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VETERNE INZINIERSTVO V 21 STOROC

WIND ENGINEERING IN THE 21%" CENTURY

Cldnok uvddza rozvoj veterného inZinierstva za ostatnych 3-5
desatroci, od existencie veternych tunelov so simulovanou atmosféric-
kou hranicnou vrstvou a od zavedenia ndhodnych procesov do zata-
Zenia vetrom na budovy a stavebné konstrukcie, alebo lepsie od prvej
medzindrodnej konferencie o iicinkoch vetra na budovdch a stavbdch
vo V. Britdnii (1963), s niektorymi viziami do budiicnosti. Niekolko
pozndmok clanok uvddza tiez o vyskume vo veternom inzZinierstve na
Katedre stavebnej mechaniky Stavebnej fakulty Zilinskej univerzity
v Ziline [1] - [31].

Uvod

Veterné inZinierstvo je podla J. E. Cermaka najlepSie defino-
vané ako racionalne pojednanie o interakcii medzi vetrom v atmo-
sférickej hrani¢nej vrstve a [udskou ¢innostou na povrchu Zeme.
Toto tvrdenie bolo umoznené vykonat syntézou poznatkov z tradic-
nych odborov mechaniky tekutin, meteorologie, stavebnej mecha-
niky a fyziologie na vytvorenie nového odboru. Hoci aerodynamika
ma ustrednu dolezitost v tejto novej discipline, aplikacie su vo
vicSej Casti neleteckej aerodynamiky, atmosférickom roznasani
necistot vzduchu, ucinkoch vetra na budovach a stavbach, modifi-
kacii vetra na zastavenych plochach budovami, stavbami a ulicami,
¢o su dolezité priklady interakcii s ktorymi inZinier veterného inzi-
nierstva prichadza do styku [1], [2].

Uéinky vetra na budovach a stavbach vytvaraju dolezitu sku-
pinu problémov, ktora je zaujmom rychlo sa rozvijajucej discip-
liny veterného inzinierstva.

Prvy veterny tunel postaveny vyhradne pre simulovanie pri-
rodzeného vetra bol navrhnuty J. E. Cermakom v roku 1958 [2],
a jeden z prvych velkych tunelov s hrani¢nou vrstvou bol navrh-
nuty a postaveny v novembri 1965 na Univerzite v Zapadnom
Ontariu v Kanade [4].

Spravna modelova skuSka pre javy vo vetre musi sa vykonat
v turbulentnej hrani¢nej vrstve, modelovy zakon vyzaduje, aby tato
hranicna vrstva bola v mierke podla rychlostného profilu. (Martin
Jensen, 1958). [3] M. Jensen v svojom doleZitom experimente
vykonal porovnanie strednych zloziek tlakov na malych budovach
v skuto¢nej mierke a na modeloch tychto budov vo veternom tuneli.
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Progress in wind engineering during last 3-5 decades is described
in this paper, from the existence of wind tunnels with the simulated
atmospheric boundary layer and introducing random processes in wind
load on buildings and structures. State of the art is presented from the
First International Conference on Wind Effects on Buildings and Struc-
tures in U. K. (1963) together with some visions for the future. Some
remarks are also devoted to wind engineering research in the Depart-
ment of Structural Mechanics, Civil Engineering Faculty, University of
Zilina [1] - [31].

Introduction

According to J. E. Cermak wind engineering is best described
as the rational treatment of interactions between wind in the atmo-
spheric boundary layer and human activity on the surface of Earth.
A rational treatment of wind effects has been made possible by
a synthesis of knowledge from the traditional fields of fluid mecha-
nics, meteorology, mechanics of structures, and physiology to
form a new discipline. Although aerodynamics is of central impor-
tance in this new discipline, applications are mostly non-aeronau-
tical in nature; atmospheric transport of air pollutants, wind effects
on buildings and structures. Modifications of wind in urban areas
by buildings, structures and streets are important examples of inter-
actions a wind engineer deal with [1], [2].

Wind effects on buildings and structures create an important
class of problems that is embraced by the rapidly developing dis-
cipline of wind engineering.

The first wind tunnel constructed specifically for simulating
natural winds was designed by J. E. Cermak in 1958 [2], and one
of the first large boundary layer wind tunnels was designed and
constructed in November 1965 at the University of Western
Ontario in Canada [4].

The correct model test for phenomena in the wind must be
carried out in a turbulent boundary layer and the model-law requir-
es this boundary layer be scaled in compliance with the velocity
profile (Martin Jensen, 1958). [3]. M. Jensen in his important
experiment undertook a comparison of the mean pressures on
small buildings in full scale and in wind tunnel model experiments.
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Pouzitie veternych tunelov uvedeného typu na ziskanie
vel’kosti u¢inkov vetra bolo publikované A. G. Davenportom a N.
Isyumovom [4].

Je treba zdoraznit, ze predpoved tcinkov vetra mozeme vyjad-
rit len Statisticky (A. G. Davenport, [5] M. F. Barstein [6]).
Veterny tunel na Zilinskej univerzite bol navrhnuty M. Pirnerom
[7] a atmosféricka hranicna vrstva v tomto tuneli bola nasimulo-
vana v minulych sedemdesiatych rokoch, [8] - [10] pozri obr. 1.

Pokrok vo veternom inZzinier- ,
stve bol urobeny pocas 4 - 6 desat-
ro€i od zrutenia Tacoma Narrows
Bridge, na ktorom kmitania od
pomerne nizkych rychlosti vetra | =
znicili tento most s velkym roz- [
patim, alebo presnejSie od prvej
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How wind tunnels of this type are used to obtain quantitative
wind-effect data have been published by A. G. Davenport and N.
Isyumov [4].

It is emphasized that the prediction of the effects of the wind
can only be expressed statistically (A. G. Davenport, [5] M. F.
Barstein, [6]).

