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研究成果の概要（和文）：レイノルド平均ナビエ-ストーク（RANS）乱流モードに基づく計算流体力学（CFD）モ
デルは、計算コストが低いため、都市大気シミュレーションに頻繁に使用されます。 ただし、ストリートキャ
ニオンの弱風域では精度はそれほど高くありません。 RANSの閉鎖係数のデフォルト値は、他のフィールドから
採用されていますが、都市の気流シミュレーションには完全には適していません。 したがって、この研究で
は、都市CFDシミュレーションの計算精度と速度を大幅に向上させる新しい確率的最適化手法を使用して、RANS
の閉鎖係数の最適値を見つけるための体系的なアプローチを提案しました。 

研究成果の概要（英文）：The computational fluid dynamics (CFD) models based on the Reynold-averaged 
Navier-Stoke (RANS) turbulence modes are frequently used for urban air simulations because of their 
low computational cost. However, their accuracy is not so high in the weak wind regions in street 
canyons. The default values of the RANS’ closure coefficients are adapted from other fields, which 
are not perfectly suitable for urban airflow simulations. Hence, in this study, a systematic 
approach was proposed to find the optimum values for the RANS’ closure coefficients by using a 
novel stochastic optimization method to significantly improve the computational accuracy and 
rapidity of urban CFD simulations. Different benchmarks, ranging from simple buildings to buildings 
in an actual city were considered to demonstrate the applicability of the proposed framework.  

研究分野： wind engineering

キーワード： Urban airflow simulation　Stochastic optimization　Accuracy improvement　CFD　Calibration
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研究成果の学術的意義や社会的意義
This research results help the CFD users to increase the accuracy of their numerical prediction and 
finally can improve the reliability of practical designs in urban applications in cities to have 
more sustainable and safe cities.  

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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様 式 Ｃ－１９、Ｆ－１９－１、Ｚ－１９（共通） 
1. 研究開始当初の背景 

Increasing applications of computational fluid dynamics (CFD) in different aspects of urban 
studies, including pedestrian level wind comfort, building energy, pollution dispersion, and urban 
heat island, reflects on the importance of this powerful approach in research and practical 
engineering applications. Current CFD tools for such studies are generally based on the Reynolds-
averaged Navier-Stokes (RANS) models and large eddy simulation (LES) approach in which the 
Navier-Stokes equations are resolved in time and space.  
As shown in Figure 1, the performance of urban airflow CFD simulation models, in terms of 

accuracy, rapidity (computational speed), and their feasibility for engineering applications are 
quite different while each mode requires a different tempo-
spatial resolution. The RANS accuracy is lower than LES, 
but it has a higher computational speed which is about one 
order of magnitude higher than LES and higher feasibility. 
In fact, the very high complexity of detailed boundary 
condition implementation and mesh generation, in addition 
to enormous computational cost make LES infeasible for 
urban airflow simulations. Since in practical engineering 
applications, several calculation cases for multiple wind 
directions are required, utilization of LES becomes more 
limited and challenging. One drawback of RANS for 
urban airflow simulations is the low accuracy of two-equation RANS turbulence models in the 
prediction of mean-flow quantities in weak wind regions inside the street canyons and behind 
buildings. In general, this inaccuracy is resulted from the inaccuracy related to the turbulent-
viscosity hypothesis and derived equations for the turbulent parameters, which consist of several 
unknown coefficients approximated with the observation of a few fundamental flows, including 
homogenous isotropic decaying turbulence, fully developed channel flow, and simple shear flow. 
Nonetheless, there is a marginal similarity between these fundamental flows and airflow around 
buildings in the atmospheric boundary layer (ABL).  

2. 研究の目的 
Considering the low accuracy of RANS models in addition to their popularity and practicality 

in practical engineering problems, an important question that should be answered is: Is it possible 
to optimize RANS parameters based on urban airflow physics in an affordable and applicable 
manner to obtain a significant improvement in RANS CFD accuracy and rapidity? Hence, the 
primary objective of this research is to improve the accuracy and rapidity of urban airflow CFD 
simulations. In specific, a systematic framework for improving the accuracy of two-equation 
RANS turbulence models will be proposed in which different statistical and approximation 
models, machine-learning tools, and optimization solvers are utilized to optimize the RANS 
closure coefficients based on urban airflow physics.  

3. 研究の方法 
A schematic of the proposed framework for RANS CFD model calibration is shown in Figure 

2. The framework consists of two main steps. The first step includes four sub-steps: 1-1) Case 
study definition, 1-2) Determination of focused output parameters, 1-3) High-quality data 
acquisition, 1-4) Validation metrics calculation for focused output parameters. Through these sub-
steps, required data for the closure coefficients calibration are organized systematically by 
conducting a series of CFD simulations, acquiring high-quality data from different resources, and 
performing statistical analyses.  

