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Abstract：To investigate the aerodynamic performance of 
geometrically eccentric structures， wind tunnel testing and 
numerical simulations were employed to examine the flow 
field characteristics and tri‑component aerodynamic forces 
of T‑shaped towers with varying geometric eccentricities.  A 
mathematical model for their generalized force spectra was 
established.  The reliability of the numerical simulation 
method was validated by comparing the lift， drag， and 
torque coefficients obtained from wind tunnel experiments 
with the numerical results.  Subsequently， the influence of 
geometric eccentricity on wind pressure distribution， vortex 
shedding characteristics， and turbulent kinetic energy distri‑
bution was analyzed.  Using random vibration theory， a nor‑
malized formula for the full‑tower force spectrum of the 
T‑shaped tower was derived through nonlinear fitting of nu‑
merical simulation data.  The results indicate that with in‑
creasing eccentricity， the vortex shedding of the structure 
becomes more complex， with a bias toward the eccentric 
side.  Its wake morphology undergoes distortion and defor‑
mation， exhibiting vertical extensibility and leading to peak 
wind pressure occurring at the longer cross‑arm.  Further‑
more， the torque coefficient demonstrated the highest sensi‑
tivity to eccentricity variations.  A 50% increase in eccentric‑
ity resulted in a 99. 7% increase in the torque coefficient.
Key words：geometric eccentricity； T‑shaped towers； aero‑
dynamic forces； flow field characteristics
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In recent years， the rapid expansion of engineering con‑
struction has led to the widespread implementation of 

geometrically eccentric high‑rise structures.  However， 
geometric eccentricity significantly alters their aerody‑
namic characteristics， resulting in enhanced susceptibil‑
ity to wind load effects in both crosswind and torsional di‑

rections［1］.  Studies have demonstrated that flow pattern 
alterations in wake regions may trigger nonlinear cou‑
pling effects between torsional moments and crosswind 
loads［2］.  Although the existing literature［3‑5］ has exam‑
ined the aerodynamic characteristics of geometrically 
symmetric structures under independent multidirectional 
wind loads， systematic methods for evaluating the geo‑
metric eccentricity effect under three‑dimensional wind 
direction coupling remain limited.  Such evaluation is cru‑
cial for the wind‑resistant design of geometrically eccen‑
tric structures.

Wind tunnel testing and numerical simulation are prin‑
cipal methodologies for investigating structural aerody‑
namic performance， precisely capturing the dynamic cou‑
pling mechanisms of fluid‑structure interaction［6‑7］.  Aero‑
elastic models achieve consistency in dynamic responses 
between prototypes and scaled models by maintaining 
geometric and dynamic similarity.  During testing， the 
dynamic responses of scaled models are directly mea‑
sured， and dimensional analysis principles are subse‑
quently applied to extrapolate prototype response charac‑
teristics from experimental data［8］.  With current ad‑
vances in computational power， numerical simulation 
methods have gradually become prevalent because of 
their significant cost advantages and multiphysical field 
analysis capabilities［7］.  Among these methods， large 
eddy simulation （LES） can directly resolve large‑scale 
vortices and retain unsteady flow pulsation characteris‑
tics， making it a powerful and widely used tool in the 
field［9‑11］.

Accurate assessment of the wind‑induced vibration of 
geometrically eccentric structures requires a thorough un‑
derstanding of their aerodynamic and wind load charac‑
teristics.  Previous research on structural aerodynamic 
performance has predominantly focused on structures 
without geometric eccentricity［3‑4，9］.  However， T‑shaped 
aerodynamically eccentric structures， such as tower 
cranes， eccentric billboards， support structures， and ec‑
centric transmission towers， are prevalent in practical en‑
gineering［12］.  The T‑shaped tubular tower studied herein 
consists of two cylinders， and its flow separation loca‑
tions and patterns differ significantly from those of a 
single cylinder.

Aerodynamic shape significantly influences the aerody‑
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namic performance of structures［13］.  Therefore， when a 
structure is aerodynamically eccentric， its aerodynamic 
performance markedly differs from that of a noneccentric 
structure.  Previously， a series of wind tunnel tests on 
symmetric T‑shaped towers revealed that the cross‑arm is 
significantly affected by crosswind［14］.  Structures with 
aerodynamically eccentric shapes may experience greater 
wind effects in the crosswind direction and torsional mo‑
ment than non‑eccentric structures， necessitating further 
investigation.  In addition， current codes or standards［15‑16］ 
lack explicit guidelines for assessing wind effects on ec‑
centric structures.