The wind tunnel at the University of Zilina was designed in
1965 by M. Pirner [7]. The atmospheric boundary layer in this
wind tunnel was simulated in 1970’s [8], [9], [10] see Fig.1.

The progress in wind engineer-
ing has been achieved during the 4-
6 decades, since the collapse of
Tacoma Narrows Bridge when the
oscillations at comparatively low
wind speeds destroyed the long
span bridge, or more exactly since

medzinarodnej konferencie o G¢in- |
koch vetra na budovach a stav-

the First International Conference
on Buildings and Structures in

bach v Teddingtone vo V. Britanii
v 1. 1963. Teraz su kazdé Styri
roky organizované medzinarodné
konferencie Medzinarodnou aso-
ciaciou pre veterné inZinierstvo
(Ottawa, Kanada - 1967, Tokyo, Ja-
ponsko - 1971, Heathrow v Londy-
ne V. Britania - 1975, Fort-Collins
Colorado USA - 1979, Gold Cost a Auckland Australia - 1983,
Aachen Germany - 1987, London, Ontario Kanada - 1991, Delhi
India 1995, Kodan Dansko - 1999, buduca konferencia bude
v Lubboku v Texase USA - 2003). Desiata medzinarodna konferen-
cia o veternom inzinierstve v Kodani (1999) ako aj casopis Journal
on Wind Engineering and Industrial Aerodynamics (vydavany od r.
1975) prezentuju velmi dobre minulost, pritomnost a budticnost
veterného inzinierstva a stru¢ne tento pokrok sa uvadza v tomto
¢lanku vratane niektorych vysledkov vyskumu v aerodynamickom
tuneli Zilinskej univerzity v Ziline [1] - [31].

Veterné inzinierstvo, pritomnost a buduicnost

Podla A. G. Davenporta je nazorné uvazovat proces zatazenia
vetrom ako refaz zloZenu s navzajom spojenych ¢lankov: veterna
klima, vystavenie vetru, aerodynamické sily, ohlas stavieb ako aj
kritéria ohlasu [11], [12].

1. Chybajuce ¢lanky

Existuji nepresnosti pri definovani kazdého ¢lanku, tieto
nepresnosti Ciastocne vznikaju z chaotického, statistického cha-
rakteru javov ako je napriklad veterna klima a turbulencia. V pripade
turbulencie postupy mozu redukovat nepresnosti pomocou monito-
ringu, alebo odhadu meranych chyb.

Veternd klima je kritickym ¢lankom. Extrémne rychlosti vetra
pouzivané v mieste su jedinou poziadavkou. V sicasnosti sa vyza-
duje pre burku jej Cas trvania, smer a priestorové tvary, aby sa
ohodnotila nahromadena Skoda a spolocny vyskyt namrazy a vetra.

Obr. 1. Veterny tunel Zilinskej univerzity
Fig. 1. Wind tunnel of the University of Zilina

Teddington, U. K. 1963. Interna-
tional conferences are organized in
the interval of 4 years by the Inter-
national Association of Wind Engi-
neering (Ottawa Canada-1967,
Tokyo Japan-1971, Heathrow in
London G. B.-1975, Fort-Collins
Colorado USA-1979, Gold Cost
and Auckland Australia-1983, Aachen Germany-1987, London
Ontario Canada-1991, Delhi India-1995, Copenhagen Denmark-
1999.Next Conference will be in Lubbok Texas USA -2003). The
10th International Conference on Wind Engineering in Copenha-
gen (1999) as well as the Journal on wind engineering and Indu-
strial aerodynamics (since 1975) presented very well the past,
present and future of wind engineering and this progress is briefly
presented in this paper with some research results obtained in the
University of Zilina wind tunnel laboratory [1] - [31].

Wind engineering, present and future

According to A.G. Davenport it is instructive to regard the
wind loading process as a chain of interconnected links: the wind
climate, the exposure, the acrodynamic forces, the structural reac-
tion and response criteria itself [11], [12].

1. Missing links

There is uncertainty in defining each link, this uncertainty
arises partly from chaotic, statistical character of the phenomena,
for example, the wind climate and the turbulence. In the latter
case, the uncertainties can be reduced through improved monito-
ring or assessment of the measurement errors.

Wind climate is a critical link. Extreme wind speeds used at
a point are the only requirement. Now there is the need for storm
duration, direction and spatial pattern to evaluate cumulative
damage and at joint occurrence of ice and wind.
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Faktor vystavenia vetru, ktory zavisi od terénu a topografie,
velmi vplyva na strednu zlozku tlaku od rychlosti a intenzity tur-
bulencie.

Aerodynamické tlaky taktieZ maju nepresnosti, najmi ked
uvazujeme vnutorné tlaky.

Fyzikdlne viastnosti stavby a odborna kvalita prace mala by sa
poznat presnejSie na mostoch s vac§im rozpatim, alebo kominoch
ako na budovach.

V mnohych pripadoch skutocné mechanizmy chyb st nedosta-
tocne pochopené, ¢i uz od vplyvu tinavy alebo stalych deformacii.

Fyzikdlne vlastnosti stavby prinasaju vela prekvapeni. Navrh sta-
vieb, alebo odhad ohlasu na vietor, nevyhnutne zdovodneny model-
mi ¢i uz fyzikalnymi vo veternom tuneli, alebo analyticky pomocou
pocitacovych modelov, prinasa v oboch pripadoch velki moznost
chybnych predpokladov. Podla sympdzia o skiiskach na skutocnych
konstrukciach: ,Tedria bez podpory pozorovani na skuto¢nych
konstrukciach je nebezpecna komodita pri inZinierskom navrhu®.
Existuje vela prikladov: Zrutenie mosta cez Tacomsku uZinu,
havaria chladiacich vezi vo Ferrybridge ako aj vela dalSich.

