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ABSTRACT: A spectral analysis from wind tunnel amghr-neutral atmosphere data was realized. Theumgaent spectra are
compared with von Karman and Kaimal expressionseacomplementary evaluation based on the previauk of Arbage and
Degrazia et al. was realized. A comparison of tketisal component with atmospheric values is alsos@ered and the
atmospheric stability effects on full-scale meaments are also analyzed. Parameters used to afifaensionless spectra
including mean velocity, the variance of velocityctuations, the longitudinal integral length, lbé@ction velocity and the
mean turbulent kinetic energy dissipation.
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1 INTRODUCTION

Understand the dynamics and transport processésidé and gases in natural environments and tdolgiwal settings is
important for innumerable reasons. In wind engimggrone research area aims at reproducing in &bor the physics
phenomena of the atmospheric surface layer. Ferfiteld of research, two important challenges carhighlighted. First, the
technical challenge of producing a realistic sirtiala of the atmospheric turbulence in reduced scaled, second, how to
determine a suitable mathematical model descriteteyant physical characteristics of the turbultmw. Regarding this later
problem, many wind engineering studies rely on ghectral analysis of turbulence. In particular, lsreeale models of the
atmospheric surface layer simulated in laboratawey fgpically analyzed through expressions desogibmon-dimensional
spectrum of the real atmospheric surface layer.o&pheric wind data are often obtained from anemeraetormally located at
the range of 1-50 m height, and sampling frequesitlin the range of 1-20 Hz. Typical atmospheritbtlence records are
non-stationary and contains low frequency companene to micrometeorological and meso-scale matismserimposed to
the scales of the boundary layer turbulence. Caresgty, the wind spectrum is very broad, contairinge scales of several
hours up to fractions of a second.

The Van der Hoven spectrum, obtained in Brookhavemg Island, NY, USA [1] is a well-known experintah result
reporting the spectrum of the longitudinal veloctgmponent characteristics in the complete frequesh@main. Micro-
meteorological and macro-meteorological peaks eadistinguished in the Van der Hoven spectrum alwveenergy spectral
"valley" between these two peaks can be identifigdich is broadly used to discriminate micro-metdogical and macro-
meteorological aspects. Fluctuations of periods l#®mn one hour define the micro-meteorology regamd determine
atmospheric turbulence spectra. In 1948, von Karsugggested an expression to model the turbulereetrsin, and 20 years
later began to be used in wind engineering. Hd&sshowed drawbacks of this formula by fittingt@ wind atmospheric
experimental data. More recently, a model for tibulent spectra in a shear driven planetary baynidger was proposed by
Degrazia et al. [3].

In this work a spectral analysis from laboratoryaglabtained in two wind tunnels of different sizasd data measured
directly in a near-neutral atmosphere is realifedtly, the obtained measurements spectra are a@dpvith von Karman and
Kaimal expressions. Later, a complementary eviandiased on the previous work of Arbage et ali§4falized. The present
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study is focused on the analysis of the longitudivelocity component; however, comparisons of thtedal and vertical
components with atmospheric values are also corsidd@ he impact of the atmospheric stability of-ghle measurements is
also addressed. Parameters used to compare th&amman and Kaimal expressions includes the meaacitgl and its
variance, the longitudinal integral length or lodattion velocity; which are commonly used in Wirighgineering. The
parameterization proposed by Degrazia et al., erother hand, also considers the mean turbulestikianergy dissipation. In
this case, the frequency of the spectral peakerstirface for neutral conditions is used to defireespectral model; therefore,
the spectral model can be better adapted to fieldsorements.

2 TURBULENCE SPECTRA EXPRESSIONS

Atmospheric spectra are represented by expressimasned by fitting spectra of experimental datatypical expression is
the von Karman formula that appears in the ESDUné\Engineering Data Sheet 74031- manual as follows:

NS _ 4% (2) )
o, [1+ 7078Xu(z)2J5/6

where§, is the spectral density function of the longitudicamponent,n is the frequency [Hz]au2 is the velocity fluctuation

variance and the dimensionless frequeXgyz) is:

xu(z)=M (2)
U(z)

This formulation satisfies Wiener-Khintchine retats and considers the Kolmogorov balance in thectspa range.
However, Harris [2] indicates situations where eipental values are not properly fitted by this eegsion. On the other hand,
the Kaimal spectrum is given by the expression:

NS, _ (@)
Ny _333_ W2 (3)
0,° 3[1+ 50¢,(2)]7°

The dimensionless frequency; (z)is calculated using the height being:
Y,(z) = nz/U(z) (4)

The equation (5) gives the dimensionless frequespgctra of lateral component of velocity fluctuacand was obtained
fitting Kansas experiments measured data[5].

nS, __ 1m(2) (5)
u® 1+ 95Y,(2)%*

Kaimal expression associated to the vertical corapbat neutral stability atmospheric conditioniigeg by (6). The spectral

density of vertical velocity fluctuatiorts,,, is normalized by the local friction velocin}fY2 [5].

nSy _ 2, (2) (6)
u? 1+ 53¢ (2)%°

The atmospheric stability effect over the spectafnvertical velocity fluctuation it is possible tmalyze with the stability
parameter variationg/LMO where LMO is the Monin-Obukhov length.