In terms of structural wind load calculation， existing 
research primarily establishes empirical formulas for 
crosswind aerodynamic forces on rectangular structures 
based on experiments［17］， verifies the reliability of cross‑
wind power spectra using first‑mode generalized force 
spectra［18］， and proposes simplified expressions for tor‑
sional generalized wind loads［19］.  However， traditional 
approaches have shown limitations in accurately estimat‑
ing wind effects on irregular geometries.  Thus， bound‑
ary layer wind tunnel tests have been conducted to de‑
velop empirical formulas for crosswind dynamic loads 
and wind‑induced torque on L‑shaped structures［20］.  Nev‑
ertheless， previous studies on the aerodynamic eccentric‑
ity effects of structures have mainly concentrated on a 
limited number of specific eccentric conditions.  Given 
the significant influence of aerodynamic shape on struc‑
tural aerodynamic performance， previous findings may 
not be directly applicable to T‑shaped towers.  Further‑
more， the tri‑component aerodynamic forces of geometri‑
cally eccentric T‑shaped structures remain inadequately 
explored， highlighting the need for a unified computa‑
tional framework considering the coupled effects of 
alongwind， crosswind， and torsional loads.

Based on the above review， this study integrates nu‑
merical simulation and wind tunnel testing to investigate 
the aerodynamic performance of geometrically eccentric 
structures.  A computational framework is proposed for 
wind loads on T‑shaped towers under three‑dimensional 
coupled wind actions with varying geometric eccentrici‑
ties.
1　Numerical Simulation

1. 1　Geometric modeling and grid scheme

The calculation accuracy of fluid mechanics mainly de‑
pends on the size of the calculation domain and the 
choice of grid mode.  In this study， the tower’s main 
body is a cylindrical structure， so the wind flow is char‑
acterized by bluff‑body aerodynamics around it.  By con‑
trolling the blockage rate of the basin， model position， 
and the thickness of the wall mesh， the calculation do‑
main grid of the flow around the tower is determined.  Ex‑

cessive blockage can adversely affect the flow field turbu‑
lence on the side of the cylinder and the wind pressure on 
the surface of the cylinder， resulting in inaccurate calcu‑
lation results.  Accordingly， the computational domain 
size， mesh strategy， and other settings are determined ac‑
cording to Ref.［21］.

As illustrated in Fig. 1（a）， the calculation domain cov‑
ers the ranges of 20H in the streamwise direction， 6H in 
the crosswind direction， and 6H in the vertical direction.  
Notably， the left and right surfaces serve as symmetrical 
boundary conditions， where the height of the vertical rod 
H=0. 45 m.  Table 1 presents the geometric parameters of 
eccentricity.  M1 to M6 represent six eccentricity models 
with different sizes.  The transverse rod radius rt and the 
vertical rod radius rv are 3 and 15 mm， respectively.   
The key analytical parameter， eccentricity （e = L′t /L t）， 
is defined as the ratio of the long side of the transverse 
rod L′t  to the full length of the transverse rod Lt.  The 
blockage rate is 0. 31% under this arrangement.  The ec‑
centric T‑shaped cylindrical tube tower model is seg‑
mented to determine the correlation of the local 

Fig. 1　Calculation of domain boundary conditions and model 
segmentation.  （a） Calculation of basin size and boundary con⁃
ditions； （b） T⁃tower model

Table 1　Geometric parameters
Model No.

M1
M2
M3
M4
M5
M6

e

0.50
0.55
0.60
0.65
0.70
0.75

Lt/mm
180
180
180
180
180
180

L′t /mm
90
99

108
117
126
135
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tri‑component forces of the tower.  As illustrated in Fig. 1
（b）， both the transverse and vertical rods are divided 
into six equal segments， designated as S1 to S6 and S7 to 
S12， respectively.

LES directly resolves large‑scale vortices and retains 
unsteady flow pulsation characteristics， making it suit‑
able for turbulence modeling in this paper.  This study in‑
vestigates the influence mechanisms of aerodynamic ec‑
centricity on flow‑field characteristics using a uniform 
flow field as the inflow condition.  The average wind 
speed at the inlet is set to 4 m/s， and the Reynolds num‑
ber Re=3 300.  The watershed grid is discretized using a 
hybrid grid division scheme with inner and outer do‑
mains： the inner domain near the wall of the tower model 
adopts an unstructured grid to adapt to the local irregular 
surface of the tower， whereas the outer domain far away 
from the model adopts a structured grid.  The interface 
boundary conditions provided by FLUENT 19. 2 are used 
for data exchange between the structured and unstruc‑
tured grids.  As the boundary layer surrounds the model， 
the height of the first element and the dimensionless wall 
distance are set to 0. 003rt.  The near‑wall y+ value is 
about 35‑85， which is suitable for LES wall function.  
The internal tetrahedral grid growth ratio is 1. 1， and the 
total grid number reaches 6×106， meeting acceptable ac‑
curacy and computational cost.  Computational grid 
schemes around the tower are shown in Fig. 2.