Dalsie chybajiice clanky sii: Topografické ucinky, $truktira
vetra v intenzivnych lokalnych burkach, nespravne odhadnuté sily
od vetra na ostrych hranach telies, ktoré su len slabo zavislé od
mierky alebo Reynoldsovho Cisla, zataZenie na prenosovych
veziach v turbulentnom vetre, ststredenie sa na modelové nepres-
nosti, monitoring na skutoénych stavbach (vodorovné kmitanie
stavieb, ich tlmenie, frekvencie a pod.), vymena zakladnych infor-
macii, po€itaové veterné inzinierstvo, ktoré nemusi byt len dopln-
kom skusok vo veternych tuneloch, ale tiez v niektorych otazkach,
ako st modelovania silnych lokalnych burok a tornad, umoznuje
jediny prakticky pristup k rieSeniu.

Zvysovanie poctu prirodnych katastrof v dosledku veternych
burok ukazuje, aby sa vyznamne hodnotilo vytvaranie tymov pre
badanie tychto katastrof. Tato Cinnost sa stane takou, ako predpo-
kladame, ktora bude stimulovat vyskum vo veternom inzinierstve.

Bez poslednych 10 medzindrodnych konferencii z veterného inZi-
nierstva, Uspechy v bezpeénosti stavieb vysokych budov a mostov
s velkym rozpitim by neboli mozné, a aj napriek tomuto su
medzery, ktoré je treba doplnit: poistovacia Statistika, badanie na
skutoénych stavbach ako zaklad porovnania pre modelovanie vo
veternom tuneli a pocitacovom veternom inzinierstve, udaje zo
skuto¢nych konStrukcii na organizovanych experimentoch, alebo
z prehliadok katastrof veternych burok a dalsie [11] - [17].

2. Atmosféricka hranicna vrstva

Technicky rozvoj rychlych senzorovych systémov, zariadeni
pre vzorkovanie dat a pocitacové spracovanie urobili enormny
vplyv na tempo, pocas ktorého sa dosahuji nové vysledky.

Napriek tejto skutoCnosti si este uplne zakladné problémy,
ktoré ocakavaju teoreticky rozbor ako aj experimentalne prebadanie.
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The exposure factor which depends on the terrain and topo-
graphy, profoundly affects the mean velocity pressure and the tur-
bulence intensity.

The aerodynamic pressures also contain uncertainty, particu-
larly, if internal pressures are included.

The structural behavior and the quality of the workmanship may
be known more accurately for a long span bridge or chimney than
for a house.

In many cases the actual failure mechanism should be poorly
understood - whether through the influence of fatigue or perma-
nent deformation.

Structural behaviour can have many surprises. The design of
structures or the assessment of response to wind inevitably accom-
plished through models either physical, as a wind tunnel, or analy-
tical through computational models, is in either both cases the ample
opportunity for erroneous assumptions. According to the Sympo-
sium on Full Scale Testing: “A theory without full-scale observations
to back it up is a dangerous commodity in engineering design”.
There are many examples: Tacoma Narrows Bridges Collapse, the
failure of the Ferrybridge cooling towers and many others.

Other missing links are: topographic effects, wind structure in
intense local storms, wrongly assumed wind forces on sharp edges
bodies, which are only weakly dependent on scale or Reynolds
number, wind load on transmission towers in turbulent wind, focu-
sing on the uncertainties in the models, full scale monitoring (the
sway of the structure, its damping, its frequencies and so on),
exchange of basic information, computational wind engineering,
which may not be only supplement to wind tunnel testing but also
in some problems such as the modeling of severe local storms and
tornadoes, provide the only practical approach.

The increase in the number of natural disasters due to wind
storms suggests that there would be great value in establishing
natural disaster investigation teams. Such an activity is hopefully,
to stimulate wind engineering research.

Without the previous 10 international wind engineering confe-
rences, the achievements in the safe construction of tall buildings
and long span bridges would not have been possible, nevertheless,
there are gaps to be filled: insurance statistics, full scale testing as
a benchmark for both wind tunnel and computational wind engi-
neering modeling, full scale data through organized experiments
or from wind storm damage surveys and others [11] - [17].

2. Atmospheric boundary layer

The technical development in fast sensor systems, data sam-
pling and acquisition equipments and computing has influenced
enormously on the pace at which new results are made available.

However, there are still quite fundamental problems waiting
for a theoretical analysis as well as experimental verification.
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Niektoré problémy naliehavého zaujmu o aplikaciu vo veter-
nom inZinierstve si: PozdiZna koherencia, tvary a profily narazov
a nestacionarne javy [11] - [14].

3. Aerodynamika budov

Pruzné stavby ako su vysoké budovy, vysoké veZze a mosty
s velkym rozpétim niekedy maji aerodynamické kmitanie, ktoré
v niektorych pripadoch moze sposobit osudnu katastrofu, vazne
poskodenie stavieb alebo obtazovanie Iudi, dosledkom ¢oho skuska
vo veternom tuneli musi byt jednym z najucinnejSich prostriedkov
na vyjasnenie ich aerodynamickych charakteristik.

Najlepsi sposob ako efektivne stabilizovat aerodynamické kmi-
tanie je presné pochopenie ich budiacich mechanizmov. Z dévodov
zlozitych charakteristik poli prudenia okolo hranatych telies, bu-
diace mechanizmy tychto poli nie si eSte v sicasnosti dostatoéne
vyjasnené (generovanie virov a virmi indukované budenie, gallo-
ping, flutter, buffeting a ucinky turbulencie na aerodynamiku hra-
natych telies).

