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Wind Tunnel TestsWind Tunnel Tests
andand

FullFull--scale Measurementsscale Measurements
Tokyo Polytechnic UniversityTokyo Polytechnic University

The 21st Century Center of Excellence ProgramThe 21st Century Center of Excellence Program

Yukio TamuraYukio Tamura

Lecture 7Lecture 7

Wind Tunnel TestsWind Tunnel Tests

Satisfaction of necessary and possible dynamic,  Satisfaction of necessary and possible dynamic,  
kinetic and geometric similarity lawskinetic and geometric similarity laws

Confirmation of test repeatabilityConfirmation of test repeatability

Appropriate calibration of transducers etc.Appropriate calibration of transducers etc.

Wind Tunnel Testing ManualsWind Tunnel Testing Manuals
e.g. e.g. Building Center of JapanBuilding Center of Japan (1994)(1994)

American Society of Civil EngineersAmerican Society of Civil Engineers (1999)(1999)
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Wind Tunnel FlowsWind Tunnel Flows

Simulated FlowSimulated Flow

-- cannot reproduce exact characteristicscannot reproduce exact characteristics

Building ModelBuilding Model

-- cannot have exactly the same geometrical shapecannot have exactly the same geometrical shape

Similarity LawsSimilarity Laws

-- cannot be exactly satisfiedcannot be exactly satisfied

Similarity Laws Similarity Laws 
Geometrical SimilarityGeometrical Similarity

Building Dimensions Building Dimensions 
H/L, D/L, B/LH/L, D/L, B/L

Topography, Surrounding Buildings, ObstaclesTopography, Surrounding Buildings, Obstacles
R/LR/L

Turbulence Scale Turbulence Scale 
LLuxux/L/L

Boundary Layer Height, Roughness Length Boundary Layer Height, Roughness Length 
ZZGG/L,  /L,  zz00/L/L
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Similarity Laws Similarity Laws 
Kinetic Similarity (Approaching Flow)Kinetic Similarity (Approaching Flow)

Mean Wind Speed Profile Mean Wind Speed Profile 
UU((zz) ) //UU((zzrefref))

Turbulence Intensity Turbulence Intensity 
IIuu((zz) ) //IIuu((zzrefref)),    ,    IIuu((zzrefref))

Power Spectral Density Power Spectral Density 
fSfSuu((ff) ) //σσuu

22

Similarity Laws Similarity Laws 
Dynamic SimilarityDynamic Similarity

Reynolds Number Reynolds Number Elastic ParametersElastic Parameters
UL/UL/νν EEeqeq //ρρUU 22 ((EEeqeq = = EI/BEI/B44 Bending StressBending Stress, , 

Damping Ratio                                                  Damping Ratio                                                  EA/BEA/B22 Normal StressNormal Stress, , 
ζζ Eh/BEh/B Membrane StressMembrane Stress))

Reduced FrequencyReduced Frequency Initial StrainInitial Strain
Reduced Velocity             Reduced Velocity             NN0 0 /EA/EA ((Membrane Structure)Membrane Structure)

fLfL/U,/U, U/fU/f00LL Acoustic Stiffness, Acoustic DampingAcoustic Stiffness, Acoustic Damping
Mass Ratio                        Mass Ratio                        ππLL44ρρ CCaa

2 2 / N/ N00VV00 , , ζζaa ((Membrane Structure)Membrane Structure)
ρρS S //ρρ Internal Pressure RatioInternal Pressure Ratio

ppi i /q/q ((Membrane Structure)Membrane Structure)
FroudeFroude Number Number 

U/U/√√gBgB ((Membrane Structure)Membrane Structure)
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NomenclatureNomenclature

AA : Sectional area, : Sectional area, BB : Building width, : Building width, CCaa : Sonic velocity, : Sonic velocity, 
DD : Building depth, : Building depth, EE : Elastic modulus, : Elastic modulus, EEeqeq : Equivalent: Equivalent
elastic parameter, elastic parameter, ff : Frequency, : Frequency, ff00 : Natural frequency, : Natural frequency, 
gg : Gravity acceleration, : Gravity acceleration, HH : Building height, : Building height, 
II : Geometrical moment of inertia,  : Geometrical moment of inertia,  IIuu((zz)) : Turbulence : Turbulence 
intensity at height intensity at height zz, , LL : Representative building length, : Representative building length, 
LLuxux : Turbulence scale, : Turbulence scale, NN00 : Initial stress,  : Initial stress,  ppii : Internal : Internal 
pressure, pressure, qq : Reference velocity pressure,  : Reference velocity pressure,  
RR : Representative length of topography, : Representative length of topography, SSuu((ff)) : Power : Power 
spectra of wind speed, spectra of wind speed, UU : Reference mean wind speed,  : Reference mean wind speed,  
UU((zz)) : Mean wind peed at height : Mean wind peed at height zz, , VV00 : Volume of internal : Volume of internal 
space, space, ZZGG : Gradient height, : Gradient height, zz00 : Roughness length, : Roughness length, 
zzrefref : Reference height, : Reference height, νν : Dynamic viscosity, : Dynamic viscosity, ρρ : Air : Air 
density, density, ρρSS : Building density, : Building density, σσuu : Standard deviation of : Standard deviation of 
wind speed, wind speed, ζζ : Damping ratio, : Damping ratio, ζζaa : Acoustic damping ratio: Acoustic damping ratio

