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ABSTRACT

Significant improvements of computer facilities and Computational Fluid Dynamics (CFD) software in
recent years have enabled prediction and assessment of the pedestrian wind environment around
buildings in the design stage. Therefore, guidelines are required that summarize important points in using
the CFD technique for this purpose. This paper describes guidelines proposed by the Working Group of
the Architectural Institute of Japan (AlJ). The feature of these guidelines is that they are based on cross
comparison between CFD predictions, wind tunnel test results and field measurements for seven test
cases used to investigate the influence of many kinds of computational conditions for various flow fields.
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1 INTRODUCTION

Significant improvements of computer facilities and Computational Fluid Dynamics (CFD) software
in recent years have enabled prediction and assessment of the pedestrian wind environment around
buildings in the design stage. However, CFD has been applied with insufficient information about the
influence of many factors related to the computational condition on prediction results. There have been
several case studies on the pedestrian level wind environment around actual buildings using CFD
(Stathopoulos and Baskaran, 1996; Timofeyef, 1998; Westbury et al., 2002 ; Richards et al, 2002).
However, the influence of the computational conditions, i.e., grid discretization, domain sizes, boundary
conditions, etc., on the prediction accuracy have not been systematically investigated. Therefore, a set of
guidelines is required that summarize important points in using the CFD technique for appropriate
prediction of pedestrian wind environment.

Some guidelines on industrial CFD applications have been published in order to clarify the method
for validation and verification of CFD results (Roache et al., 1986; AIAA, 1998; ERCOFTAC, 2000).
These guidelines provide valuable information on the applications for flow around buildings. However,
no guidelines have yet been established on the use of CFD for investigating the pedestrian wind
environment around buildings.

Recommendations have recently been proposed on the use of CFD in predicting the pedestrian wind
environment by COST (European Cooperation in the field of Scientific and Technical Research) group
(Action C14 “Impact of Wind and Storms on City Life and Built Environment” Working Group 2 — CFD
techniques). These recommendations (hereafter COST) were mainly based on the results published by
other authors. They are summarized by Franke et al. (2004) and Franke (2006).



The guidelines for CFD prediction of the pedestrian wind environment around buildings were
proposed by the Working Group in the Architectural Institute of Japan (AlJ), which consists of
researchers from several universities and private companies. This working group conducted a lot of wind
tunnel experiments, field measurements and the computations using different CFD codes to investigate
the influence of various kinds of computational parameters for various flow fields. A distinctive feature of
these guidelines is that they were derived from extensive and numerous cross comparisons, while those
proposed by COST mainly consist of results obtained from a literature review. This paper also discusses
similarities and differences to the COST recommendations.

The guidelines proposed here are mainly based on high Reynolds (Re) number RANS (Reynolds
Averaged Navier-Stokes equations) models, although it is desirable to use a Large Eddy Simulation
(LES) and a low Re number type model in order to obtain more accurate results. However, it is difficult
to use those models for practical analysis because many computational cases and a huge number of grids
are required for the prediction and analysis of the pedestrian wind environment under severe time
restrictions. In spite of that, these guidelines can also be helpful when using a highly accurate model like
an LES or low Re number type model.

2 OUTLINE OF CROSS COMPARISON TESTS

In order to clarify the major factors affecting prediction accuracy, the Working Group carried out
cross comparisons of wind tunnel experiments, field measurements and CFD results of flow around a
single high-rise building placed within the surface boundary layer, flow within a building complex in an
actual urban area, and flow around a tree, obtained from various k-¢ models, DSM and LES. Fig.1
illustrates seven test cases for these cross comparisons. In order to assess the effect of a specific factor,
e.g., the performance of a turbulence model, the results were compared under the same computational
conditions as for other factors. Special attention was paid to this point in this project. The basic
computational conditions, i.e., grid arrangements, boundary conditions, etc., were specified by the
organizers. Contributors were requested to use these conditions. The results of these cross comparisons
have been reported in several papers (Mochida et al., 2002; Shirasawa et al., 2003; Tominaga et al., 2004;
Yoshie et al., 2005a, Yoshie et al., 2005b; Tominaga et al., 2005; Yoshie et al., 2006, Mochida et al.
2006)).

3 COMPUTATIONAL DOMAIN AND REPRESENTATION OF SURROUNDINGS

3.1 Domain size

For the size of the computational domain, the blockage ratio should be below 3% based on
knowledge of wind tunnel experiments. For the single building model, the lateral and the top boundary
should be set 5H or more away from the building, where H is the height of the target building (Mochida
et al., 2002; Shirasawa et al., 2003). The distance between the inlet boundary and the building should be
set to correspond to the upwind area covered by a smooth floor in the wind tunnel. The outflow boundary
should be set at least 10H behind the building. Where the building surroundings are included, the height
of the computational domain should be set to correspond to the boundary layer height determined by the
terrain category of the surroundings (AlJ, 2004). The lateral size of the computational domain should
extend about SH from the outer edges of the target building and the buildings included in the
computational domain should not exceed the recommended blockage ratio (3%).

Similar requirements for the inlet and the top boundaries were suggested by COST. However, the
recommend lateral boundaries (2.3W, where W is width of built area) and the outflow boundaries



(15H,4x, Where Hy,y 1s the height of the tallest building) (Franke, 2006) may be conservative. It should be
noted that there is a possibility of unrealistic results if the computational region is expanded without
representation of surroundings (Yoshie et al. 2006).

3. 2 Representation of surroundings

For the actual urban area, the buildings in the region to be assessed (generally 1-2H radius from the
target building) should be clearly modeled. Moreover, at least one additional street block in each direction
around the assessment region should also be clearly reproduced (Yoshie et al., 2005a; Yoshie et al.,
2005b). In addition, it is recommended to use some simplified geometries of a cluster of buildings or to
specify appropriate roughness lengths z, for the ground surface boundary condition to represent the
roughness of the outer region (from the outer edge of the additional street blocks to the boundary of the
computational domain).

COST suggest that the central building, at which wind effects are of main interest, requires the

greatest level of detail but its area and resolutions to be represented have not been mentioned (Franke,
2006).

3.3 Treatment of obstacle smaller than grid size

To simulate the aerodynamic effects of small scale obstacles such as small buildings, sign boards,
trees and moving automobiles, etc., it is necessary to add additional terms to the basic flow equations in
order to decrease wind velocity but increase turbulence. This is called a canopy model and is based on the
k-¢ model in which extra terms are added to the transport equations. These extra terms are derived by
applying the spatial average to the basic equations (Hiraoka, 1993; Maruyama, 1993; Hataya et al., 2006).
A volume fraction technique, e.g. FAVOR (Hirt et al., 1993), is a simplified technique for considering the
effect of an obstacle smaller than the grid.

In particular, tree planting is one of the most popular measures for improving the pedestrian wind
environment. Mochida et al. (2006) has classified various tree canopy models and have also compared
the predictions of various canopy models with field measurements of flows around trees. It is suggested
that users should compare their results with Mochida et al. (2006) when any kind of tree canopy model is
used.