Nedavny rozvoj poéitacového veterného inZinierstva je, alebo
sa urcito stdva vykonnym nastrojom na rieSenie tychto problémov,
potom obe aplikované skusky, konvenéna vo veternom tuneli a poci-
taCova, boli by ziadané v budticnosti viacej ako v pritomnosti. [12],
[20].

4. Vysoké budovy a stavby

Niektoré stavby a budovy vyZaduju osobitné badanie z veter-
ného inZinierstva, pretoZe zataZenie vetrom a vetrom vybudené
ohlasy vysokych budov a dalSich stavieb pozemného stavitelstva
nemozZu byt spolahlivo uréené analyticky alebo postupmi podla
noriem.

Okrem toho aerodynamické uidaje v stavebnych normach su
najmi pre samostatné budovy a stavby situované v homogénnom
teréne. Také udaje nemozu byt pre budovy a stavby na zlozitom
teréne alebo topografii, alebo pre pripad, kde moézu byt aerodyna-
mické interferencie v dosledku pritomnosti dalSich blizkych budov.

Hoci modelové skusky vo veternych tuneloch nie su bez taz-
kosti, pretoZe st obmedzenia vzhladom na stupen podobnosti,
ktory sa moZe dosiahnut v redukovanej geometrickej mierke a poci-
tacové veterné inZinierstvo a dalSie numericko-analytické badania
ziskavajlce priestor, predsa modelové badania vo veternych tune-
loch pre uvedené situacie s teraz akceptované vacsinou stavebnych
noriem ako alternativne postupy potrebné pre dodrzanie techno-
logickych zmien [12], [16], [18], [30].

5. Mosty velkych rozpiti

Aeroelasticka stabilita je prevladajuce kritérium na navrh
mostov s velkym rozpatim. Aerodynamika mostov sa tradicne za-
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Some problems of immediate interest for application in wind
engineering are as follows: longitudinal coherence, gust shapes or
profiles, non-stationary phenomena [11] - [14].

3. Building aerodynamics

Flexible structures such as tall buildings, tall towers and long
span bridges show sometimes aerodynamic vibration, which would,
in some cases, cause a fatal collapse, serious damage of structures
or man annoyance. In consequence, a precise evaluation of the
aerodynamic characteristics and their proper countermeasure
should be carefully investigated. However, the geometrical shape
of these structural sections are usually complicated and their aero-
dynamics must be diverse, in consequence, a wind tunnel test must
be one of the most powerful tools to clarify their aerodynamic
characteristics.

The best way to effectively stabilize the aerodynamic vibration
is a precise understanding of their generation mechanism. Because
of the complicated, behaviour of flow fields around bluff bodies,
their generation mechanism is not always sufficiently clarified
even at present (vortex generation and vortex induced excitation,
galloping, flutter, buffeting and the effect of turbulence on bluff
body aerodynamics).

Recent development of computational wind engineering is
surely becoming a powerful tool to solve these, problems. Then,
both utilization of the conventional wind tunnel test and CWE
would be required in the future more than at present [12], [20].

4. Tall buildings and structures

Some structures and buildings require special wind engineer-
ing studies because, wind forces and wind induced responses of
tall buildings and other civil engineering structures cannot be reli-
ably predicted by analytical and/or code based procedures.

Furthermore aerodynamic data in building codes are mainly
for individual buildings and structures located in homogeneous
terrain. Such data may not be representative for buildings and
structures in complex terrain and/or topography or in situations
where there may be aerodynamic interference due to the presence
of other nearby buildings.

Although wind tunnel model tests are not without difficulties,
as there are limitations to the degree of similitude which can be
achieved at a reduced geometric scale, and CWE and other nume-
rical/analytical studies are rapidly gaining the ground. Nevertheless,
wind tunnel model studies for such situations are now accepted by
most building codes as alternative procedures necessary to keep
up with technological change [12], [16], [18], [30].

5. Long-span bridges

Aeroelastic stability is a governing criterion for the design of
long span bridges. Traditionally, bridge aerodynamics has been
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obera pdsobenim vetra na nosniky visutych a zavesenych mostov
s0 zameranim na aeroelasticku stabilitu, buffetinngovy ohlas, kmi-
tanie vybudené virmi, su témy, ktoré aj dnes vytvaraju mnoZzstvo
prace v rozsahu odboru.

Za ostatné roky pozornost sa venuje cestnej bezpecnosti a kom-
fortu 0sob cestujucich na moste, badaniam spojenych s mostom
ako aerodynamika automobilov a ochrannym uc¢inkom mostnych
pylénov a ochrannym krytom proti vetru [9], [12], [18], [28].

6. Budovy a mosty v skupinach

Ucinky susednych budov na zatazenie vetrom dalsich budov
a stavieb sa extenzivne v minulosti nebadali. ZataZenie vetrom na
tieto budovy a stavby Specifikované sucasnymi predpismi a nor-
mami pre prax maju svoj péovod z badani vo veternych tuneloch na
samostatnych stavbach a neudavaji ziadny smer pre odhad zata-
Zenia za podmienok buffetingu.

Vysledky poukazuju na podstatné rozlicné ucinky pre samo-
statnd stavbu a stavbu v skupine. Zlozitost problému poukazuje,
Ze je velmi fazko spracovaf tieto ucinky s istym stupfiom vSe-
obecnosti. Ako alternativa sa odporuca poradit sa s odbornikom
a umoznit vykonat odbornu skusku vo veternom tuneli.

Vseobecne je zname, Ze rozdelenie tlakov od vetra na stavbe
moze byt prudko zmenené, ak nova (nové) stavba sa postavi
v susedstve. Je len samozrejmé, Ze toto prinasa komplexny problém
uz aj pre samostatnu dalSiu stavbu, pretoZe existuje vela paramet-
rov, ktoré musi inZinier brat do uvahy, vratane tvaru a velkosti
stavieb, ich poziciu a smer vetra [12], [16], [17], [21], [30].