1. 2　Simulation settings

For the governing equations pertinent to numerical dis‑
cretization and solution， such as the continuity equa‑
tion， momentum equations， and the LES filtering func‑
tion， readers are referred to are detailed in Ref.［22］ and 
are not repeated here.  The pressure implicit with the 
splitting of operators algorithm was used for numerical 
simulation.  Temporal discretization used the implicit 
second‑order format， whereas space discretization ad‑
opted a second‑order center format.  Because LES is 
suited for high‑Reynolds‑number flows， the wall‑
adapting local eddy‑viscosity subgrid‑scale model was 
used to analyze low‑Reynolds‑number flows near the 

wall.  To meet the high‑performance requirement of 
LES， 18‑core parallel computing was adopted.  Accord‑
ing to Ref.［23］， the numerical stability of the Courant 
number is generally good when it ranges from 0 to 5， and 
the calculation time is reduced.  To satisfy the 
Courant‑Friedrichs‑Lewy condition， the time step in this 
paper was set as Δt=0. 3 ms.
1. 3　Data processing

In this study， nondimensional data coefficients are em‑
ployed to discuss the results for simplicity and effective‑
ness.  The pressure coefficient is given as follows：

Cp = P - P0
0. 5ρU 2

H

（1）
where P and P0 represent the static pressure of the struc‑
ture surface and the reference pressure （0 Pa）， respec‑
tively； ρ is the air density； and UH is the wind speed at 
the height of the tower vertex position （reference posi‑
tion）.

The tri‑component aerodynamic force coefficients are 
described as

CFni =
ì

í

î

ï
ïï
ï
ï
ï

ï
ïï
ï
ï
ï

F̄Sni

0. 5ρU 2
HSn

ASn

               i = 1，2
F̄Sni

0. 5ρU 2
HSn

ASn
L t

          i = 3
（2）

where i=1， 2， 3 represent the model drag， lift， and 
torque， respectively.  The model segment number is de‑
noted by Sn， where n=1， 2， …， 12， as shown in Fig. 1
（b）； ASn

 is the windward area of section Sn of the model， 
F̄Sni is the mean tri‑component aerodynamic force of sec‑
tion Sn； and UHSn

 is the wind speed at the height of the 
geometric center of section Sn.The correlation coefficient is described as
Cor ( m，r ) = Cov ( m，r )

σm σr
= ∑(θm - θ̄m ) (θr - θ̄r )

∑(θm - θ̄m )2∑(θr - θ̄r ) 2

（3）
where Cov ( m，r ) is the covariance of variables m and r； 
σm and σr represent the standard deviation of m and r， re‑
spectively； θ represents the time velocity history in the 
X， Y， or Z direction.  The upper line represents the time 
average of the variables.
1. 4　Results validated through wind tunnel testing

A high‑frequency force balance （HFFB） test was con‑
ducted on the standard T‑shaped tube tower model （M1） 
in the wind tunnel laboratory of the Tianjin Academy of 
Water Sciences， as shown in Fig. 3.  Ref.［24］ detailed 
the wind tunnel test procedures and model fabrication.  A 
high‑frequency six‑component torque sensor was used to 
measure the model’s downwind drag， crosswind lift， 

Fig. 2　 Computational grid schemes around the tower.  （a） 
Boundary layer view； （b） Global area view
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and torque time history around the central axis.  The 
wind‑vibration response of the tower was calculated ac‑
cording to the random vibration theory by combining the 
tri‑component aerodynamic force time history data of the 
T‑shaped tower with the structure’s dynamic characteris‑
tics.  The sampling frequency and duration were set to 
1 000 Hz and 60 s， respectively.  The wind tunnel test 
chamber and T‑shaped tower model of the HFFB test are 
shown in Fig. 3（b）.  M1， M3， and M6 had dimensions 
similar to those used in the numerical simulation.  The 
test wind field had uniform flow， and the wind speed at 
the top 0. 45 m of the T‑shaped tower model was 4. 0 m/s.

To verify the accuracy of the numerical simulation， 
the same model parameters and wind field parameters 
were adopted as in the wind tunnel test.  The three com‑
ponents of the aerodynamic force were selected as the er‑
ror evaluation metric.  The base tri‑component aerody‑
namic force measured by a force balance installed be‑
neath the T‑shaped structure during wind tunnel tests was 
compared with that obtained from numerical simulations.