4 GRID DISCRETIZATION

4.1 General notice

In order to predict the flow field around a building with acceptable accuracy, the most important
thing is to correctly reproduce the characteristics of separating flows near the roof and the walls.
Therefore, a fine grid arrangement is required to resolve the flows near the corners. However, it is
generally very difficult to resolve the viscous sub-layers near the building walls and it is also difficult to
adopt no-slip boundary conditions on the walls. The use of wall functions to represent flow around
buildings is basically incorrect, since many wall functions such as logarithmic laws have been developed
considering the situations in the attached boundary-layer flows. However, many buildings are bluff
bodies with sharp edges and separating points are always found at the leading edges, regardless of the Re
numbers. In such cases, the decrease of accuracy due to the use of wall functions is not as significant as
expected.

According to cross comparisons results for a simple building model (Mochida et al., 2002; Shirasawa
et al., 2003, Yoshie et.al., 2005a), the minimum of ten grids is required on one side of a building to



reproduce the separation flow around the upwind corners.

Grid shapes should be set up so that the widths of adjacent grids are similar, especially in regions
with a steep velocity gradient. In these regions, it is desirable to set a stretching ratio of adjacent grids of
1.3 or less. However, it is desirable to confirm that the results would not change with different grid
layouts, since these recommended stretching ratios may change according to the shape of the building
and its surroundings.

COST advises the same limitation for grid stretching ratio, and it recommends that the sensitivity of
the results on mesh resolution should be tested (Franke et al., 2004).

4.2 Grid resolution for actual building complex

The minimum grid resolution should be set to about 1/10 of the building scale (about 0.5-5.0m)
within the region including the evaluation points around the target building. Moreover, the grids should
be arranged so that the evaluation height (1.5-5.0m above ground) is located at the 3rd or higher grid
from the ground surface (Yoshie et al., 2005a; Tominaga et al. 2005).

COST suggests that at least ten cells should be used per building side and ten cells per cube root of
building volume as an initial choice. It also recommends that pedestrian wind speeds at 1.5m - 2m high
be calculated at the third or fourth cell above ground (Franke et al., 2004). Those requirements are
comparable with the AlJ guidelines.

4.3 Grid dependence of solution

It should be confirmed that the prediction result does not change significantly with different grid
systems. The number of fine meshes should be at least 1.5 times the number of coarse meshes in each
dimension (Ferziger and Peric, 2002).

COST indicates that at least three systematically and substantially refined grids should be used so
that the ratio of cells for two consecutive grids should be at least 3.4 (Franke et al., 2004). The value of
3.4 means finer girds with 1.5 times the grid number in three dimensions, i.e., 1.5°=3.375.

4.4 Unstructured Grid

It is necessary to ensure that the aspect ratios of the grid shapes do not become excessive in regions
adjacent to coarse girds or near the surfaces of complicated geometries. For improved accuracy, it is
desirable to arrange the boundary layer elements (prismatic cells) parallel to the walls or the ground
surfaces (Fig. 2). COST also introduces the same technique.

5 BOUNDARY CONDITIONS

5.1 Inflow boundary condition
The vertical velocity profile U(z) on flat terrain is usually given by a power law (AlJ, 2004).
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Ug : Velocity at reference height, zg
a : power-law exponent determined by terrain category
The vertical distribution of turbulent energy &(z) can be obtained from a wind tunnel experiment or a
observation of corresponding surroundings. If it is not available, k(z) can be also given by Eqn. (6) based
on the estimation equation for the vertical profile of turbulent intensity /(z) proposed by AlJ



Recommendations for Loads on Buildings (2004).
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7 : Boundary layer height determined by terrain category
oy : RM.S. value of velocity fluctuation in stream-wise direction.
In the atmospheric boundary layer, the following relation between /(z) and k(z) can be assumed.
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It is recommended that the values of € are given by assuming local equilibrium of Py= ¢ (Py : Production
term for k equation).

dU(z) dU(z)

e(z)=P(z)= —W(z) = Cﬂl/zk(z)7 (8)

When the vertical gradient of velocity can be expressed by a power law with exponent o,
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C, :model constant (= 0.09)

For the inflow boundary conditions, COST recommends the formulas suggested by Richards and
Hoxey (1993), in which the vertical profiles for U(z), k(z) and £(z) in the atmospheric boundary layer by
assuming a constant shear stress with height are as follows.
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x : Karman constant (= 0.4)
U : 5, - atmospheric boundary layer friction velocity
U : 5 18 calculated from a specified velocity Uy at reference height / as
. kU
Uyp, = ———— (13)
In h+z,
z

U, : specified velocity at a reference height /4

The vertical profiles expressed in Eqns. (5)-(9) are given by assumimg the power-law exponent a,
and are consistent with the wind load estimation method in Japan (AlJ, 2004). However, the
recommended profiles in COST, as described by Eqns. (10) - (13), are based on an assumed value of the
roughness parameter zy. Eqns. (10) - (13) assume that the height of the computational domain is much
lower than the atmospheric boundary layer height because the assumption of constant shear stresses is
only valid in the lower part of the atmospheric boundary layer. Therefore, it is necessary to pay attention
to the relationship between the height of the computational domain and the atmospheric boundary layer.



5.2 Lateral and upper surfaces of computational domain

If the computational domain is large enough (see section 3.1), the boundary conditions for lateral and
upper surfaces do not have significant influences on the calculated results around the target building
(Mochida et al., 2002; Shirasawa et al., 2003; Yoshie et al., 2005a). Using the inviscid wall condition
(normal velocity component and normal gradients of tangential velocity components set to zero) with a
large computational domain will make the computation more stable.

5.3 Downstream boundary
It is common to set the normal gradients of all variables to zero for the outflow boundary condition.
The outflow boundary needs to be placed far from the region where the influence of the target building is

negligible (see section 3.1).

5.4 Solid surface boundary conditions for velocities
(1)Ground surface for Single building model for comparison with experimental result

When choosing the ground surface boundary conditions, the most important principle is that the
computational trail of a simple boundary layer flow without a building should be firstly assessed. The
vertical profile of wind velocity gradually changes near the turntable floor in a wind tunnel as the flow
proceeds downstream. Boundary conditions that reproduce this gradual change in velocity profile should
be used.

A logarithmic law for a smooth wall surface or a logarithmic law with roughness parameters z, or ks
(ks : sand-grain roughness height) can be used for the boundary condition.

The logarithmic law for a smooth wall surface is expressed as follows.
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U p : tangential component of velocity vector at near-wall node

7, :shear stress at the wall, z = : wall unit

zp : distance between the definition point of Up and wall

A: universal constant (=5~5.5)
To obtain 7, without iterative calculation, one can use its generalized form proposed by Launder and
Spalding (1974). Murakami and Mochida (1988) have applied this generalized log-law boundary
conditions to investigate flows around a building.

The logarithmic law with roughness parameter z, is expressed as follows.