7. Pocitacové veterné inzinierstvo (PVI)

Teraz uz je viac ako 15 rokov od zavedenia pocitacovej dyna-
miky tekutin (PDT) do problémov veterného inZinierstva (PVI)
alebo pocitacova dynamika tekutin (PDT) bola rozvijana hlavne
v odboroch strojného a leteckého inZinierstva. Vel'ké uspechy sa
dosiahli v urcovani takych pomerne jednoduchych prudeni ako je
prudenie v kanaloch, prudenie vzduchu okolo kridla a pod. Na
druhej strane problémy vzdusného prudenia vo veternom inzi-
nierstve su ovela viac zlozitejsie.

Vela skusok sa vykonalo a pozoruhodny pokrok sa dosiahol
od prvého sympozia konaného v Tokiu (1992). Priestor pre prak-
tické uplatnenie sa vyznamne rozsiril. V sucasnosti je vyskumny
odbor PVI dobre zriadeny ako Ucinny nastroj vo vyskume veter-
ného inzinierstva.

Napriek uvedenému zostava este vela otazok, ktoré treba riesit,
aby mohli byt na Sirsiu aplikaciu: Rozsirit PVI aplikacie a postarat
sa 0 presnost, presnost experimentalnych udajov, potvrdit odhad
presnosti pri rozlicnych nepresnostiach, navrh siete pri postupoch
v blizkosti steny a makroskopické hranicné podmienky, hrani¢né
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concerned with wind actions on the girders of cable supported
bridges focusing on aeroelastic stability, buffeting response and
vortex induced oscillations, topics which also today constitute the
bulk of the work within the field.

In recent years attention has been given to road safety and
comfort of persons travelling on the bridge, leading to bridge
related studies of vehicular aerodynamics and shelter effects of
bridge pylons and wind screens [9], [12], [18], [28].

6. Buildings and structures in groups

The effects of nearby structures on wind loading of other build-
ings and structures has not been extensively examined in the past.
Wind loads for these buildings and structures, specified by current
standards and codes of practice originate from wind tunnel studies
on isolated structures and give no guide for the assessment of
loads under conditions of buffeting.

Results show significant different effects for a single structure
and a structure in group. The complexity of the problem, however,
indicates that it is very difficult to treat these effects with any
degree of generality. Alternatively, it is suggested to get a specia-
list’s advice and possibly to perform special wind tunnel tests.

It is well known, however, that the wind pressure distribution
on a structure may change drastically when a new structure(s) is
built in its neighborhood. Obviously, this is a complex problem
even for a single additional structure, since there are many para-
meters that a designer must consider, including the shape and size
of the structures, their relative positions, and the wind direction
[12], [16], [17], [21], [30].

7. Computational wind engineering (CWE)

It has now been for over 15 years since the Computational
Fluid Dynamics (CFD) technique was first applied to a problem
of wind engineering. Computational Wind Engineering (CWE) or
Computational Fluid Dynamics (CFD) was developed mainly in
the fields of mechanical and aeronautical engineering. Great
success has been achieved in predicting such relatively simple
flows as channel flow, air flow around a wing, etc. However, pro-
blems concerning air flow in wind engineering are far more com-
plicated.

Many trials have been carried out and remarkable progress
has been achieved since the 1st Symposium in Tokyo (1992). The
scope of practical application has also spread greatly. The re-
search field of CWE is today well established as a powerful tool in
wind engineering research.

However, there still remain many problems to be solved to
allow for wider applications: Spread of CWE applications and
their prediction accuracy, accuracy of experimental data, confirm-
ation of prediction accuracy under various uncertainties, grid
design near wall treatment and macroscopic boundary conditions,
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podmienky pri nasavani pre aplikacie simulacie velkych virov.
Dalsie smery st vyvinut novy koncept pre integrovanie PVI simu-
lacii s rozlicnymi mierkami [9] - [17], [20], [27].

8. Veterné prostredie okolo budov

Vyskum a skusenosti pocas ostatnych 2 - 3 desatroci vo vela
laboratorii - vratane veterného tunela so simulovanou atmosféric-
kou hrani¢nou vrstvou na Katedre stavebnej mechaniky, Stavebnej
fakulty Zilinskej univerzity v Ziline ukazuju - Ze otvorené priest-
ranstva okolo budov a moderné urbanistické miesta si Casto
neprijemne veterné. Podmienky mézu byt neprijemné a hazardné
pre chodcov na miestach, ktoré boli zamyslané aby poskytovali
otvorené vzdu$né prostredie.

Aké veterné podmienky su prijatelné je fazko definovat,
pretoZe su viac-menej subjektivne a zavisia od aktivity, teploty,
vlhkosti prostredia a narazovej rychlosti vetra, komplikuju tento
problém. Vela autorov v zahranici a v nasej krajine vyvinulo krité-
ria rychlosti vetra, Wise, Melbourne, Davenport a dalsi.

Hoci niektoré skuisenosti sa ziskali zo skuto¢nych veternych
podmienok z okolia rozlicnych budov je treba sa obracat na mode-
lové skusky v tuneloch, ak sa vyZaduju doveryhodné odhady veter-
ného prostredia vybudeného okolo navrhovanej budovy.

Vyznamna Cast budovy by nemala byt vystavena priamo
veternému prudeniu. Ochranny u¢inok naveternych budov je jeden
z najdolezitejSich faktorov. Niektoré konfiguracné faktory a pra-
vouhlé budovy narastajuce z terénu spdsobuju environmentalne
veterné problémy [21] - [23], [27], [29].

