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Temporal variation of wind pressures of
a 200m-high RC chimney

(Full-scale, 0.7H, H/ D = 13.2)

Fluctuating Pressure Coefficient Cp’
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p : Wind pressure
: Mean wind pressure
. Alr density

. Reference wind speed
. Reference velocity pressure




Temporal Variations of
Fluctuating Pressures on Roof
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(a) Mean pressure (b) Fluctuating pressure
coefficient CIO coefficient C’

Pressure distributions on a low-rise building
model (=0°,D:B:H=4:4:1)




(a) Mean pressure (b) Fluctuating pressure
coefficient CIO coefficient C;’

Pressure distributions on a low-rise building
model (A=45° D-B-H=4-4"-1)

(a) Mean pressure (b) Fluctuating pressure
coefficient C coefficient C’

Pressure distributions on a high-rise building
model (A=0°. D:B:H=1:1:5)




Pressures
IN

Unsteady Flow Fields

Unsteady / Irrotational / Ideal Flow

Generalized Bernoulli’s Equation

op . 1.,,. P
R

. Fluid density

. Flow velocity

: Pressure

. Velocity potential

: External force potential = gz
: Time function

+ 02 =n(t)




Quasi-steady Assumption
and
Fluctuating Pressures

Quasi-steady Assumption

The flow field at every moment is

the same as the steady flow field
for the wind speed and the wind
direction upstream of its instance.

Fluctuating pressure on a structure

follows the variations In
longitudinal wind velocity
upstream. (a narrow sense)




Quasi-steady Assumption

(a narrow s_,ense) '(\:/'gg?iggﬁsure
FIuctua‘W
= L 2
p(t)=C, > pU(t) \\
=C, 2 p{U (D)}

u(t)<<U
~C % U2{1+2Ut }
—p+p(t) o,/p =~ 20,/U

pas B0y 1, = 21,

Quasi-steady Assumption
(a narrow sense)

Fluctuating pressure:
u)<<U — u(t)=
p(t)=p +

5 C % pU 2 Mean Pressure

10



Spatial Scale
of
Pressure Fluctuation
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Aerodynamic
Admittance
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(a) Wind speed (b) Windward Wall (c) Side Wall (d) Leeward Wall

Power sé!oectral densities of fluctuating
wind speed and wind pressures

Reduced Frequency :

Building Size B
Spatial Scale of Fluctuation
similar to Eddy Size of Turbulenc

f

Fluctuating FrequencL)J

Reduced Frequency
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Schematic view of distortion of turbulence

Power spectral density of
fluctuating pressure S,(f):

Sp(f) = p2U 2|2 (F)[PS,(F)

S,(f) : Power spectral density of
fluctuating wind speed

| 7 () |? : Velocity-pressure
admittance
Quasi-steady:

yo, : Al_r density p'(t) = C, pUu()
U . Wind speed
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Distortion of Turbulence

o H/B=8

Velocity—pressure admittance
Velocity-pressure admittance
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Schematic view of turbulence distribution

voh = exp(—kiUL—)

L: distance

3 0.4 : - >
(Yaw O o

Root-coherence of wind pressures on the

windward wall of a high-rise building model
(D:B:H=1:1:5)
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Pressure Correlation distance

between
two points

voh = exp(—k% )

1

K

f, : The largest frequency

for which the pressure
correlation can be assumed
to be unity

Critical reduced frequency
for fluctuating pressure field
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Critical Frequency f. and Equivalent
Averaging Time T for Panel Pressure

i L
U LD

U, Fa

»>

L
Size of Panel ™ (1)

% Critical Size of Fluctuation
—_ By

—K Note: Exactl Ki
ote: Exactly speaking, we
Decay_Constant have to consider two
k= 0: Fully Correlated |dimensional (area) correlations
k = : No Correlation |for panel pressures.

Size Reduction Factor(Spatial Averaging Effects)

Size L acts as a low-pass filter.
Larger L - Smaller f_ (Larger T,)

Maximum Panel _—Representative Point Pressure

Pressure
(Spatial Average) P(H) /pEmax

Equivalent Temporal
Average Maximum

Pressure pe,ax p
Emax

C - should be Moving Average

17



Equivalent averaging time T, of
the minimum size of fluctuating
gust acting simultaneously

=
=

on the panel

kL
U
ex. L=1m, U =40m/s, k=8

8x1
T,=—=0.2sec
40

Equivalent averaging time T, of
the minimum size of fluctuating
gust acting simultaneously

on the panel U
myC &7
L

kL
U
ex. L=10m, U =30m/s, k=8
8 x 10
30

= 2.7 sec
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Temporal Variation
of
Internal Pressure

Necessary time T . (sec) to reach
equilibrium after giving a pressure
difference Ap (Pag at an opening
(T.V. Lawson, 1930)

B
T.=1.2x10 4Xx/A_p

B : Volume of a room (m?)
A : Area of an opening (m?)
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ex. :> '
C,. =0.8, Cpi =—-0.34, U=35mfs | C,=-0.34
Lf: 35 m/s

—> Ap =860 Pa

B : Volume of a room = 200 m?
A : Area of an opening = 0.02 m?