L:lm Zp (15)
(z,/p)? & |z

If the boundary layer formed near the ground can be regarded as the constant flux layer, the value of z,
can be assumed from the logarithmic law using the relation (z,/p)"? =U*=C,"*k"* and the

measured values of velocity and k near the ground surface.
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In order to check whether the given boundary condition is appropriate, it should be confirmed that the
velocity profile near the ground surface is similar to wind tunnel observations at a few measured
locations. This can be done by 2D computation of boundary layer flow with the same grids in the vertical
plane of the 3D grid system. It was thus confirmed that the condition with Eqns. (15) and (16) could
minimize the changes in the vertical profiles obtained by Eqns. (5) - (9) for test case A (Mochida et al.,
2002). COST also emphasizes verification of the assumption of an equilibrium boundary layer
corresponding to the prescribed approach flow by performing a simulation in an empty domain with the
same grid and boundary conditions as the final computation (Franke, 2006).
(2)Ground surface for Actual Building Complex

The boundary condition corresponding to the actual ground surface should be used. For example,
for a smooth ground surface, the logarithmic law for a smooth wall (Eqn. (14)) can be used.

For a rough ground surface, which can be expressed by a roughness length z,, a logarithmic law
including a roughness parameter (Eqn. (15)) is applicable.

COST points out that the rough wall condition with kg leads to a very bad resolution of the flow
close to the wall, because the first calculation node of the wall should be placed at least one kg away from
the wall. Therefore, the use of the smooth wall condition for a built area is recommended (Franke et al,
2004). More detailed investigation was reported by Blocken et al (2007).

(3)Building wall
For the building walls, the boundary condition according to the above principle is used.

5.5 Solid surface boundary for turbulent energy k and dissipation rate &
(1) Turbulent energy k
The transport equation of k is solved with the condition that the normal gradient of k is zero.
(2) Dissipation rate &
The dissipation rate € at the first grid point, &p is given by
C 3/4 k 3/2
&p = S (17)

KZp,
6 SOLUTION ALGORITHM, SPATIAL DISCRETIZATION

6.1 Solution algorithm

Basically, steady and unsteady calculations using the RANS model should result in the same
solutions if unsteady fluctuation does not occur in the calculation and if both are sufficiently convergent.
However, in real situations, unsteady periodic fluctuation usually occurs behind high-rise buildings. This
fluctuation essentially differs from that of turbulence, and can not be reproduced by a steady calculation.
This periodic fluctuation is not reproduced in many cases using a high Re number type k-¢ model,
although the unsteady calculation is conducted. It may be reproduced when highly accurate turbulence
models and boundary conditions are used (Mochida et al., 2002; Tominaga et al., 2003). For this case, the
time averaged values of each variable need to be calculated because the solution changes with time.

6.2 Scheme for convection terms

The first order upwind scheme is not appropriate for all transported quantities, since the spatial
gradients of the quantities tend to become diffusive due to a large numerical viscosity.

COST also does not recommend the use of first order methods like the upwind scheme except in
initial iterations (Franke et al., 2004).



7 CONVERGENCE OF SOLUTION

7.1 Criteria for convergence

Calculation needs to be finished after sufficient convergence of the solution. For this purpose, it is
important to confirm that the solution does not change by monitoring the variables on specified points or
by overlapping the contours among calculation results at different calculation steps. The default values
for convergence in most commercial codes are not strict because code vendors want to stress calculation
efficiency. Therefore, stricter convergence criteria are required to check that there is no change in the
solution.

When the calculation diverges or convergence is slow, the points below should be examined.

-The aspect ratio and the stretching ratio of the grids may be too large.

-The relaxation coefficient of the matrix solver may be too small.

-Periodic fluctuations such as a vortex shedding may be occurring.

COST suggests that scaled residuals should be dropped 4 orders of magnitude (Franke, 2006).
However, these values are largely dependent on flow configuration and boundary conditions, so it is
better to check the solution directly using different convergence criteria, as mentioned above.

7.2 Initial conditions

To obtain the converged solution quickly, an appropriate physical property of initial condition should
be given. The inflow profiles extended to the whole domain or the results obtained by laminar flow
computation are often used for the initial condition.

8 TURBULENCE MODELS

The well-known problem of the standard k-¢ model is that it cannot reproduce the separation and
reverse flow at the roof top of a building due to its overestimation of turbulence energy k at the impinging
region of the building wall. Although this problem does not appear near the ground surface as much as it
does on the roof, it may affect the prediction accuracy of the value and the location of high velocity.
However, many revised k-¢ models and DSM (Differential Stress Model) have mitigated this problem
and enhanced the prediction accuracy for the strong wind region near the ground surface (Mochida et al.,
2004; Shirasawa et al., 2003, Tominaga et al., 2004; Yoshie et al, 2005a).

Concerning the choice of turbulence models, COST concludes that the standard k-& model should
not be used in simulation for wind engineering problems, but recommends the improved two-equation
models within the linear eddy viscosity assumption (Franke, 2006). This investigation of the turbulence
model corresponds with the finding of the Working Group. Although COST also mentions that
preferably non-linear models or Reynolds stress models should be used (Franke, 2006), there are
presently very few examples of the prediction accuracy of these models applied to pedestrian wind
problems in order to evaluate their performance. Therefore, it is expected that further investigation will
be carried out by COST in the near future.

9 VALIDATION OF USER’S CFD MODEL

Users should conduct calculations for at least one case of a single high-rise building and at least one
case of a building complex in an actual urban area using their CFD code, and compare the results with



those carried out by the AIJ group. These experimental results are available on web page
http://www.aij.or.jp/dpn/publish/cfdguide/index_e.htm.

10 CONCLUSIONS

The guidelines for practical application of CFD to the pedestrian wind environment around buildings
proposed by the working group of the ALl have been delineated. They are based on the results of cross
comparison between CFD predictions, wind tunnel test results and field measurements for seven test
cases, which have been conducted to investigate the influence of many kinds of computational conditions
for various flow fields. They summarize important points in using CFD techniques to predict the
pedestrian wind environment. The authors believe that the guidelines presented here give useful
information for predicting and assessing the pedestrian wind environment around buildings using CFD.
The results of cross comparisons for the seven test cases conducted within this project will be utilized to
validate the accuracy of CFD codes used in the practical applications of wind environment assessments.
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Fig. 1 Seven test cases for cross comparison
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Fig. 2 Arrangement of grid elements near solid surface in unstructured grid
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Comparison of LES and Durbin type k-¢ model for gas diffusion in weak wind region
behind a building

AiE% ", mkEEET, #ITHE— B
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Taichi SHIRASAWA, Yoshinobu ENDO, Ryuichiro YOSHIE
Akashi MOCHIDA, Hideyuki TANAKA

Flow and diffusion fields around a building were predicted by LES and Durbin type k-¢ model. The prediction accuracy of the both models

was assessed by comparing their results with those obtained by wind tunnel test. The results of LES showed good agreement with experimental

data in terms of mean wind velocity, turbulence statistics and mean gas concentration, while the significant differences were observed between

the results of the experiment and the Durbin type k-¢ model concerning the flow and diffusion fields in the wake region behind the building. This

is mainly due to the fact that the periodic motions caused by the vortex shedding were not reproduced by this model.