Figure 1 Comparison of urban CFD models 
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In sub-step 1-1, after preparation of the CFD model, e.g., geometry generation, boundary 
condition implementation, and applying CFD solver settings in accordance with the guidelines by 
[1,2], a suitable zero equation, one-equation, or two-
equation turbulence model will be selected although two-
equation models are more popular in urban flow 
simulations. In sub-step 1-2, the focused output parameters 
of the CFD model should be chosen for the calibration 
purpose. For instance, for pedestrian comfort studies, the 
focused parameters are wind velocity distribution and/or 
pollution concentration at the pedestrian level, or for 
building energy evaluations, the focused parameters are 
wind surface pressures over building walls and/or crossing 
airflow rate. In sub-step 1-3, high-quality data should be 
provided to define suitable validation metrics required for 
the turbulence model calibration obtained from Step 2. At 
this stage, different sources, including wind tunnel 
measurement and large eddy simulation (LES), can be used 
depending on the focused output parameters and the aimed 
level of accuracy.  

After obtaining the required high-quality data, in sub-step 1-4, validation metrics should be 
employed to quantitatively investigate the level of agreement between the CFD and high-quality 
datasets. The most common validation metrics for environmental and urban flow studies are those 
proposed by [3], including the hit rate , fraction of the predictions within a factor of 2 of the 
observations ( 2), fractional bias ( ), and normalized mean square error ( ). 

The second step of the proposed framework includes six sub-steps. In this step, closure 
coefficients of the selected turbulence model are considered as variables in an optimization 
process to find the best agreement between the CFD and the acquired high-quality datasets. Hence, 
the optimization variables are the closure coefficients while the objective function is defined 
based on a combination of the selected validation metrics. In sub-step 2-1, PDFs of all the closure 
coefficients are obtained according to available information about the history of model 
development and experimental data in the literature. As a general consideration, a uniform PDF 
is a suitable choice as there is not enough statistical information about the closure coefficients of 
RANS turbulence models. After calculating the PDF of the closure coefficients, in sub-step 2-2, 
a sensitivity analysis is required to identify the most effective closure coefficients on the CFD 
accuracy. Sensitivity analysis can be conducted using a simple model such as the one-factor-at-a-
time method (OFAT) or a complex one such as Latin Hypercube sampling [4]. In sub-step 2-3, a 
suitable design of experiment (DOE) method, e.g. Monte Carlo Sampling (MS), is utilized to 
generate a database for CFD samples according to the PDF of the closure coefficients. Then, the 
CFD samples are solved in sub-step 2-4, and in sub-step 2-5, CFD results are post-processed to 
obtain the PDF of the selected validation metrics as well as their mean value and standard 
deviation. Finally, in sub-step 2-6, an optimization solver is used to find the best set of the closure 
coefficients according to the calculated validation metrics of the CFD database. An appropriate 
objective function is defined to minimize the deviation of the validation metrics and their ideal 
values. For more reliable calibration, stochastic optimization (reliability-based) algorithms can be 
used in which the objective function involves two terms to minimize (1) the deviation between 
the mean value of the validation metrics and ideal values, and (2) the standard deviation of the 
validation metrics. The second term enhances the reliability of the calibration process via reducing 
the uncertainty of the validation metrics caused by the uncertainty of the closure coefficients.  

 
 
 
 