200
T.=1.2x10™" Wsao = 35 sec

The internal pressure cannot respond to the
external pressure fluctuation with a shorter
period than T, — Time Constant

ex. a broken glass window

. . C, =028
el C =~ 0.3, [>
U = 35 m/S U=35m/s | C,;=-0.34
— Ap =860 Pa

B : Volume of a room = 200 m?3
A : Area of an opening = 1 m?

200
T, =12x 107 ——=vB60 =0.7sec

The internal pressure can respond high-
frequency external pressure fluctuations !
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Temporal Variation
of
Wind Forces

General Buildings
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Along-wind Force:
Fp(t)

L Loz -
LBty -
+ Stz -

=Fp(t) + Fp'(t)
Quasi-steady assumption & u(t)/U<<1

Fo' (t) = Cp pUU(t)BH
Sp (f) = (Cp pUBH)?S ()

Power Spectrum of Along-wind Force

Size Reduction Effect & Distortion of Turbulence
=T —

Sp(f) = 4Cp? =7 12(F)

lzo()2 : Aerodynamic admittance
e.g. Vickery (1968)

2ot =——
e ( 2]D/'AT)MB

A : Projected Area
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8"x8"plate
8"x12”plate
8"x16plate
8"x24plate
1.5"x1.5"plate
1.5"x6”plate
8"%8"%x2"prism
8"%8"%4prism
4”x4plate

& 12" ¢circular plate

0.010.02 0.05 0.1 0.2 05

fvA /U

Aerodynamic admittance of plates and prisms
(Vickery 19638)

4 '8 D00 O0® s

VAerodynamic Admittance 1#o(f)]

(time)
Along-wind force

(time)
Across-wind force

Temporal variation of wind forces acting on a high-
rise building model (2H/3, Wind tunnel)
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LR LT

Along- wmd

£S(f) /(q,BH)?

F— : Force balance
#o  Pressure

fB/U

TR o

Hi |

L.l

1

E
I
Strouhal Number]

F S

10-* v

e e —
fB/U

Across wmd

—
=

fS(f)/(qHBH)2

Power spectra of wind forces acting on a high-rise
building model
(2H/3, Wind tunnel, Kikuchi & Hibi 1995)

Fluctuating Wind Force Coefficient
OD

%—P UgA

OL

= 1__2

i

oy, o0, - Standard deviation of Fy and F,
. Air density

: Reference wind speed
. Projected area




Line-like Structures

(b) Cylinder / Prism
Line-like Structures
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B | ocal Two Dimensionality

- Strip Theory :
B Masts, Chimneys, Towers, Bridges
B Across-wind Responses :

(except lattice towers)
Vortex-resonance, Aerodynamic Instabilities

Across-wind Force Spectrum for

a circular chimney

(Marukawa, Tamura et al., 1984)
S (f) “
_ 2 112
=(PUDC)

= (]

(1-k)?

Gust Component
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L_attice Structures

Lattice structures

BLocal velocity pressure
WSize reduction factor

Distortion of
turbulence can
be ignored !

Solidity Ratio ¢=Ag/ A, (less than = 0.6)
As: Projected Area, A, : Outline Area
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|_attice Structures

B Diameters of individual members are small.
— Momentum loss is small.
— Along-wind Force only for whole structure

(Across-wind forces can act on individual
members)

— Total Along-wind Force D
= Sum of Along-wind Forces of
Individual Members D;
(governed by local velocity pressure q;)
L attice Plate Theory O

- Size-reduction Factor
- Aerodynamic Admittance

Motion-induced
Wind Forces

28
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Generation of motion-induced fluid force

Along-wind motion : - generally acts to
suppress the motion.

Positive aerodynamic damping

Across-wind motion : I occasionally acts
to stimulate the motion.