Keywords: Large eddy simulation, Pollutant diffusion, turbulent diffusion flux, vortex shedding, High rise building, wind tunnel experiment
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ABSTRACT

Flow and diffusion fields around a building have been predicted by various RANS models
(Standard k-¢ model, RNG k-¢ model, realizable k-¢ model, Reynolds stress model) and LES.
The prediction accuracy was assessed by comparing the results with those obtained by wind
tunnel tests. The LES results showed good agreement with the experimental data in terms of
mean wind velocity, turbulence statistics and mean gas concentration, while significant
differences were observed between the results of the experiment and the RANS model
concerning the flow and diffusion fields in the wake region behind the building. This is mainly
because the periodic motions caused by the vortex shedding were not reproduced by the RANS
models.

INTRODUCTION

Recently, numerical prediction of wind and the thermal environment in an actual urban
area has been carried out in the practical design stage using Computational Fluid Dynamics
(CFD). In order to formulate guidelines for proper use of CFD for calculation of the wind
environment, a working group was organized by the Architectural Institute of Japan (Mochida et
al., 2006). The present authors conducted cross comparisons among CFD results for flow around
a single building model, a high-rise building located in a city and building complexes in actual
urban areas (Architectural Institute of Japan, 2007). For practical use, the k-¢ model is still
favorable due to its computational cost effectiveness. However, it is well known that the
standard k-& model has the serious drawback that it overestimates turbulent energy, k, in the
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impinging flow region (Murakami et al., 1990). Several revised k-&¢ models have been proposed
to overcome this drawback. Revised k-¢ models (e.g. Durbin, 1996) provide adequate
predictions for strong wind near the separation region close to the ground surface (Architectural
Institute of Japan, 2007, Tominaga et al, 2004, Tominaga et al., 2008). However, it is known that
the prediction results given by these modified k-¢ models are poor in the wake region behind a
building and in street canyons in urban areas (Architectural institute of Japan, 2007, Tominaga
et al.,, 2004, Tominaga et al., 2008). When predicting thermal or pollutant diffusion in urban
areas, it is essential to accurately predict turbulent flows in these locations. In addition, the
importance of air ventilation in urban areas is now broadly recognized as a countermeasure to
the urban heat island phenomenon, so it is becoming extremely important to ensure air
ventilation in weak wind regions. In order to apply CFD to the estimation of air ventilation,
thermal diffusion, and pollutant diffusion in urban areas, it is crucial to assess the performance
of turbulence models for these problems. Thus, to generate data to validate numerical
calculation results, the present authors carried out simultaneous measurements of wind velocity
and gas concentration around a building (Tanaka et al., 2006) and obtained their time-averaged
values and turbulence statistics. In particular, we obtained a large amount of data on wind
velocity and gas concentration near the ground surface, which corresponds to pedestrian level, in
this wind tunnel experiment.

The purpose of this work was to examine the accuracy of CFD predictions of heat and
pollutant diffusion around buildings and in street canyons in non-isothermal flow. As the first
step of this work, we carried out cross comparisons of CFD results of a gas diffusion field
around a high rise building in isothermal flow by various RANS models (i.e., the standard k-¢
model, several revised k-¢ models and the Reynolds Stress Model) and Large eddy simulation.
The prediction accuracy of these models and the computational method is discussed by
comparing their results with those of the wind tunnel experiment. The symbols used in this
paper are defined on the last page.

OUTLINE OF NUMERICAL ANALYSIS

Flowfield analyzed for this study

The flow and concentration fields around a building within the isothermal boundary layer
were selected for this study. Detailed measurements were reported by the present authors
(Tanaka et al. 2006), as outlined below. The experiment was conducted in the wind tunnel (cross
section at measurement part: 1.2 m X 1.0 m) of Tokyo Polytechnic University. The model
building had a height (H) of 200 mm, a width (W) of 100 mm, and a depth (D) of 100 mm
(H:W:D = 2:1:1) as shown in Figure 1, and was located in a turbulent boundary layer with a
power index of about 1/4. A point gas source was set on the floor 50 mm leeward of the model
building. Tracer gas (C,H4: ethylene) was released from a hole (diameter: 2 mm) at a flow rate
of 0.35 €/min. The Reynolds number based on H (building height) and <uy> (inflow velocity at
building height) was about 56,000. The wind velocity and the gas concentration were measured
simultaneously using a split film probe and a fast response flame ionization detector. The
sampling frequency was set at 1,000 Hz, to obtain 120,000 data in 120 seconds. In this
experiment, the present authors conducted uncertainty analysis (Kirkup and Frenkel, 2006) to
check the reliability of the measurement data.




U,=4.2m/s

Fig.1 Flowfield analyzed for this study

QOutlines of computations of RANS and LES

For turbulence modeling, we examined the standard k-¢ model, the revised k-¢ models
(the RNG (Yakhot et. al, 1992) and realizable (Shih et. al, 1995) models), and the Reynolds
stress model (RSM) (Gibson and Launder, 1978). The commercial code FLUENT was used for
the calculation with the RANS model. A self-developed code was used for the analysis of the
LES. Table 1 shows calculation conditions for the k-¢ models and RSM. In the RSM, Reynolds
stress <u;'y;> was determined by solving the transport equation of <uj'u;>, but turbulent
diffusion flux <u;'c"™> was calculated using the gradient-diffusion approximation (eddy viscosity
modeling), instead of solving the transport equation of turbulent diffusion flux <uj'c™>. Table 2
shows calculation conditions for the LES. The standard Smagorinsky-type sub-grid model was
applied in the LES computation. The Smagorinsky constant was set to 0.12 (Tominaga et .al,
2008), and the Van Driest-type damping function was used to account for the near wall effect. In
addition, the SGS Schmidt number was set to 0.5 (Tominaga et al., 1997). For the inflow
boundary condition of the LES, the velocity fluctuations were generated using the method
proposed by Kataoka and Mizuno (Kataoka and Mizuno, 2002). The velocity of the gas
discharged from the hole in the floor was set constant, and no turbulence was added. The
following computational results of the LES are grid-scale values.

Unsteady-State calculations were performed for all the models but periodic fluctuations
due to the vortex shedding were not reproduced except in the LES.




Table 1 Calculation conditions for RANS

Computational domain

The computational domain covers 12.5H in the streamwise (X;), 6.0H in the
lateral (x,) directions and 5.0H in the vertical (x;) direction.

Grid discretization

109(x,)x66(x2)x45(x3)

Inflow boundary

The interpolated values of <u> from the experimental results were imposed.

The value of & was obtained from the relation P,=¢.

The interpolated values of k from the experimental results were imposed for the
k-& models.

The interpolated values of <u;'y;> from the experimental results were imposed
for the RSM

Downstream boundary

Zero gradient condition was used.

Lateral, upper, Ground
and Building surfaces of
the computational
domain

The generalized log law for a smooth wall was adopted.

In the RSM, Reynolds stress at wall-adjacent cells are given by:

<u,'u;>/k=1.098, <u,'u,>/k=0.247, <u,'u,">/k=0.655, -<u;'u,>/k=0.255

(t: tangential coordinate, 1: normal coordinate, A: binormal coodinate)

Symmetry boundary conditions (slip walls) were used for the transport equation
of k in the k-¢ models and the RSM.

Scheme for Convection
terms

The QUICK scheme was applied to all convection terms.