The relative errors of the tri‑component aerodynamic 
force of the entire tower model are summarized in Table 2.  
The overall tri‑component aerodynamic force coefficient 
from the numerical calculation shows acceptable consis‑
tency with the experimental results.  There are certain 
gaps between the lift and torque coefficients， primarily 
due to the complex flow conditions on the side and lee 
sides.  Despite these differences， the maximum relative 
error of individual points is still less than 10%.  Huang et 
al.［25］ also reported a similar phenomenon， with the drag 
coefficient having a relatively better fitness.  The error 
（E） is defined as E = (Sv - Wv )/Wv × 100%， where Sv represents the numerical simulation value and Wv denotes 

the wind tunnel test value.  In addition， the drag coeffi‑
cient power spectral density （PSD） from wind tunnel 
tests and numerical simulations shows good agreement in 
major frequency components， peak locations， and en‑
ergy distribution， particularly in the mid‑to‑low fre‑
quency range.  The consistent energy decay in high fre‑
quencies further confirms the model’s capability in cap‑
turing flow dynamics and validates its reliability， as 
shown in Fig. 4.

2　Results and Discussion

2. 1　Tri‑component aerodynamic force coefficient 
and wind pressure distribution

Table 3 compares the drag， lift， and torque coeffi‑
cients of the whole tower with different eccentricities.  
The aerodynamic eccentricity significantly affected the 
torque coefficient， which was caused by the imbalance 
of the instantaneous wind pressure distribution on the 
tower surface due to the structural eccentricity.  In addi‑
tion， larger eccentricities led to greater increases in tower 
torque.  Specifically， when the eccentricity increased 
from 0. 50 to 0. 55， the mean value of the overall torque 
coefficient of the tower increased by 0. 007 8.  When the 
eccentricity increased from 0. 70 to 0. 75， the mean 
torque coefficient of the overall tower increased by 
0. 010 7.  When the wind flow passed the tower’s edge， 
the tower surface blocked it， thus changing the speed and 
direction of the wind flow， which ultimately led to trans‑
verse lift and torsional torque.  Meanwhile， as the eccen‑
tricity increased by 50%， the mean torque increased by 
99. 7%.  The mean lift force showed a fluctuating trend， 
and the mean lift coefficients were equal when the eccen‑
tricities were 0. 50 and 0. 75.  The fluctuating compo‑

Fig. 3　 Photos of HFFB test.  （a） TK⁃400 DC wind tunnel 
laboratory； （b） T⁃shaped tower rigidity models

Table 2　Relative errors of overall tri⁃component aerodynamic 
force obtained through numerical simulations and wind tunnel 
tests

Model No.
M1
M2
M3

Relative error/%
Drag
2.64
1.64
3.82

Lift
8.88
7.62
6.61

Torque
3.26
8.45
7.49

Fig. 4　Comparison of drag coefficient PSD for Model M4
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nents of the overall lift and torque of the tower increased 
by 16. 32% and 99. 50%， respectively.  For the drag coef‑
ficient， when the eccentricity increased by 50%， the 
maximum change rate of the mean drag coefficient was 
0. 18%， and the maximum change rate of the drag fluctu‑
ating component was 0. 20%.  In summary， increases in 
eccentricity affect the mean and fluctuating components 
of lift and torque， which have a significant impact on 
torque but have less effect on drag.

This paper presents the continuous‑time history values 
of the three components of the overall aerodynamic force 
obtained through numerical simulation.  The absolute val‑
ues of the correlation coefficients for these aerodynamic 
force components， derived using Eq.（3）， varied with 
eccentricity， as illustrated in Fig. 5.  The correlation be‑
tween drag， lift， and torque increased roughly with the 
increase in eccentricity； the correlation between drag and 
lift experienced a sharp change at an eccentricity of 0. 60 
but had an overall acceleration trend.  As the eccentricity 
increased， the changes in the correlation between drag 
and torque and between lift and torque were accelerated， 
which could be attributed to the increase in the variation 
amplitude of the torque coefficient mentioned above un‑
der high eccentricity.

The mean pressure distribution on the windward side 
of the structure under different eccentricities is shown in 
Fig. 6.  Notably， the stagnation point of the windward 
side was located at the model height of 0. 967H， which 
was basically on the same horizontal line as the central 

axis of the cross‑arm.  Meanwhile， because of eccentric‑
ity， the symmetry of the windward pressure distribution 
on the vertical rod was altered.  In addition， as the eccen‑
tricity increased， the wind pressure at the right end of the 
transverse rod intensified and became more concen‑
trated.  This could generate a large local wind pressure on 
the surface of the eccentric structure for general struc‑
tures， resulting in greater structural wind‑induced vibra‑
tion response.

