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ABSTRACT: As with the progress of computing capacity in recent years, there have been many 
CFD studies concerned with the wind environment and the pollutant diffusion in urban areas. 
Currently, Steady solutions with RANS models (Steady RANS) are commonly used for this type 
of studies. However, CFD simulations with Steady RANS have some drawbacks that the reat-
tachment length and pollutant gas concentration are overestimated behind the building, because 
they cannot reproduce periodic vortex shedding in the weak wind region behind the buildings. 
Therefore, applying the Steady RANS may be unsatisfactory for predicting pollutant diffusion 
and ventilation in the weak wind region behind the buildings. In this paper, we aim to provide 
adaptive experimental data required to verify the accuracy of numerical simulation. In order to 
show the reliability of experimental data, we evaluated the uncertainty of measurements for wind 
velocity and concentration, and verified the method for management of accuracy. 
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1 INTRODUCTION 
CFD is expected as an effective means to predict and evaluate the wind environment and the pol-
lutant diffusion in urban areas. Currently, Steady solutions with RANS models (Steady RANS) 
are commonly used for this type of studies. However, CFD simulations with Steady RANS have 
some drawbacks, where the reattachment length and pollutant gas concentration are overesti-
mated behind the building, as they cannot reproduce periodic vortex shedding in the wake flows 
of a building. Therefore, applying the Steady RANS may be unsatisfactory for predicting pollu-
tant diffusion and ventilation in the weak wind region behind the buildings. This problem may be 
solved by using LES, DES, or Unsteady RANS which can reproduce periodic vortex shedding in 
that region. 

In this study, we aim to provide adaptive experimental data required to verify the accuracy 
of numerical simulation. Therefore, we applied the method for uncertainty of measurements. For 
this paper, we measured wind velocity and concentration around a building model simultaneous-
ly in a boundary layer wind tunnel. 

2 EXPERIMENTAL SETUP  
A square cylinder (100(x)×100(y)× 200(z)mm) was set on the wind tunnel floor and the ap-
proaching flow was modeled with a power-law profile with an exponent of α = 1/4 (Figure 1). 
Tracer gas (C2H4) was released from a hole (φ=2mm) on the floor behind the square cylinder. 
The tracer gas flow was 0.35 l/min. Wind velocity components <ui>+ui’ were measured by a 
split film probe (SFP) and the fluctuating concentration of tracer gas <c>+c’ was measured by a 
fast response flame ionization detector (FID).  

The accuracy of SFP was checked by measuring the wind velocity components for the an-
gle of approaching wind θ from 0o to 180o (Figure 2). 
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Figure 1. Object flow situation and Coordinate system Figure 2. Detail of Split film probe (SFP) 

3 DEFINITION AND EVALUATION OF UNCERTAINTY  
According to ISO GUM [1], Uncertainty of measurements is defined as “Parameter, associated 
with the result of a measurement that characterizes the dispersion of the values that could rea-
sonably be attributed to the measurand.” The expression method of the uncertainty is shown as 
follows. An estimate of measurand denoted by ζ, is a result of measurements given by 

ζ = f (ξ1, ξ2, . . , ξN ) (1) 
Where, ξ1, ξ2, . . , ξN are input estimates for the values of the N input quantities. The combined 
standard uncertainty uc(ζ) of the measurement result ζ arises from the standard uncertainty u(ξi) 
of the input estimates ξi. It is shown by equation (2). 
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The components of uncertainty u(ξi) are categorized as Type A or Type B according to the 
method used to evaluate them. Type A evaluation is a method of evaluation for uncertainty by 
statistical analysis of a series of observations. In this method, the standard uncertainty u(ξi) is es-
timated by standard deviation of mean by equation (3), where s(ξi) is the standard deviation of ξi, 
n is degree of freedom. Type B evaluation is a method other than statistical analysis. 

u (ξi) = 
n

s i )(2 ξ  (3) 

In this experiment, a coverage factor k was calculated so that an interval having a level of 
confidence of approximately 95% could include a true value. And, we calculated the measurand 
Z by equation (4). Where, U(ζ) is an expanded uncertainty, which is defined by equation (5). 

Z =ζ ± U(ζ) (4) 

U(ζ) = k uc(ζ) (5) 
In this experiment, there are some sources of uncertainty of measurement as shown in Fig-

ure 3. The results of uncertainty evaluation in preliminary experiment showed that the key factor 
was the setting angle of SFP. Therefore, we accurately adjusted this angle in this experiment. 

4 EXPERIMENTAL RESULTS 

4.1 Accuracy of Split film probe 
The measurements by SFP and extended uncertainty U(ζ) for the cases of setting angle α = 0o 
and 90o are shown in Table 1 and 2. And, in Figure 4, the scalar velocity UN measured by SFP is 



compared with a calibration velocity UNc measured by Pitot tube. Measurements are good 
agreement with calibration velocity from Figure 4. These relative extended uncertainty 
(=U(ζ)/|ζ|) are about 3% in both of the tables. 

