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STELLINGEN

1. De impulsbalans toegepast op een controlevolume om de weerstandsco&ffi-
ciént van een cbstakel op indirecte wijze te bhepalen, is fysisch een
correcte methode. Worden termen in deze balans verwaarlocsd, dan moet
zorgvuldig worden nagegaan of dit geoorleocofd is, Berekeningen waarbij
dit is nagelaten (b.v. Miller et al.}, moeten derhalve met argwaan be-
keken worden.

Miller et al.,1975: Agric. Metecr. 14, (321-333).

2, Seginer (1972) veronderstelt dat de stroming nabij het aardoppervlak
rondom een obstakel altijd in lokaal evenwicht is. Deze veronderstelling
is niet correct in het terugstroomgebied achter dichte obstakels.

Seginer,1972: Bound.-lLayer Meteor. 2, (87-97).

3. De weerstandscoéfficiént van een cbstakel is sterk afhankelijk wvan de
atmosferische stabiliteit. In de literatuur wordt bij buitenexperimenten
de atmosferische stabiliteit vaak niet vermeld (b.v. Miller et al., 1975;
Guyot, 1978). Hierdoor blijft de lezer in onzekerheid t.a.v. de reikwiidte
van de conclusies.

Miller et al.,1975: Agric. Meteor. 14, (321-333).
Guyot,1978: Bound.-Layer Meteor. 15, (57-67).

4, Vcoor het objectief karakteriseren van natuurlijke obstakels verdient de
klassificatie in termen van weerstandsccéfficiént verre de vecorkeur bo-
ven de klassificatie in termen van porositeit. Voor praktische toepas-
singen is deze klassificatie echter niet voldoende maar zal bovendien
aangevuld moeten worden met een inventarisatie in socorten, ouderdom en
toestand van de betreffende begroeiing. Bij toekomstig onderzoek aan

natuurlijke obstakels zal hier aandacht aan moeten worden besteed.




5.

10.

Om de in windtunnels bepaalde weerstandscoéfficiénten van obstakels beter
cnderling te kunnen vergelijken, moet meer aandacht worden besteed aan
blokkeringscorrecties.

Castro et al.,1978: J. Industr. Aerodyn. 3, (1-20).

Een Piche~-verdampingsmeter is goed bruikbaar voor de bepaling van de po-
tentiéle verdamping indien deze binnen de aangepaste grenslaag op ca.
0,4 m hoogte boven het gewas wordt opgesteld. Metingen bkinnen de aange-
paste grenslaag op een hoger niveau zijn ook bruikbaar mits de resulta-
ten gecorrigeerd worden met een faktor die hoogte- en terreinruwheidsaf-
hankeliijk is.

Jacobs et al.,1983: J. Hydrol. 60, (367-380).

Docor het nalaten van duidelijke richtlijnen vanuit het Ministerie wvan
Justitie ten aanzien van interlandelijke adoptie, wordt wildgroei van
"adoptiebemiddelaars" in de hand gewerkt.

Bia-Nieuwsbrief 1983-1.

De definitie van het elektrisch spanningsverschil is identiek aan die van
het elektrisch potentiaalverschil. Het werschil dat van der Laan [1979)
hiertussen suggereert is misleidend. Onderscheid hiertussen maken heeft
alleen zin om aan te geven of uitgegaan is van de elektrische netwerk-
theorie of van de elektro-magnetische veldtheorie.

Van der Laan: Inaugurele rede T.H.E., 1973-11-09.

Bij de T.vV.-presentatie van meerdaagse temperatuurverwachtingen kunnen
beter in plaats van de nu gegeven gemiddelde temperaturen voor Nederland,

temperatuurverwachtingen met marges worden gegeven.

Het leren van een bercep of vak is in toenemende mate de wverantwocrde-
l1ijkheid wvan de hele samenleving. Derhalve dient er een Wet op het Be-
roepscnderwijs te komen waarin duidelijk is vastgelegd hoe de verantwoor-
delijkheden voor dat onderwijs maatschappelijk zijn verdeeld.

Voortgangsrapport 1283, Commissie-Wagner.



11. Het intrcduceren van dimensieloze getallen in leerboeken, zonder hiervan

een fysische betekenis aan te geven, is didactisch onjuist.

12. De stabiliteitsklassificatie volgens Pasquill geeft enkel een schetsmatig
idee omtrent de invloed van de atmosferische toestand op atmosferische
processen. Deze indeling leent zich niet, en is oorspronkeliik ock niet
bedoeld, voor exacte beschouwingen. Derhalve moet deze klassificatie bij

exacte beschcuwingen ten stelligste afgeraden worden.

13. De betekenis van het zonhnetje op het veelvuldig voorkomende plakplaatije
"Atoomenergie? Nee bedankt" is niet eenduidig. De bedoeling van dit plaat-
je is om bezorgdheid omtrent de gevaren van toepassing van kernenergie op
grote schaal tot uitdrukking te brengen. Deze goede bedoeling wordt sterk

ondergraven door dit plaatje te plakken op de achterruit van een autoe.

A.F.G.Jacobs
Flow around a line obstacle
Wageningen, 28 september 1983
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1 Introduction and outline of the goal of this study

1.1 INTRODUCTION

A class of flows which often occurs in nature and in engineering practice, 1is
the class of strongly perturbed shear layer flows. Examples can be given easily.
In rural areas e.g., man has applied shelterbelts to protect himself, his
livestock and his acreage against the effects of'high winds, This is done
especially in the plains regions, with the aim to protect the soil from ero-
sion by winds. Well known are the extensive shelterbelt programs carried out
in the U.5.5.R. and U.S.A. in 1931 and 1934, respective]y; If a shelterbelt
is erected, the wind field near the surface is not the oniy element that is
affected: almost all other meteorclogical quantities will be influenced too.
In textbooks (J. Grace, 1977) and papers (S. Shaw, 1962; D. Benndorf et al.,
1980) a qualitative survey can be found of the advantages and disadvantages
of shelterbelts for agricultural use.