Aerodynamic eccentricity also influenced the pressure 
distribution on the leeward surface of the model， as 
shown in Fig. 7.  Specifically， compared with model 
M1， the suction effect in the height range of about 3/4H 
to H at the upper end of the vertical rod of the other mod‑
els increased， resulting in greater pressure on the leeward 
surface.  For example， as the eccentricity rose by 30%， 
the peak pressure coefficient of model M4 increased by 

Fig. 6　Pressure distribution on windward side of tower under 
different eccentricities.  （a） M1； （b） M2； （c） M3； （d） M4； 
（e） M5； （f） M6

Fig. 7　 Pressure distribution on leeward side of tower under 
different eccentricities.  （a） M1； （b） M2； （c） M3； （d） M4； 
（e） M5； （f） M6

Table 3　Changes in overall tri⁃component aerodynamic force 
under different eccentricities

Eccentricity

0.50
0.55
0.60
0.65
0.70
0.75

Overall drag
coefficient

Mean
0.846 3
0.845 3
0.846 3
0.846 9
0.846 9
0.846 1

RMS
0.846 4
0.845 5
0.846 5
0.847 2
0.847 0
0.846 2

Overall lift
coefficient

Mean
0.000 9
0.001 0
0.000 6
0.001 6
0.001 7
0.000 9

RMS
0.004 1
0.004 3
0.004 5
0.004 6
0.004 6
0.004 9

Overall torque 
coefficient

Mean
0.000 1
0.007 9
0.015 9
0.023 8
0.029 1
0.039 8

RMS
0.000 2
0.008 1
0.016 1
0.024 4
0.029 9
0.040 2

Fig. 5　Correlation of three components of overall aerodynamic 
force with eccentricity
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7. 5%.  In addition， an increase in eccentricity from 0. 50 
（without eccentricity） to 0. 65 significantly changed the 
distribution of local pressure regions on the leeward sur‑
face.  The symmetrical distribution of model M1 gradu‑
ally became disordered， potentially causing wind pres‑
sure differences that may affect the aerodynamic distribu‑
tion of the structure.

2. 2　Flow field and vortex structure

To explain the aerodynamic variation under different 
eccentricities， the flow field and vortex structure were 
further observed.  This study focused on three models： 
M1， M4， and M6.  Time‑averaged velocity contours with 
streamlines on horizontal planes at different heights were 
compared for M1， M4， and M6， as shown in Fig. 8.

It is evident that the eccentricity significantly modifies 
the flow streamlines and vortex structure around the 
tower.  Specifically， for M1 （Figs. 8（a）‑（c）， the shear 
layer evenly separated the structure’s left and right sides 
at all heights， which thus generated symmetric vortex 
shedding along the streamwise direction.  However， M1， 
M4， and M6 showed distinctive flow separation and reat‑
tachment degrees and phase motion appearing in horizon‑
tal planes at different heights.  The asymmetric recircula‑
tion area tended to incline toward the long arm of the 
transverse rod and extend downstream， which changed 
the wind speed and direction of the flow field and directly 
increased the negative pressure on the leeward surface of 
the upper end of the eccentric vertical rod.  In addition， al‑
though the windward surface did not change much， the 
stagnation points on the leeward surface （see the red 
point in Fig. 8（i）） shifted with eccentricity， which led to 
an overall enhancement of the tower’s torque.  The sepa‑

ration bubbles under M4 were no longer symmetrical， as 
indicated by the red box in Fig. 8（e）.  In contrast， the 
separate shear layer in the short‑arm direction of the 
cross‑arm was flatter and was immersed in the deviated 
wake flow.  This variation in bubble attachment position 
can fully explain the wind pressure distribution： the more 
bubbles are attached， the greater the wind pressure is.  
This can also describe the sudden change in the mean and 
RMS pressure coefficients on the leeward surfaces.