Table 2 Calculation conditions for LES

Computational domain

The computational domain covers 10.5H in the streamwise (X;), 6.0H in the
lateral (x,) directions and 5.0H in the vertical (x;) direction.

Grid discretization

107(x,)x99(x2)x73(x3)

Inflow boundary

The velocity fluctuations were generated using an artificial generation method
proposed by Kataoka & Mizuno (Kataoka and Mizuno, 2002)

Downstream boundary

Zero gradient condition was used.

Lateral and upper
surfaces of
computational domain

The normal gradients of tangential velocity components and the normal velocity
components were set to zero at the upper and side faces of the computational
domain.

Ground surface and
Building surface
boundary

Werner and Wengle’s approach (Werner and Wengel, 1991) was adopted, in
which a linear or a 1/7 power law distribution of the instantaneous velocity was
assumed.

Scheme for Convection
terms

A second-order centered difference scheme was adopted for the spatial
derivative, except for the in the transport
equations of the gas concentration. For the convection terms of
a third-order upwind difference

convection terms

the transport equation of the gas,
scheme (Leonard, 1981) was used.




RESULTS AND DISCUSSIONS

Reattachment lengths

Table 3 compares the predicted reattachment lengths: xg (on the roof) and xr (behind the
building). The LES reproduced the reverse flow on the roof, but the RANS model did not for
this flow.

In all models, the reattachment length xg on the ground behind the building was
overestimated compared with the experimental data. The revised k-¢ models predicted larger xr
values than the standard k-e. The results of the LES calculation were very close to the
experimental data.

Table 3 Reattachment lengths

XR/D XF/D

Exp. 0.53 1.37
. XR

Standard k-¢ - 2.26 Wind
RNG k-¢ - 2.89 :>
Realizable k-g - 2.62
RSM - 2.25
LES 0.67 2.10

Streamlines

Figure 2(a) shows the vertical distribution of streamlines. Compared with the experiment,
the RANS models showed a larger recirculating region behind the building. On the other hand,
the LES showed a flow pattern shape closer to that of the experiment than the RANS models did.

Figure 2(b) shows the horizontal distribution of the streamlines. On the side of the
building, the realizable model, the RSM and the LES showed clear recirculation flow. Behind
the building, the RANS models showed vortices highly stretched more toward the back than
those in the experiment. On the other hand, the streamlines in the LES are closer to those in the
experiment, although the reverse flow region behind the building is somewhat larger. Those
differences between the RANS models and the LES arose because periodic fluctuations due to
the vortex shedding were reproduced in the LES while they were not in the k-¢ models and RSM.
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Comparison in turbulence energy k and normal stress behind building

Figures 3 and 4 show experimental and numerical results of the turbulence energy and
normal stresses behind the building. The experimental uncertainty range (Kirkup and Frenkel,
2006) of measurement is also shown in the figures. The uncertainty range shows the range in
which 95% of measurements are expected to exist.

Vertical distribution  Figure 3 shows the vertical distribution of the turbulence energy and the
normal stresses behind the building. In the RANS models, each component of the normal stress
and turbulence energy were underestimated and they did not reproduce the tendency of the
experiment. On the other hand, the LES results are consistent with the experimental results, as
they are mostly within the uncertainty range of the measurement. However, in the range of x3/H
over 1 in the upper region of the recirculation flow behind the building, the x» and x3
components of the normal stresses and k are larger than the experimental values. A previous
study (Murakami et al., 1990) also reported that k was overestimated in the free shear layer, in
the computation of flow around a cube using the standard Smagorinsky model. This
computation also showed the same tendency.



Horizontal distribution  Figure 4 shows the horizontal distribution of the turbulence energy
and the normal stresses near the ground behind the building. In the k-¢ models, the x; and x,
components of normal stress were underestimated and the x3 component was overestimated.

On the other hand, in the LES, all components showed slightly larger values that were not
within the measurement uncertainty but the distribution pattern is very similar to that in the
experiment.
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(3)realizable k-¢
Fig. 5 Horizontal Distribution of <u;’uy’>/<u>> near ground surface (x3/H=0.0625)

Comparison of shear stress

It can be considered that the improvements in the prediction accuracies of normal stresses
and shear stresses are correlated with each other.

Figure 5 shows the horizontal distribution of <u;'u,™> in each model. The distribution of
shear stress <u;'u,™> clearly shows whether or not vortex shedding behind the building was
reproduced. In the LES, the region represented by absolute value 0.02 extends from the side of
the building to the recirculation region behind the building but no such area was observed in the
RANS models.

As a result, it is considered that in the RANS model, the momentum diffusion in the x»
direction was insufficient, and so it was impossible to accurately estimate the reattachment
length behind the building and the area of the weak wind region.




CONCENTRATION DISTRIBUTION

Vertical distribution

Figure 6(a) shows the vertical distribution of mean concentration. In the RANS models,
the distribution patterns are different from those in the experiment. In particular, the high
concentration area near the ground did not spread downwind from the gas emission point. In the
LES, the mean concentration is generally lower than that in the experiment but the distribution
pattern is much closer to that in the experiment than in the RANS model.

Horizontal distribution

Figure 6(b) shows the horizontal distribution of mean gas concentration near the ground
surface. In the LES, the distribution shape is similar to that in the wind tunnel experiment,
although the gas diffuses more broadly than in the wind tunnel experiment. The distribution
pattern of high concentration area spreading mainly between the gas emission source (x;/H=0.25,
x,/H=0) and the back of the building is closer to that in the experiment. On the other hand, in the
RANS models, as mentioned above, periodic fluctuations due to vortex shedding were not
reproduced and as a result the diffusion in the x, direction was inhibited and the gas was
transported to the back of the building along the ground surface with the recirculation flow and
further to the side.

In particular, in the realizable k-¢ model and the RSM, the high concentration area was
spread to the front edge of the building. The high concentration gas was advected on the large
recirculation flow on the side of the building to the front edge of the building.
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TURBULENCE DIFFUSION FLUX

Fig. 7 shows the horizontal distribution of turbulence diffusion flux <u,’c’>/<up><c0>
near the ground surface. The shapes of horizontal diffusion fluxes in the RANS models are
narrower than those in the LES. This is because the RANS model did not reproduce the periodic
fluctuation due to vortex shedding behind the building and so the diffusion in the x, direction
was inhibited. On the other hand, the diffusion flux in the LES includes the periodic fluctuation
due to vortex shedding behind the building, and the gas is transported by turbulence diffusion in
the x; direction in the recirculation region behind the building. As a result, there emerges a mean
gas concentration distribution that spreads horizontally like that of the wind tunnel experiment.

As mentioned above, the LES overestimated the x, component of the normal stress in the
recirculation region behind the building (Figs. 3(3) and 4(3)) and the diffusion flux
<up’¢’>/<up><c0> compared with the wind tunnel experiment. The LES results in this study
over-estimated the diffusion in the x, direction due to vortex shedding behind the building. This
is one of the reasons why the LES has a mean concentration distribution (Fig. 6(b)(6)) that
overly extends horizontally. This point, including how to give a turbulence Schmidt number and
the SGS model, is to be further discussed.
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CONCLUSION

The flows and concentration fields around a building placed within the boundary layer
were analyzed using several revised k-¢ models, the RSM and the LES. The calculation results
were compared with those of wind tunnel experiments, focusing on the weak wind region
behind the building.