In urban regions the importance of the knowledge of the atmospheric fiow
around man-made obstructions has also attained increasing recognition. Such
flows e.g. have a major effect on turbulent diffusion from pollutants in
their vicinity (Ogawa et al., 1980}. In construction design, there is an in-
creasing tendency towards greater economy in applying materials. Consequent-
1y, loads and oscillation effects on buildings and structures reguire a bet-
ter understanding of strongly perturbed flows (Frost et al., 1977). Commer-
cial air transportation between metropolitan areas has caused an increasing
need of vertical and very short takeoff and landing services (V./S.T.0.L.).
Buildings induce zones of recirculation and regions of large fluctuations
which can make V./S.T.0.L. extremely hazardous (Burnham, 1967).

Despite several full-scale and wind tunnel studies, as yet little is known
and understood about the class of strongly perturbed shear flows. The cause
behind this is partly that these flows are surprisingly complicated (Bradshaw
& Wong, 1972) and partly a lack of experimental data (Counihan et al., 1974).

The general objective of the present study is to contribute to a better under-
standing of this class of flows. To attain this objective, a full-scale expe-
riment was carried out around a two-dimensional barrier attached to the earth

1



surface. Despite an uncontrollable atmospheric flow and high costs, an out-
door experiment was done because especially in nature this class of flows very
often occurs, but it has been investigated much less thoroughly than e.g. re-
duced model flows in a wind tunnel. Morecver, in simulating atmospheric phe-
nomina there still exist serious problems with scaling correctly (Raine et al,
1977 and Ogawa et al., 1980), consequently these results for outdoor applica-
tions remain of limited importance.

1.2 FLOW AROUND A LINE BARRIER

1.2.1 General accepted flow picture

To provide a better understanding of the fluid mechanics of a strongly per-
turbed shear layer flow, a qualitative description will be discussed in con-
nection with a flow around a two-dimensional barrier. This description is ba-
sed on the field measurements of Ndgeli (1953) and Woodruff et al., (1955)
and on the data of the theoretical work by Kaiser (1959). In figure 1.1, a
mean streamline picture is given for permeable barriers with a porosity of

15 to 25% and 45 to 55%. Here the porosity is defined as the ratio between
the open and the total area of the barrier. As can be seen from this picture,
the streamlines are displaced just around the barrier. Ahead of the barrier
the flow rises; it descends after having passed the barrier. Consequently,

at the surface around the obstacle, the wind speed will be considerably smal-
ler. According to the conservation of mass this means that at greater heights
above the barrier the wind speed must increase. Up to a height of 3 to 4 times
the barrier height, the wind field will be influenced significantly. The flow
field around the obstacle §s not symmetric but the ascent at the windward
side is steeper . than the descent at the leeward side. Therefore,the protected
region at the leeward side is much larger than that at the windward side.

A peak in the wind speed appears just over the barrier at the leeward side,
with a very calm region beneath it near the surface. If the two barriers

are compared, it can be concluded that the displacement of the streamlines

is greater if the barrier is less permeable, but the vertical wind gradient
is also steeper. A distorted wind field starts to recover downwardly and the
distorted flow with the greatest displacement and vertical wind gradient,
shows the fastest recovery. One generally takes the view that horizontally
the influenced region extends from 3 to 5 times the barrier height at the
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Fig. 1.1 The streamlines around a porous obstacle after Kaiser (1959).
windward side and up to 20 to 30 times at the leeward side.
1.2.2 Description of some full-scale experiments

In studying perturbed shear layer flows, several ocutdoor experiments and
wind tunnel experiments were carried out. A brief review of the most impor-
tant field studies will be given. As we intend to study an outdoor disturbed
flow, this outline will be restricted to full-scale field experiments.

In 1941,Nageli started his pioneering work with a number of experiments on
natural and artificial windbreaks. In his experiment he used two masts. He
measured with cup anemometers at nine levels. One mast, the cne at the wind-

ward side, was invariable used as a reference, while the other was placed at
3



several locations around the barrier. His results are presented in averaged
percentages of the undisturbed wind profile. He mainly studied winds perpen-
dicular to the obstacle and did not determine the thermal stratification of
the atmosphere. His obstacles were characterized by their height, width,
thickness and optical porosity. For artificial obstacles this porosity was
defined as the ratio between the open surface and total surface. The natural
obstacles were described by the species of shrubs and trees the windbreak
consisted of, Besides, a characterization was given in terms of very dense,
dense, medium and loase. An oft-cited result of his study is given in figure
1.2. In this figure the mean disturbed wind speeds are depicted, expressed
in percentages of the undisturbed wind for several kinds of natural obstacles
at a height of 0,25 times the obstacle height H. All of these obstacles had
different heights and to get a better comparison, he also made the distances
dimensionless with the barrier height. Several proporties discussed in the
foregoing section, can be recognized from this figure.

In 1961, Halitsky carried out an experiment on a natural shelterbelt consis-
ting of rows of high trees with no shrubs in between. At one leeward location
only, he measured a wind profile and wind direction; at three locations fur-
ther leeward, the wind speed and direction at only one height. For all mea-
sured quantities the mean value as well as the standard deviation were esti-
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Fig. 1.2 The distorted flow at Hé = 0,25 in percentages

of the undisturbed wind speed after Ndgeli (1953).



mated. A major shortcoming of this experiment jis that no data were taken on
the undisturbed wind profile, wind direction and thermal stratification.