Reynolds Number EffectsReynolds Number Effects
Curved SurfacesCurved Surfaces
Surface RoughnessSurface Roughness
Pressurized Wind TunnelPressurized Wind Tunnel

Blockage Effects  Blockage Effects  
AAMM //AAWW< 5%   (at least 10%)< 5%   (at least 10%)

((AAMM : Projected area of models : Projected area of models 
including surrounding including surrounding 

AAW W : Sectional area of wind tunnel ): Sectional area of wind tunnel )
Wall Constraint EffectsWall Constraint Effects
Modeling of Surrounding AreasModeling of Surrounding Areas
Reference Pressure                              etc.Reference Pressure                              etc.

Important PointsImportant Points

AAWW

AAMM

Wind Tunnel SectionWind Tunnel Section
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LL = = UT    UT    →→ λλL L == λλU U λλTT
LLmodelmodelλλL  L  = = ⎯⎯⎯⎯⎯⎯ =  =  1/3001/300LLfullfull--scalescale
UUmodelmodelλλU  U  = = ⎯⎯⎯⎯⎯⎯ =  =  1/31/3UUfullfull--scalescale
TTmodelmodel λλL          L          1/3001/300

λλT  T  = = ⎯⎯⎯⎯⎯⎯ = = ⎯⎯⎯⎯ == ⎯⎯⎯⎯ = = 1/1001/100
TTfullfull--scale         scale         λλU            U            1/31/3

Length Scale & Temporal ScaleLength Scale & Temporal Scale

example

length scalelength scale

velocity scalevelocity scale

temporal scaletemporal scale

(generally based on turbulence scale)

(wind tunnel & instruments 
abilities)

Wind Tunnel TestsWind Tunnel Tests

Wind PressureWind Pressure
Wind ForceWind Force
WindWind--induced Responseinduced Response
Wind Speed Wind Speed 
-- Topographic EffectsTopographic Effects
-- Pedestrian Level WindsPedestrian Level Winds
Dispersion Around BuildingsDispersion Around Buildings
Air pollutionAir pollution
Ventilation etc.Ventilation etc.



6

Wind Tunnel Tests for Wind Wind Tunnel Tests for Wind 
Resistant Design of BuildingsResistant Design of Buildings

HighHigh--Frequency Force BalanceFrequency Force Balance
-- Dynamic/Static ForcesDynamic/Static Forces

MultiMulti--Channel Pressure Measuring SystemChannel Pressure Measuring System
-- Mean/Fluctuating PressuresMean/Fluctuating Pressures

Elastic ModelElastic Model
-- Dynamic/Static ResponsesDynamic/Static Responses

Modeling of Surrounding BuildingsModeling of Surrounding Buildings

Wind Engineering Institute
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HighHigh--Frequency Force BalanceFrequency Force Balance

Wind Engineering Institute

HighHigh--Frequency Force BalanceFrequency Force Balance

Rigid Light-weight 
Model

Model Base

Strain-Gauge

Rotational Center

(BCJ Designer’s guide to wind tunnel tests)
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HighHigh--Frequency Force BalanceFrequency Force Balance

Measuring 
Range

G
ai

n

-- Higher Higher ff00 is desired. is desired. 

-- Light weight modelLight weight model

(BCJ Designer’s guide to wind tunnel tests)

Elastic ModelsElastic Models

θ
θ

θ θ

Rocking Model   2D Model    LumpedRocking Model   2D Model    Lumped--mass  Fullmass  Full--elasticelastic
Model        Model        ModelModel

(BCJ Designer’s guide to wind tunnel tests)
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Elastic Model (Rocking Type)Elastic Model (Rocking Type)

(BCJ Designer’s guide to wind tunnel tests)

Elastic Model (Rocking Type)Elastic Model (Rocking Type)

Wind Engineering Institute提供
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Elastic Model (LumpedElastic Model (Lumped--Mass)Mass)

(Courtesy of Shimizu Corp.)