The Q‑criterion was used to visualize the pressure‑
colored vortex structure to further compare the instanta‑
neous flow feature and analyze the changes in turbulent ki‑
netic energy.  As shown in Fig. 9， the flow region close to 
the structure， influenced by eccentricity， was character‑
ized by nonuniformity， small‑scale fragments， down‑
stream deflection， and distortion.  These different 
flow‑structure interactions were the underlying mecha‑
nisms that generated irregular wind pressure distributions 

Fig. 8　Contours of mean velocity on the horizontal planes at different heights with time⁃averaged streamlines for M1， M4， and 
M6.  （a） M1， z=0. 15 m； （b） M1， z=0. 25 m； （c） M1， z=0. 29 m； （d） M4， z=0. 15 m； （e） M4， z=0. 25 m； （f） M4， z=
0. 29 m； （g） M6， z=0. 15 m； （h） M6， z=0. 25 m； （i） M6， z=0. 29 m
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and asymmetrical aerodynamics.  The conical vortex 
structure at the upper end of the vertical rod was enhanced 
because of the asymmetric vortex on both sides of the 
transverse rod， as shown by black ovals in Fig. 9.  This 
enhanced vortex structure led to changes in wind pressure 
at the upper end of the tower’s leeward surface.  The 

large‑scale vortex structures were broken into small ed‑
dies， especially in the wake region near the vertical rod 
（see blue ovals）.  The vortex in the direction of the 
cross‑arm not only extended downstream to far wakes but 
also deflected toward the right side， which was also the 
direction of the torque force （see black ovals in Fig. 9（f））.

3　Mathematical Model of Aerodynamic Loads 
for T‑Shaped Tower

According to the random vibration theory， the 
cross‑PSD of the tri‑component aerodynamic force SFij on 
different heights can be calculated using the following ex‑
pressions：
SFij ( x1，x2；f ) = CFSnij ( x1 )CFSnij ( x2 )S'Fi ( f )CorFij ( x1，x2 )

（4）
S'Fi ( f ) = SFi ( f )

σ2
Fi

（5）
where j=1， 2 represent the vertical direction （vertical rod 
extension direction） and transverse direction （transverse 
rod extension direction）， respectively； x1 and x2 are the 
coordinates of two points in the space of the tower’s ver‑
tical or horizontal bar； f is the frequency； S'Fi ( f ) repre‑
sents the nondimensionless tri‑component aerodynamic 
force spectrum of the overall tower；CFSnij is the aerody‑
namic coefficient； CorFij ( x1，x2 ) is the transverse or verti‑
cal correlation coefficient of the tri‑component aerody‑
namic force coefficient， which is due to the mainly verti‑
cal extension of the T‑shaped tower model； and σFi is the 
RMS of aerodynamic force.  S'Fi ( f )， CFSnij， and 
CorFij ( x1，x2 ) are three key factors in determining the 
cross‑spectral density of the tri‑component aerodynamic 
force in Eq.（4）.  Because it is difficult or even impos‑
sible to derive the analytical expression of Eq.（5）， nu‑
merical simulation is typically used.  In this study， the 

nonlinear least‑squares method （NLSM） was adopted， 
and the calculation of Eq.（5） was established on the ba‑
sis of the numerical simulation results.  The eccentricity e 
and height z were selected as key variables.
3. 1　Overall tri‑component aerodynamic force PSD

The overall aerodynamic tri‑component force time his‑
tory of the T‑shaped tower model under different eccen‑
tricities was analyzed using the fast Fourier transform， 
and the overall lift and torque power spectrum appear‑
ance maintained a wide range of consistency.  As the fre‑
quency increased， the overall power lift spectrum appear‑
ance of the tower in the high‑frequency band gradually re‑
sembled the overall drag power spectrum.  It became gen‑
tler， and the amplitude got closer to the high band of the 
whole drag power spectrum.  Therefore， this phenom‑
enon could be associated with the aforementioned 
tri‑component aerodynamic force correlation， which in‑
tensified with increasing eccentricity， as illustrated in 
Fig. 5.  Through the nonlinear fitting of the numerical 
simulation results， the normalized formula of the whole 
force spectrum of the T‑shaped tower is proposed.

fSFi ( f )
σ2

Fi

= εi1 + εi2 f 2 + εi3 f 3 + εi4 f 4 + εi5 f 5 （6）
εip = χp + δpe + φpe2 （7）

where εip is a function of e； χp， δp， and φp are fitting pa‑
rameters.  The fitting parameters for Eq. （7） are pre‑
sented in Table 4.