In 1971, Hagen and Skidmore performed an experiment similar to that of
N¥geli, with two masts and artificial barriers with different porosity. Both
masts were easily transportable and equipped with cup anemometers and thermo-
couples. In addition, at one-half of the obstacle height they measured the
r.m.s. values of the three turbulent velocity components with two anemometer
bivanes. It was the first experiment in which the atmospheric stratifica-
tion was measured by estimating the bulk Richardson number,

In 1971, Seginer performed an experiment with an artificial obstacle. At the
undisturbed windward reference location the wind profile and the wind direc~
tion at obstacle height were measured. Besides, at two levels at this loca-
tion, the mean temperature was measured to estimate the atmospheric stratifi-
cation. At several locations around the barrier, but only at one level close
to the surface, the wind speed was measured. The behavior of the distorted
wind field was studied for perpendicular and oblique winds. The special fea-
ture of this experiment was that Seginer did not only characterize his ob-
stacle with porgsity, but he also measured the drag coefficient directly.
More or less in the center of the obstacle, Seginer replaced a section of the
barrier by a measuring plate. With strain gauges he estimated the normal-
force on this plate, exerted by the wind field. The drag coefficient of the
barrier is this normal-force nondimensionlized with the surface of the mea-
suring plate and an appropriate pressure. Seginer used the undisturbed dyna-
mic pressure at obstacle height. Especially, this parameter appears to be of
major importance for the behavior of a strongly disturbed flow. This can ea-
sily be understood from the aerodynamic action of a barrier in a flow field,
The fluid flow exerts a drag on the barrier which is compensated by a momen-
tum loss of the flow itself. Conseguently, the flow will be reduced and the
greater this drag, the greater the flow reduction will be.

Summarizing all available field experiments showed up several shortcomings.
Up to now simultaneous outdoor measurements of a complete distorted wind
field have not been made. The existing data are either obtained at different
times (e.g. Nageli and Hagen et al.) or very Tlimited (e.g. Halitski and
Seginer). The results of Ndgeli and Hagen et al., were abtained by using only
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two masts. This introduces an uncertainty about the effect of the thermal
stratification and undisturbed wind direction into their measurement results.
The data of Halitsky cannot be compared with other results, for nothing is
known about the undisturbed reference condition. Seginer did measure the com-
plete undisturbed wind profile and the atmospheric stratification at the re-
ference location, but the speeds of the distorted wind field were only mea-
sured at one level close to the surface.

1.3 GOAL OF THIS RESEARCH

Experimental work on the flow around obstacles is widely dispersed in the
literature over various disciplines. Field research is mostly done for very
practical purposes, e.g. increasing crop yields, stabilizing of the soil,
etc. However, this widespread of applications had a very important disadvan-
tage (Baltax 1967) in  that this research up to now did not follow a sys-
tematic approach so that the available results remain of limited value.

In the foregoing one goal of our study showed up already. We wanted to measure
simultaneously a distorted wind field under various thermal stratifications.
To achieve this, we measured the mean wind profiles around a barrier and the
atmospheric stratification at an undisturbed reference location. In the dis-
torted flow, not only the mean wind speeds will be influenced but the turbu-
lence as well, To gain insight into the behavior of the disturbed velocity
fluctuations, we also measured the r.m.s. values for all wind speeds,

Various researchers have tried to develop a theoretical treatment of the flow
around a two-dimensional barrier. The models known best are those of Kaiser
(1959) for the near wake region and of Townsend (1965} for the far wake re-
gion. Both models and a model developed more recently for the far wake region
(Counihan et al., 1974) will be discussed in more detail in Ch 5 and checked
with our data.

In this study, special attention will be given to the aerodynamic characteri-
zation of the barrier. Usually, an artificial barrier is characterized by its
porosity. As we have already seen, it is a more attractive way, physically,
to express the effect of a barrier in terms of its resistance to the fluid
flow, or, in a dimensionless form, in terms of a drag coefficient. In addi-
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tion, as will be pointed out in Ch 5, this coefficient will be an important
parameter in the verification of the model approaches of Kaiser and Townsend.
If there existed a unique relation hetween porosity and drag coefficient,
both characterizations would be of equal value. The characterization in terms
of porosity in practice is favourable because of its simplicity. However,
there exists no unigue relation between both characterizations. The drag on a
barrier not only depends on the porosity but also on the shape and the ar-
rangements of the openings. For natural barriers there is an additional diffi-
culty if the porosity characterization is used. Optically a natural barrier
can be dense but for the fluid flow it is permeable. That is why for natural
windbreaks the porosity is mostly defined as the ratio between the open vo-
lume and total volume of the barrier. Also this porosity is not uniquely re-
lated to the drag coefficient. E.g. trees with or without foliage do not dif-
fer much as to porosity but they do as to their resistance to the flow. In
this study an artificial barrier was used, characterized by its drag coeffi-
cient. In this barrier a measuring plate was mounted in a way comparable to
Seginer's (1971). At this plate the drag was measured with force sensors.

It is hardly possible to simulate a section of a natural barrier in such a
way that the drag on this section can be measured directly. In this study we
will investigate a method to estimate the drag on natural barriers by using
the momentum canservation for a control volume just around the barrier. As
will be pointed out in Ch 2, to apply this methed, we have to know the static
pressure at the front and rear borders of this control volume. That is why in
this study too the focus of our attention will be on measuring the static
pressure profiles just around the barrier.



2 Measurement project

2.1 TERRAIN CONDITIONS

In order to carry out an extensive measurement program, a suitable terrain
was found in the south east of the Netherlands. This terrain bordered an air-
craft runway and is located at about 51°33'N and 5%°56'E. In figure 2.1 a sur-
vey of the measuring site is given in which moreover the mean surface isohyp-
ses are depicted. The isohypses are given as relative to the location

"mast 1", which by definition is the 5,0 m point.

As a barrier, a thin solid plate was used with a height of 2 m, a width of
60 m and a thickness of 0,02 m. The barrier was orientated in the exact NS
direction.