Degrazia et al. [3] developed a model for turbulspéctra in both purely shear and buoyancy dondnatenospheric
boundary layer. This model use Taylor's diffusibedry together with a model for turbulent speatra shear-buoyancy driven
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atmospheric boundary layer, in order to generatierlaulence parameterization applicable to all $itgbéonditions with the
exception of very stable cases since the Monin-@bukscaling does not apply in these condition.His &analysis we are
interested in a model that describes the turbulasseciated with a neutral atmospheric boundamraize model derived by
Degrazia et al. which describes turbulent spearerated by shear mechanism is:

S _ 156921 o
u? 15193 5
1+ 20 (m) ] %/3

wherei = u,v,w, (fm)i is the dimensionless frequency of the neutral tspegeak, ands; = ajay, (277k)_z3 ,a, =05+ 0pP5, and

a; = 14 3,4/3for u,vandw components, respectively. The dimensionless fregués f =nzU and the dimensionless

dissipation rateg, is obtained by

8
@ = kze/ uf0 (8)

wheree is the mean turbulent kinetic energy dissipatikiis the von Karman constant, angl, is the surface friction velocity

[4]. The local friction velocityu, for a neutral PBL is

u? =u2 (1- z/h)7 ©)

according [3], wheré is the depth of the neutral planetary boundargiand it could be obtained by

h=02u./|f| (10)

andfc=10"*s! is the Coriolis parameter.
The peak frequencigsm),, (fm),and (fm), characterizing the energy-containing eddies, canchleulated by the
expression

(fm) = (fm); (1+ 0033 f.z/Uxo ) (11)

where( fm)y; is the frequency of the spectral peak in the serfac

3  WIND DATA DESCRIPTION

Atmospheric boundary layer wind data were colleatsithg a 3-D sonic anemometer at 10 m height. at@ measured at
Paraiso do Sul, Rio Grande do Sul (S 29° 44’ 39)6'53° 09’ 59,8"), in southern Brazil, employingsample rate of 16 Hz.
The micrometeorological tower is located in an atnflat terrain, which is relatively homogeneoudg(ffe 1). The
meteorological station is part of a Brazilian pmjeleveloped with the purpose of investigating sweface conditions for
distinct ecosystems in the country. Two partialetiseries, Atm-M1 and Atm-M2, representing strongdsi in a constant
direction and low turbulence intensity were seldc®d each series consisted 216= 65.536 po#®8 (nin). The wind data
were first rotated to refer them to a streamlingtesy [6-8] and linear trends were removed fromsiges by the least square
method.

Laboratory data used for this analysis were obthiffem two wind tunnels at the Universidad Naciodal Nordeste
(UNNE), Argentina (Figure 2). One of these, thegéarcalled Jacek P. Gorecki wind tunnel (TVG), hdsst section of 2,4 m x
1,8 m (cross-section) and 22,8 m long. The othedwiinnel, the smaller (TV2), is also an open diraith dimensions 4,45 m
x 0,48 m x 0,48 m (length, height, width).
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In TVG wind tunnel, the atmospheric surface-layexsvsimulated using the Counihan method, and empjogoughness
elements and mixing devices showed in Figure 3 ¥8asurements on a full-depth Counihan simulatitdj with velocity
distributions corresponding to a class Il terraigre realized. According to Argentine Standards&DR 102 [11], this type of
terrain is designed as “ground covered by sevédoakly spaced obstacles in forest, industrial dbaorzone”. The mean height
of the obstacles is considered to be about 10 nigwle boundary layer thickness is 420 m. The bamoy layer thickness in
TVG wind tunnel wasd= 1200 mm and measurements were performed at height70 mm. The average wind velocity of
the time series employed in this analysis was 1mB&6

In the TV2 wind tunnel, a simulation of natural @ion the atmospheric boundary layer was performednbans of the
Standen method [12], with velocity distributions@lcorresponding to a forest, industrial or urbamain. A part-depth
simulation with a boundary layer thickness®f 350 mm was obtained by means of spires and rasghelements (Figure 3)
and measurements were made at height80 mm. The mean wind velocity corresponding t@Tweasurement is 13,73 m/s.