9. Aerodynamika necistot vo vzduchu

Od priemyslovej revolucie fudstvo sa musi zaoberat dosledkami
znecistovania z priemyslu, banictva, dopravy a produkcie energie.
Aerodynamika necistdt vo vzduchu sa venuje interakcii skodlivin,
plynov a Castic vypustanych do atmosféry s okolitymi stavbami,
terénom a vegetaciou. Tato interakcia moze odchylif necistoty
smerom k citlivym plocham, koncentrovat necistoty nad akceptova-
telné urovne, alebo i zmiernit koncentracné urovne a zvysit rozptyl
prudenia.

Prvoradou ulohou modelovania tekutin pocas nastavajuceho
storoCia nebude vzdy priame meranie udajov, aby sa pouzilo pocas
inZinierskeho navrhu Specidlnych zariadeni, ale namiesto modelo-
vania tekutin malo by sa aplikovat:
® Badat atmosféricku disperziu interakcie, ktora nie je uplne
preskumana.

® Zladit a overif modely turbulencie prenasané do PDT modelov.

® Navrhovat nové analytické modely vhodné na pojatie do vacsich
numerickych systémov.

® Potvrdif platnost pocitacovych modulov, ked budu zaclenené
do navrhovych noriem [12], [23], [27].
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inflow boundary condition for LES (Large eddy simulation) appli-
cation. Future direction is to develop a new concept for integra-
tion of CWE simulations with various scales [9] - [17], [20], [27].

8. Wind environment around buildings

Research and experience during last 2-3 decades at many labo-
ratories including Wind tunnel laboratory with simulated atmo-
spheric boundary layer in the Department of Structural Mechanics,
Faculty of Civil Engineering at the University of Zilina have shown
that open spaces around buildings on modern urban sites are
often unpleasantly windy. Conditions can be uncomfortable and
hazardous for pedestrians in places which were intended to provide
a pleasant open-air environment.

What wind conditions are acceptable is difficult to define
because it is much more subjective and dependent on the activity
concerned and the temperature and humidity of the environment
concerned and gust speed complicate this problem too. Many
authors abroad and in our country developed wind speed criteria
(Wise, Melbourne, Davenport and others).

Although some experience has been gained from assessing
full scale wind conditions about a variety of buildings it is neces-
sary to turn to wind tunnel model testing if a confident prediction
of the wind environment induced around a specific building pro-
posal is required.

A significant part of the building should not be exposed to
direct wind flows. The shielding effect of upstream buildings is one
of the most significant factors. Some configuration factors, rec-
tangular buildings rising from ground level cause environmental
wind problems [21] - [23], [27], [29].

9. Air pollution aerodynamics

Since the Industrial Revolution man has to deal with the pol-
luting consequences of manufacturing, mining, transportation, and
power production. Air polluting aerodynamics concerns the inter-
action of noxious aerosols, gases and particles emitted into the
atmosphere by surrounding structures, terrain and vegetation. This
interaction can deflect pollution materials toward sensitive areas,
concentrate species above the acceptable levels or even mitigate
concentration levels and enhance diffusion and dispersion.
The primary role of fluid modeling during the next century
will not always be the direct measurement of data to be used during
engineering design of specific facilities. Instead a fluid modeling
there the folowing activities should be prefered.
® To explore atmospheric dispersion interaction that has not been
completely investigated,

® To tune and justify turbulence models incorporated into CFD
models,

® To device new analytical models suitable for inclusion into larger
numerical systems and

® To validate computational models after they are to be incorpo-
rated into design codes [12], [23], [27].
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10. Meranie v skuto¢nych mierkach

Veterni inzinieri pokladaji merania v skutocnych mierkach za
doplnenie a rozsirenie ich poznatkov o chovani sa budov a stavieb
pri pésobeni vetra a potvrdenie alebo kalibrovanie oboch procedur,
numerickej a experimentalne;.

Nedavne programy merania v skutocnych mierkach maju ten-
denciu sa zamerat na merania dynamickych vlastnosti skuto¢nych
budov a stavieb. Tieto informacie su cenné pre pomoc pri ich oprav-
neni alebo modifikacii, podporit rozhodnutie a zhodnotit ucin-
nost takych vylepsujucich zariadeni, ako su tlmice s naladitelnou
hmotou alebo tekutinou [12], [16], [23], [30].

11. Merania vo veternom tuneli

Hoci skusky na modeloch vo veternom tuneli su §iroko akcep-
tované, je treba zdoraznit, Ze vplyvy vetra v mnohych pripadoch
st adekvatne uvedené v sucasnych stavebnych normach. Je preto
dolezité aby sa identifikovali situacie, v ktorych sa badania vo veter-
nych tuneloch vyzaduju, alebo su nevyhnutné.

Cakatelmi na skiisky vo veternych tuneloch su budovy a stavby,
ktoré maju velku citlivost na vplyvy vetra, alebo su zaradené mimo
existujuce skusenosti. Ako priklady su vysoké, stihle a pruzné
budovy, vyhliadkové veze, stoZiare a kominy, mosty so strednym
a velkym rozpatim, mosty pre chodcov, vedenia prenosovych systé-
mov a rdzne $pecialne stavby, ako si poddajné strechy s velkym
rozpatim, chladiace veze, velké Zeriavy a pod. Budovy a stavby
neobvyklych aerodynamickych tvarov, na ktorych mozno pozoro-
vat velké vetrom indukované celkové sily, alebo lokalne tlaky maju
dovod pre osobitnu pozornost.

Dalsia oblast potencidlnej pozornosti zahffia existenciu nety-
pického terénu a okolia a blizkej vzdialenosti k va¢sim budovam
a stavbam, alebo s vy¢nievajucimi topografickymi tvarmi. Postupy,
ktoré sa pouzivaju pri modelovom badani vo veternych tuneloch
su vel'mi rozmanité, zavisia od osobitnych cielov a moznych zdro-
jov.