The observations were carried out in westerly wind conditions. As can be

seen from figure 2.1, the near windward terrain consisted of heather and the

far windward terrain of grass. The heather has been mowed and during the mea-
surement campaign it nearly had the same aerodynamic roughness as the grass.

The vegetation height was about 0,25 m and the surface roughness length, z,,
of the windward terrain had a mean value of 35 mm (see CH 3} for all westerly

wind directions.
2.2. MEAN WIND FIELD

The mean wind profiles around the barrier were measured at 9 stations, loca-
ted from the barrier at distances: -10H, -3H, -H, H, 3H, 5H, 10H, 154, and
30H. Here H stands for obstacle height, negative ahead and positive behind
the obstacle. Just around the barrier the largest disturbances take place
and here the most stations were concentrated. The most windward station at
-10H was used as the undisturbed reference location. At all stations, except
at ~H and H, the wind speed was measured at seven levels: %, %, H, 2H, 3H,

4H and 5H. For reasons of economy at -H and H, the wind speeds were measured
H 3, 5

at four levels: s HH’ IH and 2H.




Mast 1 is the 5 m point by definition.



The wind speeds were measured by means of small cup anemometers, designed at
the laboratory of Physics and Meteorclogy. The mean starting speed was 0,20
m.s"! and the first-order response length 0,9 m.

The cup rotation speed was measured with a photo-chopper system. To avoid
pulse distortion due to the long transmitting lines, we applied current pul-
ses of 20 mA.

The cup anemometers were mounted on rectangular booms, fitted to a triangular
mast with sides of 0,18 m. The booms had a length of 1 m so as to avoid mast
interferences (Smedman et al., 1973).

2,3 FLUCTUATIONS 0OF THE HORIZONTAL WIND SPEED

In order to gain insight into the turbulence of the disturbed flow field, the
r.m.s. values of the measured speeds were estimated. These r.m.s. values, as

measured by the cup anemometers, suffered from errors due to the first-order

response length of 0,% m and due to the counter gate time of the pulse coun-

ting system.

1, with an

We aimed at measuring all speeds, within the range (1-15) m.s
accuracy of at least 3%. This means that for the applied pulse counting sys-
tem, the counter gate time js 10s. Dependent on the mean wind speed, this time
corresponds to a response length of {10-150)m. Consequently, the instrumental

high-frequency cut-off was determined by the counter gate time.

In order to measure the r.m.s. value of the speed correctly, the spectral
distribution must 1ie within the spectral band width of the measuring system.
From analysis of McBean {1972) we may conclude that for an undisturbed flow,
the maximum cut-off frequency of the cup anemometer system in dimensionless
form,

nx

{n is frequency and Xq is height), must be at least 5. Which means

u
that, especially near the surface, a great deal of the contributions made by

the higher frequencies will be discarded. The measured r.m.s. values, depen-
dent on the mean wind speed and measuring height, will be seriousiy underes-

10



timated.

If from the horizontal speed fluctuation, u', the auto-correlation function

pu(T) is known, the underestimated r.m.s. values of the speed can be correc-
ted. This correction procedure is pointed out in Appendix A and from this it
appears that the real speed variance, u'", is related to the measured speed

variance, u'm, according to:

GT2
Wl - 0 (2.1)
2 T
XA g (I‘Ef)pu(T) dr

where At is the counter gate time.

For an undisturbed flow, the auto-correlation function is easy to be deduced
from spectra data (Bessem, 1976 Tennekes, 1979; see Appendix A). For outdoor
disturbed shear flows, only a few incidental normal stress spectra are known
{Gandemer, 1981; Ogawa, 1980). These spectra are only measured at one-half

of the obstacle height. The general feature of these spectra is that the shape
more or less equals the undisturbed spectrum but that the peak has a slight
shift to a higher frequency. At a distance of about 5H the maximum shift ap-
pears, with a peak frequency of about two times the undisturbed frequency.
Further down stream, the peak gradually recovers to the original peak fre-
quency. In addition, wind tunnel studies show a similar picture for heights
from i to H (Raine, 1977).

A11 measured r.m.s. speed values up to the obstacle height were corrected
according to equation {2.1) and with the auto-correlation functions obtained
from the disturbed spectra data. Beyond the obstacle height, no auto-corre-
lation functions are known. That is why these r.m.s. data have not been wor-
ked out any further.

2.4 THERMAL STRATIFICATION

In a thermally stratified shear flow, the turbulence characteristics at a
height x, will depend only on the five quantities:

11




X35 05 %, Uy and véT¢ {Monin and Yaglom, 1973), Here p stands for the air

density, g for the earth gravity, f'¥or the absolute temperature, u, for the
friction velocity defined as u, = Eﬂ in which Ty =" pVIVE is the surface
shear stress and VET; for the mean vertical virtual temperature flux i.e. the
temperature flux in which the moisture effect is included. The mean values
are denoted by overbars and the fluctuating values by primes. Since there

are four independent dimensions {length, time, mass and temperature}, only
one dimensionless parameter can be combined from these quantities. Following

the original analysis of Obukhov (1946}, the dimensionless combination
X
_ "3
L=1 {2.2)
will be chosen where L, called the Obukhov length, is defined as

Lo ¥ (2.3)

Here x stands for the von Karman constant, which is traditionally inciuded
in this length scale.

In order to estimate this parameter of the undisturbed flow, Uys V;TI and
T were measured at the reference station. A three-dimensional sonic anemo-
meter/thermometer from Kayo Denki type DAT 310 with sensor type TR-61C was
used. To avoid tilt errors (Raymont et al., 1971), we provided the sensor with

a leveling device with an accuracy of 0,5°.