Fig. 9　Time evolution of vertical instantaneous vortex structures.  （a） M1； （b） M2； （c） M3； （d） M4； （e） M5； （f） M6
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3. 2　Aerodynamic force coefficient

The drag， lift， and torque coefficients of the T‑shaped 
tower were fitted using polynomials， with the relative 
height z/H， relative width y/B， and e as the independent 
variables.  Here， y and z represent the transverse （Y） and 
vertical （Z ） coordinates of the geometric center of sec‑
tion Sn of the tower， respectively.  Then， NLSM was ap‑
plied to fit the coefficients as functions of eccentricity， 
yielding the following formulas：

CFij( xj，e) = θij1 + θij2 xj + θij3 xj
2 （8）

xj = ì
í
î

z/H j = 1
y/B j = 2 （9）

θijg = ai + bie + cie
2        g = 1，2，3 （10）

where θijg， ai， bi， and ci are fitting parameters.  The fit‑
ting parameters for Eq.（10） are presented in Table 5.

To validate the aforementioned formula， the discrepan‑
cies between the numerical simulation results and the cal‑
culated outcomes from Eq.（8） are presented in Fig. 10.  
The error rates for all parameters are less than 5%， 
thereby validating the applicability of the proposed for‑
mula.
3. 3　Correlation coefficient

The correlation coefficient is defined in Eq.（3）.  Ac‑
cording to the specific attributes of the T‑shaped tower 
model analyzed in this study， the transverse and vertical 
bars were separately examined.  The investigation of the 
vertical bar primarily focused on vertical correlation， 
whereas the analysis of the horizontal bar concentrated 
on horizontal correlation.  For the vertical and horizontal 
bars of the model， the vertical correlation coefficient 
（the reference point is the top of the vertical bar of the 
model） and the horizontal correlation coefficient （the ref‑

erence point is the rightmost end of the horizontal bar of 
the model） both decreased gradually with the increase in 
the distance between the two points and finally tended to 
be flat.  New expressions for the vertical and horizontal 
correlation coefficients are derived from the experimental 
and numerical simulation results， which depend on the 
eccentricity through the parameter j：

CorFij ( x，x ) = Cr1 exp (-Cr2 x ) （11）
Cru = Au + Buu + Cue2 + Due3         u = 1，2 （12）

where Cru is an eccentricity‑dependent coefficient； x =
( x1 - x2 ) /H；Au， Bu， Cu， and Du are fitting parameters.  
The fitting parameters for Eq.  （12） are presented in 
Tables 6 and 7.

The k‑th generalized force spectrum can provide the 
wind load excitation at different frequencies and accu‑
rately establish the mathematical model of the aerody‑
namic load of a T‑shaped tower， which helps predict the 
behavior and response of the system.  Therefore， accord‑

Table 5　Determination of parameters θijg

θijg

θ111
θ112
θ113
θ211
θ212
θ213
θ311
θ312
θ313
θ121
θ122
θ123
θ221
θ222
θ223
θ321
θ322
θ323

ai

1.330 51
−1.406 24

1.517 79
0.948 96
2.112 16

−2.033 24
0.078 58
3.010 15
2.303 31

−2.627 16
0.468 06

−0.111 02
−1.044 85
−4.622 61

2.961 84
−1.646 43

2.212 27
−0.058 26

bi

−2.209 78
3.673 53

−4.036 80
−2.377 88
−2.782 53
−1.812 22
−4.144 84
−4.707 8
−0.113 91
−0.411 51

0.211 36
1.240 60

−1.325 63
3.851 68

−4.012 88
1.797 28

−3.932 38
2.790 52

ci

1.713 07
−2.638 64

2.969 57
1.028 43

−3.825 82
−0.758 33
−2.375 18

4.288 54
0.785 25
4.630 89

−2.684 06
1.791 36
4.879 82
4.132 87

−2.381 29
−3.634 47

1.537 57
2.150 37

Fig. 10　 Errors between numerical simulation and calculation 
results of Eq.（8）

Table 4　Determination of parameters εip

εip

ε11
ε12
ε13
ε14
ε15
ε21
ε22
ε23
ε24
ε25
ε31
ε32
ε33
ε34
ε35

χp

45.748 17
−90.549 30

62.203 19
−17.889 50

1.811 63
48.707 03

−88.840 30
52.356 77

−13.107 50
1.163 83

18.086 18
−44.562 10

29.828 64
−8.231 89

0.781 99

δp

27.111 89
−25.903 70
−15.466 40

12.146 69
−1.868 01
27.376 79

−53.609 50
31.481 27
−7.904 34

0.701 20
19.089 07

−45.660 10
26.895 99
−6.807 81

0.606 52

φp

−69.592 50
99.900 57

−31.670 10
0.449 43
0.657 07

43.350 99
−82.552 30

48.957 52
−12.222 80

1.076 02
7.969 87

−21.488 80
14.394 96
−4.132 13

0.404 45
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ing to the above nonlinear fitting and random vibration 
theory， the k‑th generalized force spectrum S *