Wind tunnel measurements were made using a hot-awiEmometer connected to a data acquisition systBrata was
obtained with acquisition frequency of 3000 Hz ainel anemometric signal previously was filtered bipwa-pass filter set at
1000 Hz. Each time series registered in the winaiéls consisted of 120.000 points (TVG) and 900@iats (TV2).

Figure 1.Micrometeorological tower and 3-D soniemometer.
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TV2 wind tunnel (right).

Table 1 shows wind data characteristics of the 8emes used in this analysis; mean velotity the variance of longitudinal
velocity fluctuationscru2 , sample ratd,q, and the longitudinal integral length, . Velocity fluctuations ofu ,v and w were

obtained from atmospheric data. The longitudinahpgonentu was only measured by the one-channel hot-wire anester in

14th International Conference on Wind Engineeririgprto Alegre, Brazil — June 21-26, 2015



the laboratory experiments. The local friction ity u. was experimentally obtained for laboratory measierets and was

calculated with the expressio@,g = ukZ/U2 for atmospheric data. ThE€_ value was adopted considering an opened area.

The mean turbulent kinetic energy dissipationvas determined by the fit of the structure functiour-fifths law) in the
inertial range.

Table 1. Wind data characteristics

U [m/s] z [m] ol [mis] faq [Hz] Ly [m] e M u,2 [m?<]
Atm-M1 7,22 10 2,77 16 36,30 0,045 0,245
Atm-M2 6,76 10 2,68 16 37,00 0,041 0,215

TVG 14,86 0,17 8,11 3000 0,43 33 4,196
TV2 13,73 0,08 3,49 3000 0,14 48,8 0,884

4  RESULTS

Results include atmospheric and wind tunnel turbegespectra, and comparisons of dimensionlessrapéttospheric data
were obtained using a Campbell 3D sonic anemonjig8r for which the resolution is 0,01 m/s for veity measurements,
while the wind tunnel time series describing intEet3 were measured by a constant temperaturevinetanemometer. The

Fast-Fourier transform was used to compute thetigpend the spectral estimates are block-averaged ron-overlapping
frequency bands.

4.1  Atmospheric turbulence spectra

Figure 4 shows spectral density functioBs, S, and S,, corresponding to each component [ongitudinal, v lateral and

w vertical) obtained from Atm-M1 and Atm-M2 seriesid possible to perceive the inertial region chesdzed by -5/3 slope,
and lower energy levels associated to vertical aigidfluctuations w. It is not possible to confirthe neutral atmospheric
stability condition, but fluctuations associatedthermal or convective effects are not significartte results are similar for
both series and small differences appear only énldlvest frequency narrow. That is, the flow chteastics correspond to
strong wind for both cases but the condition of -stationary flow occurs at low frequencies. In gahevalues are in
accordance with Kansas experiments for near-neatinedsphere [5]. Non-filtered signal effects apparigh frequencies.
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Figure 4. Spectral density functions of the wintbegy fluctuationsu ,v and w corresponding to Atm-M1 (left) and Atm-M2
(right) atmospheric series. The -5/3 slope inds#lbe inertial region.

4.2  Wind tunnel turbulence spectra

The spectra of the longitudinal componantcorresponding to laboratory measurements are showhRigure 5. One
measurement on each wind tunnel is analyzed besgilge to perform controlled and repeatable laooyameasurements. It
is clearly defined the inertial region (-5/3 sloplelit the frequency narrow is greater for the TVi@drmunnel measurement. In
the low frequency region, there is greater regilasf spectral values than in the case of atmosplsprectra indicating more

stationary flow. The low-pass filter effect is peired at the frequency of 1000 Hz where the higlgdency components are
removed.

4.3  Comparison of dimensionless spectra with vomiga and Kaimal expressions

In Figure 6, the dimensionless spectra of the kmigial component from TVG, TV2, Atm-Mland Atm-M2rges are
compared with von Karman and Kaimal spectrum exgioes. Spectra obtained from TVG and TV2 wind tursegies show a
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good agreement with the von Karman spectrum. Atinesp values are in better correspondence withKidienal spectrum,
especially in the lower frequencies.

Teunissen warns that the values of the von Karmx@nession are not reliable fof L, /U < 0,1 [14]. The spectra obtained
from TVG and TV2 wind tunnel series present a etpproximation to the von Karman spectrum. In gehé¢he experimental

spectra peak values are similar to von Karman peald the frequencies corresponding to these pebles/gresent
displacements that depend on the series and #&eeedif on having considered the von Karman or Khaxparession.
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Figure 5. Spectra of the longitudinal velocity flugtionsu for TV2 and TVG wind tunnel series.
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Figure 6. Comparisons of dimensionless spectraespanding to TVG, TV2, Atm-M1, and Atm-M2 serieshwon Karman
and Kaimal, respectively.