The temperature output of the sonic thermometer, called the sound virtual
temperature T;, differs from the real virtual temperature T; according to
(Kaimal et al., 1963}):

Do 2T,
o= T - (2.4)

] was esti-

where ¢ stands for the sound speed. As by the sonic anemometer v
mated also, T; was corrected according to equation {2.4).
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The turbulence fluxes as measured, suffer from errors due to line averaging
caused by the sound paths and due to a phase shift caused by spatial separa-
tion of the sensors (see figure 2.2). The line averaging error will be elimi-

nated if the minimum measuring height is at least x = BA, with A the

3min

= 200mm
|’ v4 component

342mm

200mm
vq component

[ 342mm

Fig. 2.2 The design of the wind sensor type TR-61C of the sonic anemometer,

smallest wave length reliably measured by the sensor, As the sound paths were

about 0,20 m, this means that x > 1 m. The phase shift error can only oc-

cur in a cross-correlation, in 3ﬁ;2h two different sensors do not ceincide,
which wasthe case in measuring the momentum flux -V{V;ﬂ. Here the two veloci-
ty sensors had a spatial separation of about 0,35 m. As pointed out in
Appendix B, this error also depends on the measuring level and decreases with
increasing height. If a maximum error of 4% in the measured momentum flux is
accepted this means that this height must be at Teast 6§ m. During the cam-

paign this level was chosen as observation height.
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2.5 DRAG COEFFICIENT OF THE LINE OBSTACLE

If a body is placed in a flow field, a force called the drag, will be exerted
on this body by the fluid flow. This force is commonly expressed in terms of
a dimensionless coefficient, obtained by dividing this drag by the dynamic
pressure and the area of the body projected on a plane perpendicular to the
flow direction. If a two-dimensional line obstacle is attached to the surface
and is immersed in its boundary layer, this coefficient is mostly defined as
(Plate, 1971):

D

Cd =~—-—:-2-—, (2'5)
%puHH

where D is the drag per unit width of the obstacle and GH the undisturbed

wind speed at the obstacle height.

2.5.1 Direct measurement technique

More or less in the center of the barrier, a section of height H and a width of
0,9 m was removed and replaced by a drag measurement plate. This measurement
plate was mounted in a stiff frame and was fixed with three bars (figure 2.3).
From one bar the plate was hanging in order to carry the plate's weight. We
fixed the two horizontal bars in order to prevent horizontal movements in the
plane of the barrier. The bars were necked near the fastenings to permit

slight "free" movements in the perpendicular direction of the plate.

Between the frame and the measurement plate, three force senscors were fixed,
two near the top and one near the bottom. The force sensors were arranged in
such a way that a wind Toad was equally spread among the sensors.

The forces were estimated with force sensors from Brosa, type EBM-6200-5. The
loading capacity per sensor ranged from -50N to 50N, with a maximum displace-
ment of 20um. The displacement is very small, so that lcad errors caused by
the weight of the measursment plate could be ignored,

In the laboratory, the whole set-up was checked and calibrated for perpendi-
cular as well as for oblique loadings (Kempen, 1982).
14
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2.5.2 Momentum integral methed

If the mean horizontal momentum equation is integrated in a control volume

in which the barrier is included, the drag on the barrier can be estimated

as a remaining term. Starting from a flow direction perpendicular to the har-
rier, the two-dimensional horizontal momentum equaticon for a turbulent flow,
in which a momentum sink is included, is (Tennekes and Lumley, 1972):

avl av

- ~ 3 -1, 9 —r .9 _
p{v1 5;; + vy 5;; + 5;1 vivi + ??5 v1v3) + gii-- -6(x1)F(x3) (2.6)

Here p stands for the pressure, 6(x1) for the delta function and F(x3) for
the vertical momentum sink distribution at the obstacle per unit width. Inte-
gration of this equation in a control volume with the boundaries as depicted
in figure 2.4, results in:

*3

Xy

Fig. 2.4 -The coordinates of the control volume in (xl, x3).
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*3R 2 2

I axalp(Vy (x5 x3) =¥y (X0 x3)) + D(GIZ(Xla’Xa) - cgztxlbfx3)) *t

0

(Blxgpoxs) - Flrypoxg))} - (2.7)

z

X
1b
7 " Tul, =
xf dxl{pvl(xl’XBR)VB(xl’X3R) + p(vivé(xl,xaR} - Vivi{xqsXgp})} = D,
la

where D is the perpendicular drag on the barrier per unit width.

In our study a very small and narrow control volume was chosen for which
this result can be simplified. It may be expected that the contribution to
the drag of the turbulent stress term is small, according to the small hori-
zontal integration interval. In doing so, {2.7) will reduce to:
X

3R 2 2

- . Y4 -z
S 9xatelvilxyaxg) = Valxypaxgd) + plvi(xpaxg) = vy Oxgpexg)) +
0

(P{X15:%3) = P(X0%3))) - (2.8)
b B
f dxl{pvl(xl‘XSR)'V3(x1?x3R)} =D,
X
la
2 7
o : v v
or, in dimensionless form with CV1 = =5 Oy = s
H
¢ ._P W o N
p 2 vy T2 i H
Epuy Uy
3n

S dn3{2(CV1(nlam3) - Cvl(nlb,n3)} + Z(Cvn(ﬂlasHB) - Cvu(nlbm3)) +

Ny
(Cp(nla’”3) - Cp(nlb,n3))} - (2.9)
Mb
[ dng 20y v (npangg) = Gy
Na
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Or, in the very simplified form:
Cd(VI) + C4lo,) + Cd(E) + Cd(Vé) = Cys (2.10}

where, in the chosen control volume, Cd(Vi) is the contribution to the drag
coefficient due to the horizontal flux change etc. If equation (2.9) is ac-
cepted, it will mean that just around the obstacle the horizontal wind velo-
city and its variance and the mean pressure profiles have to be measured in
order to calculate the drag. The vertical flux of horizental momentum can be
estimated by using the mean two-dimensional continuity equation:
_ 3y
V3= - i) T dx3. (2.11)

z, 1
During the measurement campaign, the mean pressure profiles were estimated
at the locations -H and H and were relatively measured with regard to the un-
disturbed pressure at the reference station. At five levels at each location
the mean pressure was determined at X3 = 0, %, %H, H and %H. Most measuring
levels were chosen near the top of the barrier, because here the major chang-
es in the pressure profiles may be expected.