FullFull--Elastic ModelElastic Model

-Epoxy resin with  
iron powder 

Coincidence of Mass 
Ratio ρS/ρ
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MultiMulti--channel Pressure Modelchannel Pressure Model

Compensation of Tubing EffectsCompensation of Tubing Effects
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Pressure MeasurementPressure Measurement

Pitot Static Tube

Model

Total Pressure

Static 
Pressure PPSS

Windward
Pressure PPii Leeward

Pressure 

Velocity Pressure

Wind Pressure ppi i = P= Pi i –– PPSS

Reference Static Pressure

Positive

Negative

Field Measurements Field Measurements 

and Validity of and Validity of 

Wind Tunnel TestingWind Tunnel Testing
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Eiffel Tower drawn by G.A.Eiffel (Davenport, 1975)

Gustave Alexandre Eiffel
(1832-1923)

Meteorological Instruments 
at Top of Eiffel Tower 

(Davenport, 1975)
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Field MeasurementsField Measurements

••Essentially random and nonEssentially random and non--stationarystationary
••Rare phenomena   Rare phenomena   

------ have to be continued for a long periodhave to be continued for a long period
••Various constraints on instrumentation for Various constraints on instrumentation for 
measurementsmeasurements

Quality of data is not always satisfactory !Quality of data is not always satisfactory !

LowLow--rise Buildingsrise Buildings

-- Aylesbury comparative experimentAylesbury comparative experiment

-- Texas Tech BuildingTexas Tech Building
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Texas Tech BuildingTexas Tech Building

Texas Tech BuildingTexas Tech Building

(symbols) Full-scale
CSU 1:100 model scale
Windtech 1:100 model scale

Approaching Wind Azimuth  θ
(°)Comparison of TTU fullComparison of TTU full--scale data with wind scale data with wind 

tunnel data (tunnel data (RofailRofail, 1995), 1995)
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Texas Tech BuildingTexas Tech Building

Approaching Wind Azimuth  θ
(°)

θN

1: 50 Model
1:100 Model

Comparison between 1:50 model data and 1:100 model Comparison between 1:50 model data and 1:100 model 
data bydata by WindtechWindtech ((RofailRofail 1995)1995)

-- Nakano Nakano DendenDenden BuildingBuilding
External PressuresExternal Pressures
WindWind--induced Responsesinduced Responses

-- Nagasaki Nagasaki HuisHuis Ten Bosch Ten Bosch DomtorenDomtoren
WindWind--induced Responsesinduced Responses

-- Setagaya Business SquareSetagaya Business Square
External/Internal PressuresExternal/Internal Pressures

HighHigh--rise Buildingsrise Buildings
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Nakano Nakano DendenDenden BuildingBuilding

Fujimoto et al., 1980

Nakano Nakano DendenDenden BuildingBuilding

Fujimoto et al., 1980Plan of 17Plan of 17thth StoryStory
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Nakano Nakano DendenDenden BuildingBuilding

Comparison between full-scale and wind tunnel 
model responses, Fujimoto et al., 1980

FullFull--scalescale
FullFull--scalescale

Wind Wind 
TunnelTunnel

Wind Wind 
TunnelTunnel

Nagasaki Nagasaki HuisHuis Ten Bosch Ten Bosch DomtorenDomtoren
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Comparison of full-scale and wind tunnel model 
responses during Typhoon 9121

Nagasaki Nagasaki HuisHuis Ten Bosch Ten Bosch DomtorenDomtoren
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Setagaya Business SquareSetagaya Business Square
Kato et al., 1996
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Comparison of full-scale and wind tunnel model-
scale pressure coefficients (Kurita et al., 1996)

Setagaya Business SquareSetagaya Business Square

Correlation between full-scale and model-scale 
mean pressure coefficients (Kato et al., 1996)

Setagaya Business SquareSetagaya Business Square
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Temporal variations of mean internal pressures Temporal variations of mean internal pressures 
(Full(Full--scale, Kato et al., 1996)scale, Kato et al., 1996)

GroundGround
7th story7th story
13th13th
18th18th
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GroundGround7th7th
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18th18th

24th24th

Setagaya Business SquareSetagaya Business Square

Variation of mean internal pressures with reference Variation of mean internal pressures with reference 
velocity pressure (Fullvelocity pressure (Full--scale, Kato et al., 1996)scale, Kato et al., 1996)

24th story24th story
18th18th
1313thth

(Office)(Office)
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Mean Velocity Pressure at TopMean Velocity Pressure at Top

(after altitude compensation)(after altitude compensation)

Internal Internal 
Pressure CoefficientPressure Coefficient

CCpipi = p= pi  i  / / qqRR
ppii

:: qqRR

Setagaya Business SquareSetagaya Business Square
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SpeedSpeed--up around corners, Downup around corners, Down--wash  wash  
effects, effects, VenturiVenturi effects, etc.effects, etc.
Adverse reaction of the public to new Adverse reaction of the public to new 
buildings that have unpleasant wind buildings that have unpleasant wind 
conditionsconditions
A municipal bylaw of TokyoA municipal bylaw of Tokyo: : 
Wind tunnel testsWind tunnel tests and and field measurementsfield measurements of of 
wind speed around the building before and after wind speed around the building before and after 
construction are required for buildings higher construction are required for buildings higher 
than 100m. than 100m. 

Pedestrian Level WindsPedestrian Level Winds

Pedestrian Level WindsPedestrian Level Winds

Comparison between fullComparison between full--scale and modelscale and model--scale scale 
mean wind speeds (BCJ, 1984)mean wind speeds (BCJ, 1984)