Negative aerodynamic damping
- Flutters
Unsteady flow / Vibrating body
with an acceleration U
-- accompanies inertial force / resistance F, oc U
--F,/U=M, : Virtual mass (Additional mass)




Along-wind Motion

Mean Fluctuating
Wind Speed Wind Speed

U u

—ﬁ
—

X

MX+CX+KX:CD%p 2
A
:CDEP( )?

ch%p(uu 2Uu

Along-wind Motion
M X+ C x+Kx :CD—'g‘p(U2+2Uu

(C+pC, AU )X

Aerodynamic Damping Ratio ¢,
1 ,OCD AU /always positive
ba = 2a3, M ay =
Generallv small and nealiaible

VK/M
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Across-wind Motion

Wind Speed
U

=

yo,

Ooe 10° 200

a~=YylU

- F,=Lcosa + Dsina = TAUrZ(CLCOSa + Cpsina)

= ’%Auz(cL + Cptana)seca

Across-wind Motion
Derivative of F by @ near =0

aF,
da

Unsteady force near =0 (a=y/U)

P oC, .
= ~—7AU (W +Cp) V

Aerodynamic Damping Ratio

pAU oC,  —
% = ZapM Ga *C0
@y a

can be negative
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Drag Coefficient C

—_— —

\E

Lift Coefficient C,

Turbulen“&h ‘d}
**% 90 Smooth

Flow

Variations of mean drag and lift coefficients
with attacking angle (2D)

Unsteady Flow / Vibrating Body

o¢

6T in Blasius Eq. : Unsteady term

- Inertial resistance
- Virtual mass : M,

ex. 2D circular cylinder
M, = Fluid mass of the same volume
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Fluctuating Wind Forces
Acting on

Basic Sectional Shapes

Fluctuating Wind Force Coefficient

0

0 545
Aspect Ratio H/B

Fluctuating wind force coefficients vs. aspect ratio
of square prisms (Turbulent boundary layer flow)
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Power spectra of across-wind forces on 3D prisms
(1st mode aeneralized force. Turbulent shear laver flow)

(0.6X10'S Re
£4.2%10Y) B

0.20F
I m v

T T T

| Always separated

o Il Separated in terms of temporal

average
0.10F (Occasionally reattached)

111 Reattached in terms of temporal
average (Occasionally separated)

3T &+ 10 IV Always reattached
D/B

Strouhal number vs. side ratio of prisms

Strouhal Number S
&

(2D. Smooth Flow. Okaiima 1983)



Circular Cylingle

Rectangular Prism

L1 L 1 1 L1
2 5 10 20
Aspect Ratio H/B

Strouhal number of 3D cylinder and prisms
Turbulent Flow, Vickery 1968)
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E i , ;'.-.-1'.'#.*"?”?“. ﬂ

L 0 10 Rer 10* 107

Reynolds Number Re

Fluctuating lift coefficient of circular cylinder

2D, Smooth Flow, Schewe 1983)
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H/D=2.25

fSe (f)/(a4HD)?

g

L L L L 1 1
0.02 003004005 0.1 01502 030405
Reduced Frequency fD/U

Power spectra of fluctuating lift forces of 3D
circular cvlinder Turbulent Flow. Vickerv 1968)

=
—
=

Fluctuating Lift Coefficient C,’
Mean Drag Coefficient Cp

Turbulence Intensity 1, (%)
Fluctuating lift coefficient and mean drag
coefficient of a 200m high circular chimney
Full-scale. Local wind forces at 0.7H. Vickerv 1988)

10
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Strouhal Number S

Reynolds Number Re

Strouhal number of chimneys Full-scale)

S ~Smooth Flow
Turbulent Flow

Height z (inches)

(= T
T

20 30 40 50 60
Frequency (Hz)

Vortex-shedding frequency
3D tanered chimnev model. Vickerv & Clark 1972)

=
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Height z (inches)

Smooth Flow

Turbulent Flow,

01 0.2 0.9 0.4 0.5 0.6
Bandwidth Index

Bandwidth index of power spectral peak of
fluctuating lift force of a chimney model
Vickerv & Clark 1972)

Vibragior
Amp]J'[ucie 010

Correlation
Coefficient

A é E
Distance L/D
(a) Smooth Flow

1
0.8
0.6
0.4
0.2

uﬂ

Vibratior
Amplitude 0.1 0
-]

Correlation
Coefficient
=] o = =
o R B DB

Siationary

: Distdance DD ’
(b) Turbulent Flow

L
-y

1d

0

Correlation ofgressures acting on a circular

cvlinder (8=90<) (2D. Novak

Tanaka 1975)
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Design Wind Loads

Wind Load Effects

39



Pressure Measurement Model and
Analytical Lumped Mass Model

Length Scale = 1/400

Mean Wind Speed Profile
a=1/6

500 Pressure Taps

At =0.00128 sec

T =42 sec (32,768 samples)
3DOF x 25 masses = 75DOF

Generalized Wind Force Coefficients

d """A""“'\,\I,\\wll\v"\fWWV'V"VAv‘v"\\/'n"UIA\Vh\\JJ/\AV\

120 140 160 180

200
time(sec)