The pressure profiles were measured with sensors as described in the litera-
ture by Elldott (1972). Such a sensor consists of a thin circular disc with

a diameter of 40 mm, mean thickness of 2 mm and with ports in the center of
the disc which lead to a micro barometer (figure 2.5). In order to minimize
the dynamic pressure noise, generated by the interference between the flow
field and the sensor body, this disc must be accurately streamlined. The sen-
sors were checked and calibrated in a wind tunnel ({Jacabs, 19833).

To convert the pressure into a corresponding electrical signal, a differen-
tial micro barometer was used from Datametrics type 590D with an operation
range of -10 mmHZO to 10 mmH20 and an accuracy of 0,05 % of the reading. One
side of the barometer was permanently connected to the reference sensor.

During the campaign only one barometer was available. The pressure sensors
around the barrier were scanned by a pneumatic multiplexer. The multiplexer
as used was from Scanivalve, type W0601/1P-12T, which scanned every sensor
with a sampling interval of 12 s {figure 2.6}. Between the sensors and the
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multiplexer a pneumatic low pass filter was placed with a first-order time
constant of 70 s. The whole set-up was tested in the laboratory (Jacobs,

b
1983%).

2.6 DATA PROCESSING

A1l the measured signals were transported to a van at a distance of 300 m
downwind from the barrier, in which a mini-computer (PDP-11/03} was instal-
led. Here the pulses from the cup anemometers were counted and the continuous
signals were digitized. On-1ine the data were reduced to 30 min. averages and
the results were stored on cassette tape (TU-58).

At the laboratory further processing was carried out with another mini-compu-

ter (PDP-11/34) or with a big DEC computer (DECSYS-10)}, depending on the kind
of analysis.
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3 Resulis of the mean wind field

During the measurement campaign about 300 runs of 30 minutes each were col-
lected, from which 120 runs were selected for further analysis. Runs with
precipitation were discarded because of instrumental uncertainties and rums
in very unstable weather (E—< -0,4) were discarded because the wind direc-
tion could not be determined accurately at the low wind speeds in these con-
ditions.

Before analyzing the disturbed wind field, the measured profiles and turbu-
lence data at the reference station were analyzed. Special attention was
paid to these results, for all other results were to be compared with these
data. Moreover, the data at this station were used to determine the rough-
ness condition of the windward terrain.

3.1 RESULTS AT THE REFERENCE STATION

3.1.1 Reference wind profile

On the basis of dimensional analysis, Obukhov (1946, 1971) showed that in
stationary conditions, the vertical flux of momentum over a horizontal, homo-
geneous surface is related to the wind speed profile by:

du _ Y *3
TG .<.><3-¢M(r)- (3.1)

Here Oy is the nondimens;gna] wind shear, which is a universal function of
the stability parameter T The shape of the function ¢y can be determined
experimentally. Interpolation formulas have been given by Monin & Yaglom
{1971}, Businger et al. {1971}, Dyer (1974) and many cthers. In this study
the results of Wieringa (1980) have been adopted. These are based on the re-
vised 1968 Kansas data. Wieringa uses:

xa -3 X3
dy = (1'22f_) for < 0 (unstable case), {3.2)

X
and ¢, = (1 + 6,9t§)> 0 (stable case).
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After integrating (3.1), the following explicit expression is obtained for
the undisturbed profile:

u X X
- * 3 3
U=E—(Tni'g"¢) forL—<0,
with p = 2 1n({1 + x)/2)) + Tn{(L + )72} - 2 tan"'x + ,
X = ¢ﬁl (3.3)
u X X X
- K 3 3 3
and u ’K_(] z—o+ 6,9 L—) fDY"L—'> 0.

For all runs, this profile was fitted with a least-squares method (Robinson,
1962, and Covey, 1963). This curve-fit was used to determine the friction
velocity, u*p, (the subscript p refers to the profile method) and the rough-
ness length, Z5s of the windward terrain. The friction velocity, u*p, was
compared with the friction velocity, Ugs > measured with the sonic anemometer.
The comparison is shown in figure 3.1. A Tinear regression without zero bias

=10
P
£

Yol

>
!

0,8
0,7}
06
0,5

o4

03

0.2

o1t

0 | i | 1 1 ] 1 ! 1
0 01 &2 03 04 05 08 07 08 08 10
—Uys (ms)

Fig.3.1 The friction velocity u,.e , determined by means of the speed profile,
compared with the friction velocity Uyg s measured by the sonic anemom.
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yields:

U*p

= 1,025 Upg s

with a standard deviation of 0,045 and a correlation coefficient of 0,98.
From this result we conclude that they agree well.

3.1.2 Upwind roughness length

To analyze the terrain ahead of the obstacle, the windward terrain was devi-

ded into sectors of 10 degrees. For every sector the mean z, value and its

0

standard deviation for the entire measurement campaign were calculated. The
results are plotted in figure 3.2. This figure shows a more or less constant

Fig. 3.2
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The roughness length z, and its standard deviation as a function
of the incidence angle ¢. Values pertain to the whole measurement
campaign.

roughness length for all sectors, but a rather large standard deviation, The

main reason for this is that the terrain roughness elements consist of natu-
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ral material that changes particularly during the growing season. In figure
3.3 the evolution of the roughness length and its standard deviation with
time are given for 2 sectors: {¢| < 10° and -30° < ¢ < -10°. This result

14100 30“<(D$-10

0 1 1 1 1 1 1 I 1
0 10 20 30 40 50 o] 10 20 30 40 S50
—weeknumber

Fig. 3.3 The evolution of the roughness Tength z, and its standard deviation
for 2 sectors.

demonstrates that the roughness length of the windward terrain increases from
10 nm to about 40 mm and also that the standard deviation of the individual

values is much smaller. After mid-summer the roughness length decreases again,
but at a slower rate. In week 25 the high grass between the heather was mowed,

Almost all runs that were accepted, were carried out after week 25, During
this period the roughness Tength did not change much for any sector and had

a weighed mean value z_ = 35 mm. In the further analysis, this value was

0
adopted as an overall mean value.