(1) The LES reproduced the periodic fluctuation due to vortex shedding behind the building,
which significantly improved the prediction accuracies of the size of the recirculation region
behind the building, the mean wind velocity distribution in the weak wind region in the vicinity
of the ground surface, and the normal stresses compared with RANS models.

(2) Periodic fluctuations due to the vortex shedding have a significant influence on the diffusion
field as well as on the flow field. In the LES, the mean concentration distributions closely
corresponded to those in the experiment because the periodic fluctuations were reproduced. In
the RANS models, on the other hand, the periodic fluctuations were not reproduced and the
mean concentration and the turbulence diffusion flux <u,'c™> did not sufficiently spread in the x;
direction.

Symbols
X; : three components of space coordinates (i = 1,2,3: streamwise, lateral, vertical)
u; : three components of velocity vector
f : instantaneous value of a quantity
<> : time-averaged value of f
H : building height (0.2 m)
<uyg> :<u> value at inflow of computational domain at height H
q : gas emission amount
<Cy> :reference gas concentration (q/<uy>H?)
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EXPERIMENTAL STUDY ON AIR VENTILATION IN

A BUILT-UP AREA WITH CLOSELY-PACKED HIGH-RISE BUILDINGS

iz b % % @5

FITHE—RE, WrpEs™ (A1, /KR
Ryuichiro YOSHIE, Hideyuki TANAKA, Taichi SHIRASAWA and Tsuyoshi KOBAYASHI

In this study, we investigated characteristics of air ventilation and thermal environment in a built-up area with closely-packed high-rise buildings by
wind tunnel experiments. The objectives of this study were to grasp the situation of the air ventilations in the extremely dense city, and to assess the
influence of forms of building groups on the air ventilation. As the experimental results, spatial average of wind velocity ratios at pedestrian level could
be expressed by vertical average of gross building coverage ratio, and the height variation of buildings was very effective for improving the air ven-

tilation and the thermal environment in this dense area.

Keywords : Area with closely-packed high-rise buildings, Air ventilation, Floor area ratio, Building coverage ratio, Height variation
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TECHNIQUE FOR SIMULTANEOUSLY MEASURING FLUCTUATING CONCENTRATION,
VELOCITY AND TEMPERATURE IN NON-ISOTHERMAL FLOW

HF g™, FITEE— 7, BvE% ", JEEE, /R
Hideyuki TANAKA, Ryuichiro YOSHIE, Taichi SHIRASAWA, Tsuyoshi KURITA and Tsuyoshi KOBAYASHI

In this study, we aimed to provide experimental data to validate CFD for pollutant diffusion around buildings in non-isothermal flow. We developed

a system for simultaneously measuring fluctuating velocity, temperature and concentration. The system compensates for the contribution of temper-

ature to output voltage of a split film with a cold wire. We made a calibrator for a split film for different temperatures and proposed calibration equa-

tions for it, and it showed good performance. These equations can be used to simultaneously measure wind velocity and temperature around buildings

in non-isothermal flow. We used a high speed flame ionization detector to measure concentration simultaneously with wind velocity and temperature,

enabling us to provide turbulence statistics such as turbulent heat flux and turbulent concentration flux.

Keywords: Wind tunnel experiment, Non-isothermal flow, Flow around a building, Turbulent heat flux, Turbulent concentration flux
JRIRSEER, FEFHRFNY, BWEDKR, SRR T T v s X, SLRIRE Y T v 7 X
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X, Y, Z : ZEMERE(RGRETR N, EFEA SR, $HETIR)
x, v, z : Split-film JEIE % (I 5 1)
<> D BHC O E
¢ BB OEEE(= <)
oc DB DR R
H, ¢ 72U AEE (m), BEREEE (m)
u, v, w : JAIED 3 L5 (m/s)
Uy DT o AR S OJEGE (m/s)
Uave : MG (8 PN T o - 5 JELUH (m/s)
u, : BOE G (m/s)
Use 2 AK T — A (m/s)
uy, u, : Split-film (2% 2 RS (m/s), (K 5 2R
a : Split-film (2% 3~ % E7 A (deg.), (X 5 &)
0 D R (°C)
0, : Split-film O R (°C)
Ou 7 VAR S ORGEE (°C)
05 D BERUE S OK IR (°C)
0y o VI R i IRLEE (°C)
A D BERUE NSRRI RRIREE (°C)
c o M L—H— T APREE (ppm)
q C R L= — I R AR (ms)
co HEYERREE (ppm), co=q/(un * H)
Ei, E, : Split-film O EEE (V)
E. : Cold-wire DIEEE (V)
Xy Zn o HIER
& C CHER X, Z, OHEERM
U D R E DREEARFR S
U.(¢) DO R EA T S
Ue(©) HE /N N VAR
K DGR
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31 BEFEBEHE
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EO@mWRIET —4 ZMETD2LEND D, 2T, RERTITE
IEDFREEE ) L &AL 72 D (B RE FT & R EE 5 HH O IESE
B H)ERELE,
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4. Cold-wire & Split-film DEKRIE
41 BRET—2ORE

ARPE > AT AT, BEENEIC DANTEC #H# @ Split-film
(55R55) & CTA Module(90C10) % 5 L, EEERIEICIL Cold-wire
(55P31)& Temperature Module(90C20)=fEH L7=, ZNH 56D H
HFEEIF e —,82 7 4 )L & (NF ELECTRONIC INSTRUMENTS,
P-83)% i L C, 16bit-A/D Z#7R — K (National Instruments, PC16220)
RO TFOXNT = HICEMEND  BIET — X ZHIET DRI,
YTV TR E R — XA T VB DTy N AT S EER



4L 500Hz, 200Hz & L, 60 F[T 30,000 & D7 — & ZIN4E L7z,

Z DI, Split-film & Cold-wire N A WVORIEMICEE L2 5 2720 X

I Y —1F Smm(dz/(D/2) =0.1) DR Z B THRE LTz, #

EF =2 OWEFIRTLLFIZRT B0 Th D,

@ Split-film ~D A A % a=0°12t » b L(K 5), —EDKFIELE
IZBWT, K[ v, % 0.5m/s~2.5m/s OFIPH T 8 1@V FREXE
Lg% . Z O, £ E5#E T Split-film 7> 5 OHHEE E,
E ZE U, BB CRIRE 0 2 &+ 5 & RIS
NoOHITERE E. bRIET 5,

@ Split-film ~D A4 & a=180°12t v + L, Q& FARICHIET 5,

® EiRoO®, @% 8V BREOKIIRE(10°C~60 °C) TITV, %
NENOKIRIRE 0 &
ok, WIET SRR - SensorZ:
FEOFPHIL, B
WRE LI E 9 2 i T
DOETREY HILL
ETHHDET B,