4.4  Comparison of dimensionless spectra with Degrazal. model

The spectral model developed by Degrazia et al. (ds defined using the parametgps , the dimensionless dissipation
rate, andu, , the local friction velocity. The dimensionleseduencies of the neutral spectral pe(d’lm)i were defined
according [4] witha, = 500, a, = 1094, anda,, = 3889. The peak frequencies in the surfacéfan%]: O,O40,(fm)0V= 0,10
and (fm)OW= 0,33. These estimated values of the spectral fregkencies were obtained from the north wind pinegnon in
southern Brazil and they are in fair agreement \ligh values obtained from the data measured in &apgperiments. The
expression given by Degrazia depends on each nerasnt due to parame(efm)i , then the comparison of dimensionless

spectra should be done individually. For wind tunmeeasurements, peak frequencies were directlyirdatafrom the
dimensionless spectral density functions.

Atmospheric spectra show good agreement in théi@aheone (Figure 7). The spectral peak frequerfay® measured spectra
appear shifted to the low frequency region withpees to the peak of the spectral model. It is fdssihat low-frequency
spectral components occurring by the presencembsheric convective turbulence components. Théatlem of the high

14th International Conference on Wind Engineeririgprto Alegre, Brazil — June 21-26, 2015



frequency values with respect to the spectral madelthe result of anemometer non-filtered sigmal, Zonsequently, of the
aliasing effect. Wind tunnel spectra show good egrent in the entire frequency range up to the furequency of the low-
pass filter (Figure 8).This result is good newsgehat the model was completely derived from afrhesic results.
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Figure 7. Comparisons of dimensionless spectraespanding to Atm-M1 and Atm-M2 series with Degraatiaal. model (the
spectral model is defined for neutral atmosphevitdition).
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Figure 8. Comparisons of dimensionless spectraespanding to TVG and TV2 series with Degrazia etralde (the spectral
model is defined for neutral atmospheric condition)

4.5 Comparison of5,and S, atmospheric spectra

The atmospheric lateral component spectrum is cosdpwith the expressions given by Degrazia et iadl flom Kansas
experiments (Figure 9). Experimental values areenamproximate to Degrazia et al. model. The samsiderations made for
Sy respect to low-frequency spectral components alid for S, .

An additional consideration with regard to the adpteere stability was realized with the dimensionkgsectra of the vertical
componentS,, from atmospheric data. Kaimal et al. [15] assecthe S, spectrum with the stability atmospheric condition

using the Monin-Obukhov's parameter. In Figure th@, dimensionless spectrum of the vertical compbrigp is compared
with Kaimal expression for the neutral stabilityndition. The friction velocityu, was calculated considering an opened area.

The adopted value wa$O3Cas =47 in concordance with Blessmann data [14]. For thetrak condition theS,, spectrum

peak should match with Kaimal spectrum peak. Ia tizise a displacement of the peak exists, pods#tuiguse the atmospheric
boundary layer stability was not exactly neutral.

In Addition, from Kansas experiments, Kaimal [7{addishes curves that relate the adimensional &eqy with the spectral
peak with thez/LMO parameter. For the analyzed case, the spectralqueedsponds t&'m = 0,26 and allows the estimation

of z/LMO = - 0,35. The Monin-Obukhov length, also can be deteethfrom the friction velocityu, and the heat flow in the

surface, resulting;/LMO = - 0,010 [16], value that indicates a situation mouset to neutral stability condition.
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5 CONCLUSIONS

In the present paper, spectra obtained from atheyspand wind tunnel measurements are analyzedl. ¢ases it is possible
to verify the existence of the Kolmogorov regioradcterized by the -5/3 slope. Laboratory spettoavshetter correspondence
with von Karman expression while the atmospheriectiia present a better agreement with the Kaimahdta. The
displacement of frequency peak, however, sugghatsiie atmosphere may not be sufficiently neukraither comparisons are
still needed to confirm the present conclusionsréduer, the Degrazia spectral seems an interesfipgoach to be further
explored in wind tunnel applications.

10 g 10 g
] —Atm-M1 ] —Atm-M2
--- Degrazia ] --- Degrazia
---Kansas 1 ---Kansas
14
3
uy
[t 0,1,
0,0001 0,001 0,01 0,1 1 10 100 0,001 0,01 0,1 1 10 100
nz/U nz/U

Figure 9. Comparisons of dimensionless spectraspanding to Atm-M1 and Atm-M2 series with Kansad Begrazia et al.
models (spectral models are defined for neutrabapheric condition).
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Figure 10. Comparisons of dimensionless spectn@sponding to Atm-M1 and Atm-M2 series with Kaineapression and
Degrazia et al. model (spectral models are defioedeutral atmospheric condition).
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