Velmi bezné skisky a ich vysledky su: Miestne tlaky, celkové
a plosné zatazenie vetrom, vysokofrekvencna silova rovnovaha,
sekciova modelova skuska (mosty), aeroelastické skusky, vietor pre
chodcov, kvalita vzduchu, skusky terénov a topografie.

Dolezita miera praktickej hodnoty vsetkych modelovych tidajov
je ich vztah k poznatkom ziskanym na skuto¢nych konstrukciach
[11-[51, [71 - [10], [12], [22], [27].

12. Bazy udajov z veterného inZinierstva

S vytvorenim novej bazy udajov vo veternom inZinierstve nie
kazdy suhlasi, pravdepodobne z dovodov existencie uz jestvujcich
databaz a tiez z tazkosti zahrnutych pri novom usporiadani pri-
rodzenych dat do uzito¢nej formy.

Existujiice bdzy tidajov. Rozne formy baz uz si teraz dostupné.
Napriklad ESDU (Engineering Science DATA Unit - Jednotka dat
pre inZinierske vedy vo V. Britanii), the Library of the ASME
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10. Full scale measurements

Wind engineers regard full scale measurements as supplement
and extension of their knowledge of the performance of buildings
and structures under wind action and verification and/or calibra-
tion of both numerical and experimental procedures.

The recent full scale measuring programs have tendency to
obtain the dynamic properties of buildings and structures. Such
information is valuable to assist in their rehabilitation or modifi-
cation, to facilitate decision making and to evaluate the effective-
ness of mitigation devices such as tuned mass and/or tuned liquid
dampers [12], [16], [23], [30].

11. Wind tunnel measurements

Although wind tunnel model testing has gained wide accept-
ance, it is important to stress that the action of wind in many cases
is adequately dealt with in the existing building codes, therefore,
important to identify situations in which wind tunnel studies are
desirable or necessary.

Candidates for wind tunnel tests are buildings and structures
that have an unusual sensitivity to the action of wind or that fall
outside the existing experience. As examples are tall, slender, and
flexible buildings, observation towers, masts and chimneys, inter-
mediate and long-span bridges, pedestrian bridges, transmission
line systems, and various special structures, such as large-span fle-
xible roofs, cooling towers, large cranes, etc. Building and struc-
tures of unusual aerodynamic shape, which may experience large
wind-induced overall forces or local pressures, also warrant special
attention.

Another area of potential concern includes the presence of
unusual terrain and surroundings, and close proximity to major
buildings and structures or prominent topographic feature. Proce-
dures used in wind tunnel model studies vary widely, depending
on particular objectives and available resources. The more com-
monly used tests and their results are the following: Local pressures,
area and overall wind loads, high frequency force balance, section-
al model tests (bridges), aeroelastic studies, pedestrian winds, air
quality, terrain and topographic studies. The important measure
of practical value of all model test data is their relation to full-scale
experience [1] - [5], [7] - [10], [12], [22], [27].

12. Wind engineering database

Not everybody agrees with the need for a new wind engineer-
ing database, probably because there are of some already certain
databases and also because the difficulties involved in rearranging
raw data into a useful form.

The existing database. Various forms of database have already
been available so far. For example, ESDU (Engineering Science
DATA Unit in U.K.), the Library of the ASME in USA and raw
laboratory data stored in the University of Western Ontario. Various
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a udaje laboratoria v prirodzenom stave na University of Western
Ontario.

Rozne narodné a mnohonarodné vybory pre Standardizaciu
noriem zhromazdili idaje pre ich vlastné publikacie, ale konecné
vysledky su niekedy ovplyvnené faktorom inym ako technickym,
napriklad politickym a ekonomickym.

Budiicnost databdz. Numerické simulacie aerodynamiky mohli
by byt pouzité na vytvorenie databaz, ale simula¢na technika musi
byt este zlepsena a jej vysledky nemozu byt este vhodné pre data-
bazu.

Vyvoj Europskej normy, ktora bola publikovana v r. 1993, bude
pokracovat v tomto procese ako aj nové narodné normy v Eurépe
vratane v Slovenskej republike.

Veterny tunel je faktorom, ktory ma spolahlivé zdroje dat.

Pre bezny stavebny navrh, spolahlivost a presnost aerodyna-
mickych sucinitlov zda sa byt spolahlivo dostato¢na, ovela vacsia
variabilita v zafazeni vetrom, moZe byt z takych realit, ako st zmeny
okolia budov. Tieto faktory nemézu byt zahrnuté v normach so
vsetkymi detailmi [12] - [14], [27].

13. Veterné katastrofy

Kazdorocne vietor poskodzuje stavby, hoci v niektorych rokoch
st len malé skody, ale priemer rocnych nakladov na veterné posko-
denie na stavbach je pomerne velky. Napriklad relativne mala
veternd burka v Ziline (jun 1998) znicila vela striech, stromov
a trolejovych vedeni, ¢o ukazuje na adekvatne ukotvenie na hlavnu
stavbu.

Niektoré neiispesné situdcie sa objavujii sustavne. Pomerne roz-
siahle skody na modernych stavbach mohli by byt vylicené, pri
riadnom zvazeni ucinkov vetra a konStrukcie. Veterné katastrofy
striech a stien, su pravdepodobne viac-menej v dosledku chyb
v normach, alebo konstrukcii a inSpekénych prehliadok, ako v nedo-
statku zakladnych znalosti z veterného inZinierstva.

Velké rozsahy skod sucasnych stavieb by mohli byt odstranené
pri minimalnych dalSich nakladoch, s dokladnym uvazenim vplyvov
vetra a primeranej pozornosti kritickym detailom pri navrhu a vy-
stavbe.

Vykonanie skiisky vo veternom tuneli moze byt velmi uzitocné
a ekonomické pre Specialne a vel'ké stavby [12] - [14], [24], [25],
[27].

