with the
increment of wind speed.

(4) Class II lines are positioned on the outer side of the saddle, extending from one mountain peak
to the outer foothills. The proximity between the line and the mountain is significantly smaller
than that of Class I lines, and the line naturally sags, further reducing this distance. The sag
region may extend into the boundary layer region of the mountain, where the boundary layer
effects caused by the mountain alter the wind load at that specific location. Consequently, the
wind load curve pattern within the sag region differs from that of other regions. For lines
located inside the saddle, the sag resulted in a reduction of wind loads in the central region of
approximately 2%. For lines located outside the saddle, the presence of sag produces a
significant difference of up to 17% in the wind load curve between the two lines.

(5) The boundary layer of the mountain range saddle is thinner than the other two types of
boundary layer, so the intersection of the line of the mountain range saddle will not intrude into
the boundary layer, and the growth rate of the wind speed at this point is only 0.18, and the
change of the wind load is relatively more stable, while the intersection of the transmission
lines’ sag region of the secondary mountain range saddle and the sag region of the dual-
mountain saddle falls into the boundary layer, and the growth rate of the wind speed at the
intersection is up to 0.97 and 1.53 respectively, and the small change of the elevation difference
will bring great uneven wind load, which is more likely to lead to accidents. The numerical

simulation results reveal distinctive micro-meteorological characteristics associated with the
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mentioned micro-terrain features, particularly showcasing the pronounced impact on the wind
field at the windward and mountain ridge entrance.

(6) This approach presents a practical solution by avoiding global calculations for the entire span
of transmission lines. Instead, it extracts geographic features and identifies micro-terrain areas
for detailed analysis, significantly reducing computational resources and time, thus
demonstrating practicality. However, the current use of historical meteorological data limits
the analysis to uniform wind conditions, necessitating additional field measurements for more
complex scenarios like turbulence and gusts. To achieve even more precise analysis at specific
locations, an extensive dataset of field measurements is required. Furthermore, our method
solely considers the terrain characteristics of saddle micro-terrain, overlooking various real-
world environmental factors such as solar radiation, vegetation, and river distribution. Future
research could delve deeper into these aspects for a more comprehensive understanding and

improved accuracy.
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