Torsional Moment
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Tip Displacement

o
<

A A . ¥ PV G Y . W
VNSV i VA Ve VA ~ TV

Displacement(cm)
S

L
<

100 120 140 160

/\v.‘V/\ I\VI\I\A/\I\I\/\I\/\/\;J\/\ /\VA

140 160

S A NNANAAAAANAAAAANAAA— A AN AN
g CAVATA R A AVEA SVA A ATA A A ai Vi avj ASVAY)

100 120 140 160

Angular Displacement

Wind load effects S at any point z
(except for resonant component)

S@t) = [, F(4.1) B@A) dA

B(z,4) : Influence Function
Wind Force Load Effect 1 Load Effect 2

S.(z,t) , S,(z,%)

(Shear Force) (Displacement)
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Wind forces and wind load effects
on roof beams

1 =
[ ‘ | i (z,ﬂ g gpear FOrCe

L
Influence function " = o FADp@A) di

- Bending moment at z of a roof beam
ﬁ(z,/l):(l-iL)z, 0<A<z

,e(z,/l):(l—iL)z, 7<A<L

- Shear force at z of a roof beam
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Static Wind Load,
Dynamic wind Load
and
Quasi-static Wind Load

Anemormeter
GPS Antenna
Accelerometer

GPS Antenna

0

ESﬁﬂlﬁm

ooood
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Windrinduced Response off & 10 TToues

cm/s 2

Accelerometer

cm

RTK GPS D' (0

00 5 10 15 20 25 30
Time (s)

Acceleration

Displacement D(t)

Virtual Monitoring of Temporal Variations
of Member Stresses

-obtain member stresses corresponding to unit tip
displacement by FEM

{

- calculate member stresses based on GPS tip displacement
during a typhoon including dead load effects

Z

Wind

Y
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Temporal variations of member stresses during a
typhoon due to GPS monitoring and FEM analysis

200 300 ‘ 0 600
Inner Column Time [s]

Mean Component of Wind Force F
Static Wind Load (due to mean wind speed)

Mean Wind Load Effects S

Fluctuating Component of Wind Force
F(t)

Dynamic Wind Load

Fluctuating Wind Load Effects S’(t)
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Load Effect: Normal Stress of Member A
S(t) =S+S°(t)
Maximum Load Effect: S = S+S’

_ Fluctuating
Wind Force  Mean Value Component

F(zt) F(2) F’(z,t)

max

®m Power Spectrum of Wind Load
Effect

= [HGT)]? Se(f)

IH(i )P Se(f)

X

1
0 i
0

Mechanical  Power Spectrum

Admittance  of Wind Force
(Response) ( H(if): Freauencv Response Function)
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mVariance of wind load effect S:

0'32 :_/O‘Oés (f)df= Ag + A (Spectrum: One-sided)

Ag : Background (Quasi-static) component
Ay : Resonance component
[H(i )P Se(f) Ss(f)

[

qasi-static:
ind Load;

Mechanical Admittance Power Spectrum of Power Spectrum of
Wind Force Wind Load Effect
(Response)

Maximum Load Effect S, =S+ S’
= i Peak Factor

K 7
S,max:gS O-S:gs AB+AR

Gust Response Factor : G¢

max

Equivalent Static Wind Load Causing
Maximum Load Effect S, ,, : Fgs

Fes =GgF _
o8 _ =

( K GS K :Smax)
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a.o. Ri(_:eh(l?gil?_), e
@6Byright & Longuet-Higgins
Peak Factor : gg

Os = V2InvT +

V2InyT
T . Sample length e.g. 10min

v . Average number of peaks for unit time
1/ @nf)S(f)df
_2_75 f?znf)zss(f)df}

f(2nf)285(f)df 1/2
> /Ss(f)df

1/2

M Variance of wind load effect S:

Response due to a white
noise input Si(f;)
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Equivalent Static Wind Load : F¢

= Gust Response Factor x Static Wind Load

Js : Peak Factor
Ag: Quasi-static Component
Ar: Resonant Component

Variation of Responses with
Mean Wind Speed

Example !!

Along-wind : Xyay oc U 25

Across-wind: Y,y oc U 37

Along-wind : Xyax oc U?1

Across-wind: Y,,ay oc U3t
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Across-wind force

Resonant Component
_ woe® fySe(fy)
"4LK2 g2

Generalized Force Spectra

fB
IH(i f)[2 X
increase of
wind speed

Mechanical
Admittance

TP 1E

Along-wind F
10-*¥

" li
F— : Force balance

S
: Pressure ol | W

T T e e —
fB/U fB/L]Jﬂ

Power spectra of wind forces acting on a high-rise
building model
(2H/3, Wind tunnel, Kikuchi & Hibi 1995)

Across-wmd

=

s
—
=

:
10- E
f
;

-
ﬂ

fS(f)/(qyBH)?
fS(f)/(qBH)?

S

Strouhal Number]
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