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ABSTRACT

To investigate turbulence characteristics relative to moving vehicles under cross
wind, based on Taylor's frozen turbulence hypothesis and isotropic turbulence model,
formulations for calculating the power spectra of wind turbulence relative to moving
vehicles are derived from the Kaimal spectrum of longitudinal wind fluctuation. The
results can be applied for any vehicle moving direction, and for both longitudinal and
lateral components of wind turbulence. In addition, the turbulence correlation
characteristics with respect to moving vehicles are analyzed. The effects of speed ratio
of vehicle speed to mean wind speed on the wind spectra and correlation characteristics
are investigated. Both the increases in wind power spectrum and correlation contribute
to larger aerodynamic forces and wind-induced vehicle vibration as the increasing
speed ratio.

1. INTRODUCTION

As vehicle operating speed increases and mass decreases, the wind-induced traffic
accidents due to strong crosswind have been common in the world (Diedrichs 2006;
Gawthorpe 1994; Johnson 1996). The safety and comfort of running vehicles in strong
crosswind conditions become one of the increasingly important factors (Baker 1991a,
1991b, 1991c and 2013). Currently, the time histories of random wind velocity
fluctuations at finite discrete fixed-locations are generated with prescribed spectral
characteristics (Cai and Chen 2004, Li et al. 2005; Xu and Guo 2003). However, when
considering the effects of fluctuating wind on vehicles, the method to cope with the wind
field of vehicles is to approximately take the wind fluctuations at the nearest
fixed-locations. These approximate modeling of wind fluctuations on vehicles often
causes discontinuity and may even introduce sudden changes in the wind fluctuations.
Cooper (1984) calculated the power spectral density (PSD), cross-correlation and
coherence of wind fluctuations normal to a moving vehicle using von Karman spectrum
for wind turbulence at fixed-locations. Baker (1991b, 1991c and 2013) presented a
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comprehensive study on unsteady aerodynamic forces and dynamic response of
vehicles in frequency, amplitude and time domains.

In present study, based on Taylor's frozen turbulence hypothesis (Taylor 1938) and
isotropic turbulence model, formulations for calculating the power spectra of wind
turbulence relative to moving vehicles are derived from the Kaimal spectrum of
longitudinal wind fluctuation. In addition, the turbulence correlation characteristics with
respect to moving vehicles are analyzed. The effects of speed ratio of vehicle speed to
mean wind speed on the wind spectra and correlation characteristics are investigated.

2. WIND POWER SPECTRA RELATIVE TO MOVING VEHICLES

2.1 Kaimal spectrum of longitudinal wind fluctuation
The power spectral density (PSD) of u-component S (n), is given as the Kaimal

spectrum (Kaimal et al., 1972):
ns, (n) 200A

= 1
u?  (1+50A)" M)

where n is the frequency in Hz; i=nz/U is the non-dimensional frequency; U is the
mean wind velocity at the height z above the ground, u.is the shear velocity of the flow.

The standard deviation (STD) of u-component is then given as o, = Jeu..

2.2 Taylor's frozen turbulence hypothesis
Based on Taylor’s frozen turbulence hypothesis, the wind fluctuations at two points
along the mean wind speed direction are related as follows:

u(x,t)=u(x-0t,0), v(x,t)=v(x-0t,0) ()

Taylor's hypothesis can be applied to turbulence except at large wavelengths (very
low frequencies). The significant frequency range for ground vehicles is about 0.5 to 3.0
Hz, thus this hypothesis can be applied to study the unsteady aerodynamics of moving
vehicles.

2.3 Auto-correlation coefficient functions at fixed points
The auto-correlation coefficient function at a stationary point can be obtained from
the Kaimal longitudinal spectrum by Fourier transformation:

I\)|l—\
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where T=:U/z is a non-dimensional variable; and LommelS2(p,q,x) is a special
function with three parameters, which is the second kind of solutions of equation
X2y +xy’ +( —q )y= xP* (Gradsbteyn and Ryzbik, 2000).
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For the convenience of subsequent calculations, Eq. (3) is numerically fitted as the
following formulation of non-dimensional variable T ,i.e., p,(z)=f(F).

f(7)=0.013+0.467 exp(~ T /4.296)+0.201exp(~T /0.797)+0.281exp(~ T /15.742) (4)

)
)

The auto-correlation coefficient function of lateral wind fluctuation, i.e., p,(r)=g(

f(

= =

can be obtained from the longitudinal auto-correlation coefficient function p,(z)
under the assumption of isotropic turbulence (ESDU, 1985):

o(F)= 1)+ arS0) ©

where Ar=1U .
Substituting Eq. (4) into Eq. (5), the lateral auto-correlation coefficient function can
be expressed as:

g(r)=0.013+(0.467 — 0.0547 )exp(~ T /4.296)+(0.201 - 0.126T )exp(~ T /0.797)

+(0.281-0.0097 )exp(— F /15.742) ©)

2.4 Cross-correlation coefficient functions relative to moving vehicles

Referring to Fig. 1, a vehicle is moving at a constant speed V along a straight line
N-O through the origin of the global coordinate system 0-XYZ, at an angle ¢ to the
X-axis. The local coordinate system N-¢nC (origin N) is fixed on the vehicle, with the
plane N-n-C is close to the surface of the vehicle. The two physical points P and P' are
fixed on the moving vehicle, and the local coordinates of P and P' are (0,7,{)and