, Cold-wire

Sensor 1

X 5 Split-film /=R

42 RERHBOEH
(1) Cold-wire

BN L - THE S NT-KMMIEE 0 & Cold-wire D H EE E,,
OBIFEZER 6 IR T, K6 DK DT E, FREITIKTE LW,
ZOWIERIIR(D)TREND, K6DUWET —F 0 & En DI/
TORIEIC L o Tl Ze 1 nRl N E2 R L, K)o IERS 4. &
B %R D,

<E.,>=A.+B.<0> (1)

(2) Split-film

BEX L > THE S NRIRE 0 & Split-film @ HJ1EE
EV+E? OB % X 712739, Split-film D& > Y — 1% — & O & iR E
RN TWD, [IIRE 008 LHT 2L, 0& 6,0ENNEL
720, Split-film 2> H ZBX~ORRABEEN /NS RDHDT,
Split-film OHABIE E,, E13/h&<Ab, RTLY 0L EXHE’D
BRIZ 1R CERIT 2 2 &3 TE, ToU Rk OffIFREIC L 5T
—EDHETHDZ ENbMNnD, ZuL Split-film D& > P —FBNE
REICRIENTND Z EICRHE L TER Y, KIEIRE 0 & Split-film O
TR 0, 3% L WERIZIE, o — & KGR O RS E
BRER LRV, ZORKRNNWETEE, ER3ErlhdZ ba2RL
TWb, ZOMEBEMLRQ)MBEY 2o, 2D 1 R % i/ LIS

Ko TEPLEGIF O, Thabbe b —REE2RD 5,
<0>=0,+ C (RE;>* <E,>%)  (CI3EE) 2)

6 200

T T T T 3 T | T
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5. RUARERICH T 2 RFEE & BEES O REAE R E
R FEBRIC BV T, 4. 2 TRO 8 IEREE T, Cold-wire,
Split-film 7> & O 1 /) FEE DWRIFE E..,, E\, E> & KIGIRE 0, JEHRL
9 ue, uy, (K5 ZR)ICHAE T 5, ZOHIEEZLFIZHR~S

51 KFEE
R[IETRIE 0 OBRRHEIX, JE L7 E. & 4.2(1) TR D 720 ELREL
Ay B HRK LV EHT S

Eep=A.+B.0 %)



5.2 REERB

Split-film IZ A 2 A A (X 5 )% 2L I 72D Split-
film DM IIEE E, E,ORPEEZR 10 12577, ZORMEZFIA LT
REBRTIE, AHT—EE u, & BIAH o ZHHT D,

5.1 TROIZKIMILE 0 DBRFFEH 5K 9 DI04 Fv TR
DEEREL Ay, By, Aoy, BoOBRRHEZEFIEL, ZOBRIERE%
A% Z & T Split-film O FEIE E, E,DSRELBOREN%
W2, AN T —BEDOBERHE u, ~DOWF I RAZ HV 5D,

10(b)IZ7" 9 X 912, Split-film O H A BED 2 FezE C, 1TJA M £
a @ Cosine 71— 7 T EN D DT, a DHEHHEZ X(7) TREET 5.

-1 Ca — C90 e
cos (Cy - Coo Z0 DHFA(ETHDOEE))
| Co - C90 ‘ Q)
a =
-1 Ca _C90
cos (Cy - Coo <0 DEHAEGEIDYEE))
| Clxo - C90 ‘
IIT o JEI-ET (k) B 10(b)ofitn) 8)
“ 6 -0
Co=Ayot Boouse " 9
Ao, Boo 1 a=0°TORIEMRE A, B,
Ciso = Ay,180 + Boyis0 Use ™ (10)
Acyase, Bouso @ a=180° TOEIESRE A, B,
Cgo:(C0+ C]8())/2 (11)

Split-film O H A FEED 2 TR, 1027~ & 5 IR A A3
a=0°, 180°L 90°DHA TIL SUREDENRH H720, R(6)I a D
BEcbdH o, £ TARBIESFETIE, B0 LHEEZIT> TR(6)
ERMNEMFTEIZT ue & 0 ZRD TN D,

EFROBERICE > TRO= uy, a OBERHEZ VY, JEOEKS u,,
u, DBFEEE % R U K - TRl 5,

Uy = U COS O (12)

Uy, = Uy sin a (13)

AREIEFEZEZAOCTNE LA D T —JAG&E u,, BRI o 2 E
AU G IR G O W E A, PRENEEE T K DRk IE A & i L7 RS R
Z 1R T, DTG RIREIC0 b SF R OVEE THlE S
TWAD, FEMEN a=30°, 150°=q¢ OHFFHIZBWNT, WESH
7o o OFEFE TN, Z D78 a MMEIF 00 180°DiFICH LT(X 5
2R, u WY EMET HGAICIIRE REELE-TLED, Lz
Do T, 2O X5 RREITRET 2T X2 57200, S BIZ, Split-film
T u, RSy DR & WO HBIN T E RV IZ0, B 3 5oy %
T 5 BRI RE R R Ry & v — 0w, F RS2 D KD IS
Split-film O E & 2, 3BT THET S Z &1k b,

o 008 P 004 =13C, u=0.4mA
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6. BEVH—DREICLIATE~ADEZE
6.1 EREE

ARy AT 5TUX, Split-film, Cold-wire, /K34 X mH R ATFER
(77 =B THCAA) DY 7V v 7 F 2—T7(LLF, FID &REFEE)
RS CTRETHILERH L0, e —oOREN MO
U —OWERA~EEE RITTIRER DD, T T, ELREERER
FRIN2WIET = ABFTOHRF (TS 0,~15°C, 0,=50°C
DAREERIFFERTAE)IC Split-film o —Z2FZEL, £
DEIRE Ax, Ay, 4z (R 12 E L35 L2k vt o+
—DEEERALED, o, ZORBIRROILNIC Lo TR D
RN DT, BV —HOMEEZFELICEZDZ EIZEY,
K[IEDOEIN DRI 372 2B/ COWEEIT o 72,

W LI TR KRBT O R ERE BIR Y% v, o7 v
JRAEKLE e —R2T 4 VEOH y bE TR EZENEN
1000Hz, 200Hz & L, 120 f5fH, 120,000 @O T —% %7V 7
L7-, FIDIZIZAFE 0.25mm, £ X 200mm OV 7 Y FFa—7
AU, ILRIRE Y T v 7 AB MK, BRERNE o BER E
EH 6 ORRIEEENE B E L,
Z)I 5 HBA%E L7z FID ISEMETF
zyZa=y k(T =i
BYIZ K o TRIE L 7= 2
A A= 25ms &AW THIER

o729,

o: fhodr Y —ArE
12 Split-film AV DY — (L&

6.2 FHEE FHERE~OELE

[X] 13(Z2)IZ Split-film @ &l (x J7 )2 Cold-wire Z Bl & L 7= &
DN EE O EREF 2R, Split-film & OFREERSITVIE E, N
7z Split-film DIRSE DB % 5215 T Cold-wire J&3 O &t L 13
B o TV B, Z D7 EGEO TR IREME N TEF, X 14(4)
273 X 912 Split-film & Cold- wire DRIBEA/NSVIE E A D T — @
HHRE AL BN D, y 7T Cold-wire & IEFEICELE T 5 Z &
X, IBEOHE EREETH - 722D ERITIT > TORWA, $hiE b
] & B4y O FGE AN K & WG T 13(£) & RIEORER & 725 =
ERTAREND, —F, K 13(4)R 14(4)D & 512 Split-film Dk
J71(z T Cold-wire % Bl L 7= 35A 12 id & v U — [ lH#E oo f2
FZE A ER BN,