Fki ( f ) is ob‑
tained as follows：
S *

Fki ( f ) = ∫0
H∫0

H

SFij ( x1，x2；f ) φk ( x1 )φk ( x2 )dx1dx2（13）
where φk ( x1 ) and φk ( x2 ) are the k‑th modes at the x1 and 
x2 positions， respectively.  When Eq.（4） is substituted 
into Eq.（13） and combined with Eq.（2）， the k‑th gener‑
alized force spectrum is simplified as follows：
S *

Fki ( f ) = (0. 5ρU 2
H )2 ASn

( x1 ) ASn
( x2 )F̄Sni

2SFi ( f )
σ2

Fi

·

∫0
H∫0

H

CFSnij ( x1 )CFSnij ( x2 )CorFij ( x1，x2 )·
φk ( x1 )φk ( x2 )dx1dx2 （14）

where ASn
 is the windward area of section Sn of the 

model； SFi ( f ) is the tri‑component aerodynamic force 
spectrum of the overall tower.
4　Conclusions

（1） With increasing geometric eccentricity of the 
cross‑arm in T‑shaped towers， lift and torque fluctua‑
tions are amplified， whereas drag effects remain mini‑
mal.  Concurrently， eccentricity redistributes leeward sur‑
face pressure， concentrating extreme negative pressure 
zones on the distal end of the cross‑arm relative to the 
central mast.  Aerodynamic eccentricity significantly al‑
ters the flow streamline distribution and vortex structures 
around the tower.  The symmetry breaking of leeward 
separation vortices on the vertical rod complicates 
vortex‑shedding patterns， causing the asymmetric recir‑
culation zone to deviate toward the long‑arm side of the 
cross‑arm and extend downstream， directly increasing 
the overall torque of the tower structure.

（2） Torsional response demonstrates the highest sensi‑
tivity to aerodynamic eccentricity： a 50% increase in ec‑
centricity elevates the mean torque by 99. 7% and aug‑
ments torque fluctuations by 99. 5%.  Increased eccentric‑
ity enhances interactions between wakes at different verti‑
cal heights， resulting in vertical wake extension.  The 
cross‑arm vortices not only extend downstream to the 
far‑wake region but also twist toward the torque direc‑
tion.  This phenomenon further amplifies lateral and tor‑
sional responses under aerodynamic eccentricity.
（3） With increasing eccentricity of the T‑shaped 

tower， the low‑frequency bands of the tri‑component 
aerodynamic force power spectra exhibit asymptotic at‑
tenuation， whereas the high‑frequency bands （particu‑
larly the full‑tower lift spectrum） display amplified fluc‑
tuations.  Based on the random vibration theory， a nor‑
malized full‑tower force spectrum formula for the 
T‑shaped tower is established through the nonlinear fit‑
ting of the numerical simulation results， facilitating 
analysis of eccentricity effects on tri‑component aerody‑
namic force characteristics.  Moreover， high eccentricity 
ratios （e=0. 70， 0. 75） result in greater variation ranges 
of the full‑tower torque， necessitating special attention to 
structures with high eccentricity in wind‑resistant design.  
Furthermore， in the present numerical simulation， uni‑
form flow is employed as the inlet condition， and bound‑
ary layer wind effects are not simulated.  Thus， the gener‑
alized force spectrum formula must be further refined to 
account for actual wind effects in future studies.
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几何偏心对T形塔流场和气动力影响的大涡模拟
赵爽 1，2， 张先洪 1， 张成涛 1， 晏致涛 1，2

（1.重庆科技大学土木与水利工程学院，重庆  401331；2.重庆市建筑科学研究院有限公司，重庆  400016）
摘要： 为研究几何偏心结构的气动性能，采用风洞试验与数值模拟方法，对不同几何偏心条件下 T形塔的流

场特性与气动三分力进行分析，并建立了相应的广义力谱数学模型。通过对比风洞试验与数值模拟获得的

升力、阻力和扭矩系数，验证数值模拟方法的可靠性，并进一步分析了几何偏心对风压分布、涡脱特性及湍

动能分布的影响。基于随机振动理论，通过对数值模拟结果的非线性拟合，得到T形塔整塔力谱的归一化公

式。结果表明：偏心距越大，结构涡脱现象越复杂且向偏心侧偏移；尾流形态发生扭曲变形，呈现竖向延展

特性，导致峰值风压出现在较长横臂处；扭矩系数对偏心变化的敏感度最高，偏心率增加 50% 时扭矩系数增

加99. 7%。

关键词：几何偏心；T形塔；气动力；流场特征
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