(0,7',¢"), respectively. The position vectors F(t) of P and '(t+z) of P'in the global
coordinate system can be found. Applying Taylor's frozen turbulence hypothesis, an
equivalent point P¢' in the frozen turbulence field (at time t) can be found corresponding
to the physical point P' (at time t+7), which is a distance U away from point P' in the
negative X-axis. The equivalent separations between points P and P.' along the X, Y
and Z axes in the frozen field are:

AX, =(n'=n—-Vr)cosg—U (7a)
Ay, =(n'=n-Vz)sing (7b)
Az=("-C (7c)

The expression form of the turbulence cross-correlation coefficient function relative
to moving vehicles can be expressed as (Cooper, 1984):

pi'(F.77)=c; f(F)+(1—cij )g(F) (8)
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where the superscript M represents that the vehicle motion is considered; f(f) and
g(F) are the longitudinal and lateral auto-correlation coefficient functions, respectively;

- 1 - -
F=Ar /7, Ar, =MD +Ay2+AZ%; 2, :E(z+z'); fori,j=u, ¢, =(Ax,/Ar ) ;fori,j=v,
. , AX, - A
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Fig. 1 Two points moving with the vehicle and equivalent point (Cooper, 1984)

2.5 power spectra of turbulence relative to moving vehicles
The auto-correlation coefficient function of turbulence at the moving point P can be
readily obtained from Eq. (8) by setting the two points are identical, i.e.,

Ax, =-Vrcosg—1U , Ay,=-Vrsing,and Az=0.The power spectra of i-component (i =
u, v) can be given as:

¥ (n)=07 | (e )oos(2me e = 4u: .Vi.g[di Arl-dYA-B-Cc-D)] (9

where
fori=u,
d, =[0 +V cosg)v, | (9a)
fori=v,
d, =[vsing)/v, | (9b)
V, =U?+V2+20V cosg (9¢)
0.52017 1.20867 0.08540
_ 4 - : (9d)
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_ 0.95056(1-0.63577s?)

C (9f)
(L57290+5f
0.00017(1— 247.81938s?)
D= ~ (99)
(0.00404+52)
s = 27 (9h)
A=nz/V, (9)

It can be readily illustrated that when the vehicle is stationary (V = 0), the above wind
spetra relative to moving vehicles reduce to those at fixed points, seen Fig. 2.
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Fig. 2 The comparison of target Kaimal spectrum and derived spectrum
3. THE EFFECTS OF SPEED RATIO ON WIND CHARACTERISTICS

3.1 Wind power spectra
Fig.3 displays the influence of speed ratio on the spectra of u- and v-components of

wind fluctuation, where the wind direction is normal to the moving vehicle, i.e., ¢=90". It

Is seen that the spectrum shifts into higher frequencies. As a result, the energy in the
range 0.2-4.0Hz increases with increasing speed ratio. This is important to ground
vehicles which have a significant frequency range from 0.5Hz to 3.0Hz. It indicates that
the effect of movement is to make the moving vehicle experience higher wind energy at
the frequency range of interest, thus leads to higher aerodynamic forces.
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Fig.3 The influence of speed ratio on power spectra of u- and v-components



The 2014 World Congress on
Advances in Civil, Environmental, and Materials Research (ACEM14)
Busan, Korea, August 24-28, 2014

3.2 Auto-correlation coefficient function and turbulence length scale
Fig.4 displays the longitudinal auto-correlation coefficient function at different speed

ratios where ¢=90". The normalized non-dimensional time variable is defined as
7 =%V, /z. The integrations of these autocorrelation coefficients give the corresponding

turbulence length scale. It is observed that the length scale ‘seen’ from the moving
vehicle decreases with increasing speed ratio. It indicates that compared with the
stationary case, the motion of vehicle results in reducing the time of vehicle passing by
the turbulent eddies, corresponding to the reduction of the average size of turbulent
eddies ‘seen’ from the moving vehicle. In addition, it should be noted that the sensitivity
of the auto-correlation coefficient function to the speed ratio reduces with increasing
speed ratio.

Fig.4 The longitudinal auto-correlation coefficient function at different speed ratios

3.3 Cross-correlation coefficient function
Fig.5 shows the cross-correlation coefficient function of u-component of wind

fluctuation for different non-dimensional separation distance d = (n'—n)/z and different
speed ratios V/U =1 and 4, where ¢’ =¢ . The wind direction is normal to the moving
vehicle, i.e., ¢=90". With consideration of vehicle motion, it can be seen that the

turbulence cross-correlation coefficient rise to a maximum value at some value of the
time delay, which is a function of the separation distance and speed ratio.
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Fig.5 Cross-correlation coefficient function relative to moving vehicles
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4. CONCLUSIONS

The power spectra and correlation coefficient functions of wind turbulence relative to
moving vehicles were deduced based on the basis of Taylor's frozen turbulence
hypothesis and isotropic turbulence model. The results can be applied for any vehicle
moving direction, and for both longitudinal and lateral components of wind turbulence.
The results showed that the moving vehicles experience higher wind energy at the
frequency range of interest, thus leads to higher aerodynamic forces. The motion of
vehicle resulted in reducing the time of vehicle passing by the turbulent eddies,
corresponding to the reduction of the average size of turbulent eddies ‘seen’ from the
moving vehicle. That suggested that the wind fluctuations and thus the aerodynamic
forces on moving vehicles were more correlated in space. Both the increases in power
spectrum and correlation contributed to larger aerodynamic forces and wind-induced
vehicle vibration as the increasing speed ratio.
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