3.1.3 Velocity and temperature deviation

Dbukhov {1941, 1971} showed that the dimensioniess vé1ocity deviations

[} a C,
1 2
uv ) uv and v3
* *° *
X

meter, t§* only. He obtained the same result for the dimensioniess tempera-

are universal functions of the atmospheric stability para-
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o -1
ture deviation Tl’ defining the temperature scale, T*, as T = 3
#*

Experimental evidence supports these results {Monin & Obukhov, 19543

Wyngaard & Coté, 1971 and Panofsky et al., 1977). During our measurement cam-
paign these deviations were determined by means of the sonic anemometer-ther-
mometer data. The results for ——3 and |$;4 are given in figures 3.4 and 3.5
respectively. Also plotted in f1gure 3.4% there are the curves proposed by
Panofsky et al. (1977):

g X, 1/3 X

v3 _ 23 3
E;_ = 1,3{1 t—) for~t— <D

{3.4)

and
G X
31,3 for = 5 0.

Uy L

Also given in figure 3,5 is the curve proposed by Wyngaard & Coté (1971):

o7 Xq 1/3 X3
|T;| = 0,95(-~) for = < 0. {3.5)

Taking into account that the scatter in our data is comparable to that given

1.8 2.
:‘?I *
"1,5be
P .
. -—---;.__________ ; = bte S
ToLN -"E:—_‘—.:'".—r__-‘_—
: 1,2
- 1.0
1 1 1 i f L [ 1 1
020 016 012 008 0,04 0 004 008 0,12 016 020
-2
L
. %3 *3
Fig.3.4 T as a function of the thermal stability parameter T
*

mean curve from Kansas data (Panofsky et al,, 1977},
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Fig. 3.5 TI as a function of the thermal stability parameter, Ti, for the
% L

unstable case, mean data Kansas experiments ({Wyngaard

& Coté, 1971),

by Panofsky et al. (1977) and Wyngaard & Coté (1971}, wa conclude that our
results are somewhat higher but are compatible with theirs.

3.2 DISTURBED MEAN WIND FIELD

3.2.1 Disturbed wind field for perpendicular flow direction and thermally
neutral stratification

In figure 3.6, the dimensionless mean speed profiles, %7 and speed deficits,
u
H
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—  u,-u
A u

— —, are plotted for a run in near-neutral atmospheric stratification
Y UM

(|{i| = 0,002) and a nearly perpendicular angle of attack { = 1°). A1l bar-
rier properties mentioned in Ch 1 can be easily recognized in this picture.
At every measuring Tavel, a speed reduction is observed ahead of the barrier.
Just behind the barrier, there is a calm region extending roughly from the
surface to the barrier height. The maximum height just behind a barrier up
to where a perceptible reduction takes place, is known in the literature
{Plate, 1971) as the sheltered height HF. Generally, for a closed obstacle,
this height is accepted as being about 1,7 times the height of the obstacle.
Our data show a sheltered height o = 1,8 at X) = H. Just over the barrier
at the leeward side, the vertical snueed gradient is very steen. This gradient
gradually decreases as the distance from the barrier increases. The greatest
speed deficit occurs just behind the obstacle below the barrier height. With
increasing distance from the barrier, the maximum deficit gradually decrea-
ses and in addition shifts to a higher level. At the farthest location

(xl = 30 H), the measured profile and the original one still differ, which
means that for a closed obstacle the region influenced appreciably is larger
than 30 H.

With the results of figure 3.6, a picture of the reduction was constructed
and depicted in figure 3.7, Here the reduction is defined a3,

SH

X3 0,00 -0,0 0,05

tamr 0,05
3HE 0,05 0,10
GRE
2H 010 —f———y _____.__-—-:94'
e e ————
H- Qf“,/’éjf"““‘—~—a.;:::'$.
; o5 0.4

| Sl I [ g |<°’10

-5 -3 -H H 3 5 7 8 M 13 15 17 19 21 23 25 27 29H

—- X

U(—lOH,ng - G(xl,x3}
Fig. 3.7 The mean relative wind speed reduction, R =

around the barrier in a near-neutral atmos- ”{'IOH’Xs)

phere (%-= - 0,002) and perpendicular flow direction.
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U(-10H,x4}-U(x) »x5)
R = and in figure 3.7 the iso-reduction lines are
E(—lOH,x3)

plotted between the calculated interpolated points. This picture indicates

clearly that the reduction starts just ahead of the barrier, especially near
the surface, Just behind the barrier, near the surface, the greatest reduc-
tion occurs. Furthermore, behind the barrier, the reduction decreases very
gradually and at the farthest station there is still a mean reduction of about
0,1. In the literature (Jensen, 1958) often a sheltered area is given, de-
fined as the area near the surface (x3 = g}, at which the reduction is at
least 0,2. From figure 3.7 it can be deduced that in our experiment this

area extends to about Xy = 24 H,

The wind profiles were measured with cup anemometers, which only give a
limited picture of the disturbed flow field, especially just around the
barrier. That is why additional observations were carried out with a large
number of simple wind vanes and smoke visualizations. An artist impression
of these observations is depicted in figure 3.8. These visualizations showed
that in front of the barrier a recirculation bubble occurs. This front bubble
starts near the surface at about -0,5 H and reattaches on the obstacle at a
height between 0,5 H and H. Wind tunnel experiments confirm this and show
that the dividing streamline starts on the surface at -0,5 H and ends on the
barrier at a height 0,6 H {Good & Joubert, 1968). Behind the barrier a rear
recirculation bubble occurs starting at the top of the barrier and ending

on the surface at a distance between 5 H and 10H. Field visualization expe-
riments, performed by Ogawa & Diosey (1980), confirm this and show that the
reattachment point is at 6H for a closed barrier. Moreover, our visualiza-
tions showed the influence of the finite width of the barrier on the distur-
bed flow. At perpendicular incidence angle, a weak recirculation bubble oc-
curs near the surface at the edges of the barrier. This indicates that the
recovery of the wind profiles not only takes place from above but also from
the sides.