14. Veterné inzinierstvo na Zilinskej univerzite

Veterny tunel na Zilinskej univerzite v Ziline bol navrhnuty
a postaveny v r. 1965 M. Pirnerom a atmosféricka hrani¢na vrstva
v tomto tuneli bola nasimulovana v sedemdesiatych rokoch
vratane merania rychlosti vetra a tlakov ako nahodnych procesov
[8], [9], [10], (Obr. 2).

Katedra stavebnej mechaniky Zilinskej univerzity organizovala
v spolupraci UTAM CSAV v Prahe prvé tri konferencie o zataZeni
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national, and multi-national code standard committees have col-
lected data for their own publications but the end results are some-
times influenced by factors other than technical, such as political
and economic.

Future of database. Numerical simulation of aerodynamics
could be utilized to provide some database. However, simulation
techniques still have to be improved and so the results from it may
not be appropriate for the database yet.

The development of the EUROCODE, which was published
in 1993 like ENV prestandard will be a continuation of this process
as well as new national codes in Europe, in the Slovak Republic
included.

Wind tunnel as a source of reliable data. However, in the ordi-
nary structural design, the reliability or accuracy of aerodynamic
coefficient seems to be fairly sufficient, much greater variation in
wind loading can arise from such factors, as the change of sur-
rounding of buildings is. These factors cannot be included in stan-
dards with all details [12] - [14], [27].

13. Wind disasters

Every year the wind damages some structures. Some years
damages light, but the average annual costs of wind damage to
structures is relatively large. For example, relatively small wind
storm in Zilina (June 1998) destroyed many roofs, trees and
trolley lines. Adequate anchoring to the main structure is, there-
fore, necessary.

Several failure situations occur hours and again. A large pro-
portion of damage to modern structures could be avoided by
a proper appreciation of wind action and construction.

Wind disasters of the roofs and walls are much more likely to
be due to faults in codes or construction and inspection practices
than to lack of basic wind engineering knowledge.

A large proportion of damage to modern structures could be
avoided at minimum extra construction cost by a proper appre-
ciation of wind action and write appropriate attention to the critic-
al details of design and construction.

Performing wind tunnel test can be very useful and economic
in case of a special and large structures [12] - [14], [24], [25],
[27].

14. Wind engineering at the University of Zilina

The wind tunnel at the University of Zilina was designed in
1965 by M. Pirner [7]. The atmospheric boundary layer in this wind
tunnel was simulated in 1970’s including measurements of wind
velocity and pressures as random processes, see Fig. 2. [8], [9],
[10].

The department of Structural Mechanics, Civ. Engng. Faculty,
University of Zilina organized in cooperation with ITAM Prague
the first three conferences on Wind Load on Buildings and Struc-
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vetrom na budovach a stavbach
(P. Bystrica 1980, Zilina 1984 a Zi-

lina 1988). Konferencia O dyna-
mike stavieb a veterné inZinierstvo
bola organizovana tiez Katedrou
stavebnej mechaniky vo Vyhniach
(september 2000).

Pozoruhodnejsie experimentdlne
bddania vo veternom tuneli pre
stavebnu inziniersku prax su tieto:
Urcenie zataZenia vetrom na tele-
viznu vezZu v Bratislave, zatazenie
na strednu cast televiznej veze
Bukova hora v CR, statické zataze-
nie vetrom na cestny most pre Vit-
kovické zeleziarne v Ostrave, zata-
Zenie vetrom na Zeriav pre Zele-
ziarne v Brezne a dalsie.

Aerodynamické sily na naklad-
nych autdch a Setrenie energiou
v cestnej doprave boli predmetom
spoluprace medzi Katedrou sta- -
vebnej mechaniky a automobilo-
vym priemyslom (Obr. 3). T

Predndsky z veterného inZinier-
stva na doktorandskom §tudiu na g
Katedre stavebnej mechaniky Zi-
linskej univerzity zacali v r. 1992.

Pocas viac ako tridsat rokov -
skupina veterného inZinierstva na
Katedre stavebnej mechaniky je
aktivna vo viacerych teoretickych
a experimentalnych badaniach zo
zataZenia vetrom na budovach a stavbach a veterného prostredia
na skutocnych konstrukciach a vo veternom tuneli [8], [9], [10],
[15], [16], [17], [30], [31].
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Obr. 2. Pristroje na meranie rychlosti vetra a tlaku vetra
Fig. 2. Wind velocity and pressure measurement equipment
(Civ. Engng. Faculty Univ. Zilina)

Obr. 3. Model auta s karavanom vo veternom tuneli
Fig. 3. Model of automobile with caravan in a wind tunnel
of DSM CEF UZ
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tures (P. Bystrica 1980, Zilina
1984 and Zilina 1988). The confe-
rence on Dynamic of Structures
and Wind Engineering was orga-
nized also by the Department of
Structural Mechanics in Vyhne,
September, 2000.

The following main experi-
mental wind tunnel investigations
for civil engineering industry have
been done: Wind load determina-
tion on Television Tower (TV) in
Bratislava, wind load on the central
part of the TV Bukova hora in the
Czech Republic; static wind load
on a road bridge for the Steel
Works in Ostrava; wind load on
a steel crane for The Steel Works
in Brezno and others.

The arodynamics forces on
lorries and saving energy in road
transportation have been also the
subject of the cooperation between
the Department of Structural
Mechanics and car industry, see
Fig. 3.

The Department of Structu-
ral Mechanics has started (1992)
to teach the subject wind enginee-
ring at the University of Zilina at
postgraduate (PhD) level.

For over thirty years, wind
engineering group at the Depart-
ment of Structural Mechanics has
been actively engaged in many the-
oretical and experimental studies
of wind load on buildings and
structures and wind environment, in full scale and wind tunnel
scale [8], [9], [10], [15], [16], [17], [30], [31].
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