Figure 2 Framework of RANS CFD 

models calibration 
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4. 研究成果 
The performance of the proposed calibration framework is investigated using three different case 
studies[5]. A schematic of each case is presented in Figure 3. Case 1 is an isolated high-rise 
building placed in an unstable ABL. 
Case 2 is a sheltered building model 
subjected to a cross-ventilation flow 
through two openings on its 
windward and leeward façades. Case 
3 consists of a group of 31 low-rise 
buildings with the same dimensions 
in a regular arrangement with a 
planar area ratio of 0.4, which 
represents a highly-dense urban area. 
In Figur 4, the distribution of 
turbulent kinetic energy (TKE) around the high-rise building is compared against the 
experimental measurements over a central vertical plane ( / = 0) and a horizontal plane near 
the ground ( / = 0.025). The results of the CFD model with the default closure coefficients 
over the vertical and horizontal planes exhibit two well-known deficiencies of two-equation 
turbulence models, i.e., a high level of TKE around 
the windward wall and above the roof, and a 
significant underprediction of TKE and momentum 
diffusion inside the wake region behind the 
building. The calibrated model shows significant 
improvement in the prediction of TKE level in 
comparison with the reference model. The TKE 
level in front of the windward wall is lower than the 
reference model while it is noticeably higher in the 
wake region behind the building.  
For Case 2, the vertical profiles of the streamwise velocity over a central vertical plane inside the 
building model is shown in Figure 5. As it can be seen from the experimental results, a clear 
windward jet is formed at / = 0.16 and at / = 0.4 with a velocity of / = 0.1. In 
contrast, for the standard k-ε model, the streamwise velocity is almost zero over the vertical line 
at / = 0.16 and the model fails to reproduce the windward jet, which is the main feature of 
the cross-ventilation. The calibrated model 
successfully predicts the windward jet with a velocity 
of  / = 0.12  at / = 0.16  and / = 0.4 , 
which is close to the experimental result. Furthermore, 
the vertical profiles of the streamwise velocity over the 
vertical plane far from the windward opening and near 
the ground show a better agreement between 
experiments and the calibrated model. Nevertheless, 
the streamwise velocity at the upper part of the target 
building is underestimated by both models. It should be 
noted that the relative deviation between the airflow 
rate prediction by the standard k-ε model and the 
experiment is about 100%, while it noticeable 
decreases to 8% using the calibrated model. 
In Figure 6, the profiles of the surface wind pressure coefficient ( ) along a central line over 
windward and leeward façades and roof of the target building are plotted against the 0° wind angle 
for Case 3. Over the windward and leeward façades, between 0 ≤ / ≤ 0.5, both CFD models 
underestimate   while the calibrated k-ε model calculates more accurate results between 
0.5 ≤ / ≤ 1 . In these regions, the standard k-ε model’s predictions are far from the 
experimental results. The superiority of the calibrated k-ε model is more clearly demonstrated by 
looking at the _  variation over the roof, where the pressure recovery along the roof is very 
well predicted by the calibrated model and a close agreement is obtained with the experimental 
results. In contrast, a uniform pressure distribution is calculated by the standard k-ε model, which 
is significantly higher than the experimental result. 
 
 
 

Figure 3: Schematic of case studies 

Figure 4 TKE around the high-rise building 

Figure 5: streamwise velocity over a vertical 

central plane inside the building 
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Another example of the application of 
the proposed calibration method for a 
practical engineering case is explained 
in the following. The calibration method 
was used for a case study of the 
pedestrian level wind environment 
around high-rise buildings to minimize 
the high-speed regions [6]. In this study, 
a multi-fidelity shape optimization 
framework is proposed for the 
pedestrian-level wind environment 
(PLWE). In the proposed framework, 
low-fidelity computational fluid dynamics (CFD) models based on steady Reynolds-averaged 
Navier–Stokes equations (RANS) models and high-fidelity CFD models based on large-eddy 
simulation (LES) are efficiently integrated into the optimization process to improve the 
optimization reliability while maintaining its computational speed in an affordable range for 
practical engineering applications. The optimization solver is coupled with an approximation 
model generated by low-fidelity CFD samples obtained using a design of experiments (DOE) 
technique. The optimal candidates are then evaluated according to the degree of improvement of 
the objective function compared to the reference case. If the degree of improvement shows 
significant deviations between the low-fidelity and high-fidelity models, suitable corrections and 
modifications are applied to improve the reliability of the optimization process. The applicability 
of the proposed method was investigated in terms of minimizing the high-wind-speed area, as the 
optimization objective, around a high-rise building considering (a) uniform urban blocks and (b) 
real urban blocks with different 
frequency distributions of wind 
directions associated with two 
different local wind climates. 
Figure 7 shows the distribution of 
the amplification factor (K) for the 
optimum building geometry. The 
distribution of K is calculated by the 
default RLZ k-ε model (low-fidelity 
model), calibrated RLZ k-ε model based on the coefficients by (Calibration-1), the final calibrated 
RLZ k-ε model (Calibration-2), and LES. A comparison between K calculated by the RLZ k-ε 
model shows a notable underprediction of the high-wind speed areas by the RLZ k-ε model, 
especially in front of the building near the corners and sidewall. Utilization of the closure 
coefficients improved the prediction accuracy of the low-fidelity model; however, the area of 
high-wind speed is lower than that in the case of the LES. Calibration-2, which was obtained 
using OFAT sensitivity analysis, shows a significant improvement in the prediction of the high-
speed wind regions, which is comparable with the LES results in most regions. 
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Figure 7: Distribution of the amplification factor ( ) 
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