3.2.2 Effect of thermal stratification

Iu the analysis of the thermal atratification effect, we selected an unstable
(I' = -0,09) and a stable run (I' = 40,09) in which the wind was nearly per-
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pendicular ({¢| < 1°) to the barrier. The dimensionless undisturbed profiles,

—  U(=10H, %, }-U(Xq,X,)
= 3 1'73 , of these

H Eh
runs have been plotted in figure 3.9. Besides, in figure 3.10 the relative wind

, and the dimensionless speed deficits,

r:||c|
:||D

=

U(xqs%3)

—————, and the results of the near-neutral
u(-10H,x5)

speed of these runs, ‘L =
u

R .

run (E = -0,002) have been plotted for 3 levels, thus enhancing the discerni-

bility of the stratification effect on the speed recovery.

From the results of figure 3.9 we can easily see the stability effect on the
undisturbed wind profiles: with increasing instability, the wind shear de-
creases at the higher Tevels, In addition, with increasing instability the
undisturbed wind profile has more horizental momentum near the surface. This
means that with increasing instability, just in front of the barrier, more
mass has to deflect in upward direction in order to pass the barrier, It is
fair to expect that with increasing instability the normalized wind speeds
will increase just behind the barrier at the higher levels, and, in addition,
the normalized speed deficits will increase at the lower levels. These ef-
fects are in fact shown quite clearly in the results in the figures 3.9 and
3.10. With increasing distance from the barrier, which is clear from these re-
sults, the speed deficits gradually decrease and the fastest speed profile
recovery takes place in the unstable atmospheric cendition. In the stable
case, however, we see that below about Xq = 2 H the recovery of the wind
speed prafile is faster than in the near-neutral case,

In a disturbed flow, the exchange process for momentum is dependent on the
turbulence of the original undisturbed flow and on the turbulence generated
by the barrier, The turbulence of the original flow, however, is highly de-
pendent on the thermal stratification: an increasing instability is coupled
with an increasing turbulence level. Conseguently, we suppose that a faster
recovery of the speed profile occurs with increasing instability., On the
other hand, the speed deficits just behind the barrier are smaller with in-
creasing thermal stability. That is probably the reason why in the stable
case the speed profile recovery near the surface is faster than in the near-

neutral case.
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Fig. 3.10 The relative mean wind speed‘gf = 4
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For all runs with an incidence angle |s| < 3%, the sheltered distance was

determined in order to investigate 1f there exists a relation between this
distance and the stability parameter f From these results, plotted in f1gure
3.11, it can be concluded that this distance changes significantly with t—1n

unstable stratifications. Here the sheltered d1stance decreases from

X8
H
e t..
____ e _
. X---"" | Tt —eee—— By ————— — -l
----- .
|- =#- — 20
15
10
5—.
1 1 1 (] 1 | |
-o08 -0,08 - 0,04 _0,02 0 0,02 0,04 0,06 0,08
-4

Fig., 3.11 The dependence of the sheltered distance on the thermal strati-
fication for perpendicular flow direction.

X1s

= 24 H for neutral conditions to about Xg = 17,5 H at % = -0,1. For

stable stratifications, however, this distance remains almost constant up to

H

3.2.3 Oblique flow

L= +0,1 with a mean value of xls =

conditions

23 H.

The disturbed wind profiles in oblique flow are analyzed first for two near-

neutral runs (%—= -0,01). We selected angles of attack of ¢ =

229 and

¢ = 40%, The measured relative wind speed profiles and deficits are presented
in figure 3,12 and figure 3.13, respectively.

Itcan be seen from these results that after apparent recovery has taken place,
the next measuring location shows a little overshoot in the wind speed near
the surface (in figure 3,12 and figure 3.13, the wind speed overshoot regions

have been hatched).

To analyze this

effect in more detail,

we plotted in
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Fig. 3.14 The mean reTative wind speed deficits in near-neutral stratifica-
tion for several incidence angles ¢.
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figure 3.14 the speed deficit profiles behind the barrier for incidence
angles ¢ = 13°, 220, 32° and 40°. From this result we can deduce an overshoot
region followed by an undershoot region and, moreover, these regions can be
observed to shift to the barrier with increasing incidence angle.

Physically, an overshoot in the wind speed near the surface, followed by an.
undershoot can be explained by means of a line vortex that is deflected by
the finite width of the barrier (see figure 3.15). The undisturbed fluid

-
* s

NN

Fig. 3.15 The defiection of the line vortex near the surface, due to the
finite width of the barrier.

+ region of increasing speed; - region of decreasing speed.

flow has a line vortex, determined by the speed gradient near the surface.
Near the barrier this line vortex is deflected due to the finite width of
the barrier., As a result, high momentum from above is transported downward
at one side of the deflected line vortex and low momentum is transported up-
ward at the other side of the vortex line behind the barrier.

With the data of figure 3.14, we tried to locate the regions where an over-
shoot of the wind speed near the surface occurs. As a rough estimate we found
a sector of 30° around the incidence angle, which originates at the

windward barrier edge (figure 3.16). The left part of this sector indicates
an overshoot and the right part an undershoot of the wind speed.
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