X 15(F J)Z Split-film @ _FJ5(y FFNHIZ FID %l L 7= 5E 0%
WRGE O P EFRE B AR, FID OY > F U v 7 F 2 — 7 DIEHn
Split-film O _E(y F ) Imm IZE#E STV 5H L, GLALTREE 2/ S
WIS EIIXE A SO A % L EIZRGI L TWDRERD Y,



JFEGEAENIC K E < 7p o> T D, —J5, FID 2% Split-film & x J5 17 (X
15(ZE)X° z HM(E 1SENVCEE S DA, &2 —REEEE
DOEBTIZEAER,

6.3 ERBITVIR, EREEIFIVIR~NDEE

X 16 Ti¥, Cold-wire % J& /7 [H(x FIAICHELE L7=H4& & Hil7m(z
FENCHLE LG H OEIREN T T v 7 A<u 0 >% T 5, <u'0>
iZBWTH, ﬁi@iﬂfﬁk%@ GIREY mb%é.\k FIEEIZ, Cold-wire 237
Bz A, B 16(a)ICEE SNz Ha s, BT lx A, X
L6(ZENIZELE S V72356 TiE, <u'0 >3t v ¥ —flE Ax DR EE K
ELZIFTWD, X 17(H)D L H1Z FID bkiﬁfﬁ(zfrﬁj) TRLE S
7o aIC e, FID A LH(y HDRm Tl H )il S iz
/a\(l L7(%E, I TIE, ELIRIBE Y 7 v 7 A<u’e >7b>1£§ FL, 20O
AL BO<u’c™>/0y, 0<u’c’>/0x L REV, ZD L I II<u'§><u’c’™>
OPEMICE L TYH, Split-film OFE G M(x, y HI) &0 bihlm(z
FIENAL D > —FELE L2508, & o — W RS B E i 5

HnERER D eu=3% —Wu=10% —* u=17%
2RIET = A% TT =0 Tu=110% =0F [u=179% -A- u=334%
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INHORERE 6.2 OfEREEE %, BEIAICED 5T Cold-wire
A% Split-film O R FMNZAZET 2 Z & 2T 572, Cold-wire 1%
Split-film DA FF 1al(x, y FFM) TR <, G mE FRNITTE 57200
TS ECEET D22 & & Uiz, £72, FID & [AERIC Split-film o il
Filal FIICEEST 52 & & Lz,

UEDOEIICEHIREA T T v 7 A<u@>RFLIRIKIE 7 T v 7 A
<u’c>DRIFEIIEE o — (LB OBEWIC L DR S BNIFEET 5,
ZIZT, LT TCRHZORENS 23T 2720 O KEREKT D
0<u’0’>/0z, 0<u’c’>/0z \ZDWTHFT D, FEKITETK T 7 v 7 A
D Y — B EREC %3 D 280 B O A HE |0(<u "0 > /us/|0,-0/)/0z],
|0(<u’c">lusco)/0z| & ELIRSRIE [, THEIET 5 &, FLMBEDOKE I
WROATICED LY, KI18D L H I 1R TEPTES, £ 2T,
AT, BV —MOBEEN RS Z LIk b<u0>, <uc>
D AR e E &, 18 O IR 2 6 HH L 72 B E R K
A(<u’0’>/usl|05=0))/0z, d(<u’c’>luscy)/0z % AV TR L 7=,

B RUE T e u=3% WIu=10% —*Iu=17%
2RTCT = AT =0- Tu=110% =OF lu=179% -2 [u=334%
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7. BRI EECRNISZORIES
71 ERHE
ARRPE S AT &Rl U7z B & i O IE R E 3 K OMRIEXN %
FWT, 2 RIL7 = A% O A GTeiih & lE LiciE 5
DNWTIHRARD, KL L LEfnBEEZR 191C7R37, 2IRILT = A
I & 80mm, B E Smm O 7L IO AL L, BEIRSGEICK L
THACEKE L, ML—Y—TACH)E 2 RILT = ADR T
A 120mm (X/H=1.5) DAL BIZF% T 72 o5Smm D L) 5 i & ¢=9.17x10°°
m¥/s TR L7m, ERICITHUR T2ERFORERERIA% AV, 7
L5 D 5ol % FIR(Ry=0) & ZE 72 I FIRINAE(R,=0.11), NZERIE
HIRRIER,=-0.14)D 3 & — A(F DITHE Lz, ARIE T, Es
D u {5y & PIET D BRIX, Split-film O FH % u=u & L, whkD D
WERIZIZ u=w &2 D KO8y b LT (u B XK 5 &), o
7V > 7 A ¥EEL 1000Hz T 120 BEOMEZITo 72, B—/3A7 ¢
IR E DTy N AT EWEIEL 200Hz & LT,
2 ———om—

mRy=0.11] 28
o Ry= 0.00

=]
=]

1.5 . Hom——
I a R=-0.14 =
X/H=1.0 ) ~
I : ST

£ : =
g : 05 1
i :
T I E

- 0 s .

‘ X/H=1.5 ﬁl (ﬁs’ﬁ)ﬁjﬂ 0 05 1 15
¢ <u>/uy
19 x5l 3 2inG
£ 1 A ORI SA:

Case Ry=0.11 Ry=0 Ry=-0.14
R, 0.11 0 -0.14
R, 1.2x107 1.2x107 1.2x10*
up(m/s) 1.1 1.1 1.1
6, (°C) 18.0 16.8 48.1
Ou(°C) 45.0 16.5 16.6
0, (°C) 40.3 16.8 20.9
Ogas (°C) 31.0 16.8 31.1

Bulk Richardson number: R, = gH(0u—0)) / {(05+273)(un )}

7.2 BIEHR
(1) EYH—IZ&ETENSDEL

AMEFEE AT, BLEEXERMNTR=0.1D)THMEL/Z7 =
VAT X/H=1.0 TOWH A F Z — BE DR /34 % K 20()ll R
T, X 20(a)i2iE, T-wire THIE L72fERE VS 0 CORT R, 20
FEFAL Split-film OARFEN SHFHFANICINE > TEHBY, L —FHLT
AT

20(b) Clx, FHA D T —EiE<u S xH T D ILEARE ST D
Ud<u,>lup) = L, 77 7O SHEOME T L > THIE R T S
U(<us>lup)|<us>lugl % B3R TET, 7= A X0 &0 50 Rk
(fuse>up=0.3) T, T-wire THIE L7z R A T — FUE O YRR A e
NEE, Z< OPRTHIRHENS 5%D T A % FEl>TN5H0D
(2K L, Split-film (& & 2 I EE DA A S 1E 11%~13%ThH >
Too 7 = v AT RIS (<ue>/up=0.3) TlX, I-wire, Split-film & %
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