In Figure 5, the angle of approaching wind θ measured by SFP is compared with the setting 
angle of SFP α. For the case of 30o≦α≦150o, the measurements θ and the setting angle α are in 
good agreement. In the other angle range, the measurements θ have larger error of about 10o. 
However, in the case of larger error, the setting angle of SFP α is within the confidence level of 
95% of measurand θ. For example, Table 1 show that α =0o is included in θ = 7.593o±8.769o.  

Figure 6 shows the components of wind velocity calculated by UN and θ . The measure-
ments of y components have larger error in the angle range of α≦30o and 150o≦α. But for the 
measurements of x components, the relative extended uncertainties are as small as about 4% in 
all cases. Therefore, in this experiment the SFP was controlled so that it has an angle of ap-
proaching wind between 30o and 150o. 

 
Table1 Uncertainty evaluation of measurements (α= 0o)  Table2 Uncertainty evaluation of measurements (α= 90o) 

 

•Repeatability (A)
•Accuracy of setting angle of 
SFP (B)

•Repeatability (A)
•Stability of anemo-meter (A)
•Accuracy of approximate 
equation (A)
•Environments in wind tunnel (B)

Measurements of voltage 
by SFP, sensor1 : E1

Angle of approach 
wind :θ

Scalar velocity : UN

Measurements of voltage 
by SFP, sensor2 : E2

y component of 
wind velocity : Uy

Maximum voltage 
difference : ΔEmax

Accuracy of calibration

x component of 
wind velocity : Ux
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•Accuracy of setting angle of 
SFP (B)
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•Stability of anemo-meter (A)
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Angle of approach 
wind :θ

Scalar velocity : UN
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difference : ΔEmax
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Concentration in 
wind tunnel ： Cback
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building ：Cmeas

Corrected 
concentration：C•Stability of FID (B)

•Accuracy of approximate  
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(A) 
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•Repeatability (A)
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(a) Wind velocity measurement (Figure is an extracted part) (b) Concentration measurement 
Figure 3. Sources of uncertainty of measurement (Inside of ( ) is evaluation type) 

 

Z ζ U(ζ) k Z ζ U(ζ) k 
Scalar velocity :UN (m/s) 4.041 ±0.074 2.00 Scalar velocity :UN (m/s) 4.039 ±0.125 1.97
Angle of approaching 
wind :θ (deg.) 7.593 ±8.769 2.13 Angle of approaching 

wind :θ (deg.) 90.218 ±0.833 1.97

x component of wind 
vel. :Ux=<u> (m/s) 4.006 ±0.175 2.08 x component of wind 

vel. :Ux=<v> (m/s) 0.015 ±0.061 1.97

y component of wind 
vel. :Uy=<v> (m/s) 0.534 ±0.559 2.13 y component of wind 

vel. :Uy=<u> (m/s) 4.039 ±0.105 1.99
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Figure 6 Components of wind velocity 



4.2 Wind velocity and concentration diffusion around a building 
The vertical profiles of mean wind velocity <u> are shown in Figure 7. Their relative extended 
uncertainty was 10% or less. And, reattachment length on the roof Xr and that behind the build-
ing Xf ware Xr/H=0.266±0.021 and Xf/H=0.686±0.064.  

The vertical profiles of turbulence intensities of concentration <c’> are shown in Figure 8. 
At the measuring locations by the side of building from the hole where the tracer gas is released, 
the extended uncertainty of <c’> showed the large value than other locations. The key source of 
uncertainty was due to the intermittency of peak concentration. And, the vertical profiles of con-
centration flux <u’c’> in Figure 9 showed the negative value at the left side of the hole, whereas 
positive value at the right side of the hole, which is consistent with what we had expected. On 
the other hand, <w’c’> in Figure 10 showed the positive value on all measuring locations. 
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Figure7 Mean wind velocity <u> Figure8 Turbulence intensity of concentration <c’> 
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Figure9 Concentration flux <u’c’> Figure10 Concentration flux <w’c’> 

5 CONCLUSIONS 
1) In order to obtain adaptive experimental data by split film probe, split film probe has to be 

set as much as possible so that it has an angle to the approaching wind between 30o and 150o. 
2) The relative extended uncertainty of mean value of measurements is less than 10% for this 

experiment. 
3) The intermittent peak concentration has influence on measured data.  
In the future, we are going to use the result of this experiment to verify unsteady CFD models 

6 ACKNOWLEDGEMENT 
This study was partially funded by the Ministry of Education, Culture, Sports, Science and Technology, Japan, 
through the 21st Century Center of Excellence Program of Tokyo Polytechnic University. 

7 REFERENCES 
1 ISO, Guide to the Expression of Uncertainty in Measurement, 1993 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


