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Abstract 

The lift-up building design has been demonstrated to provide favorable wind comfort, but 

there is a lack of investigation on optimum wind comfort condition. This study coupled 

computational fluid dynamics (CFD) technique and response surface methodology (RSM) to 

determine the most desirable wind comfort around an isolated building with lift-up design. A 

multi-variable optimization method is proposed to determine optimum wind comfort and the 

corresponding lift-up design variables, namely, lift-up height (𝐻𝐻𝐿𝐿), core aspect ratio(𝐴𝐴𝐴𝐴) and 

core number (𝑁𝑁). To better illustrate wind comfort around the building, the wind comfort in 

the lift-up area and the podium area are investigated separately. The Detached Eddy Simulation 

(DES) approach is employed throughout the whole CFD simulation process. The quality and 

goodness of the established RSM models are examined by analysis of variance and genetic 

algorithm is applied to generate optimal design solution. The generated results illustrate good 

performance of the established RSM model. Results show that the optimum wind comfort is 

obtained when 𝐻𝐻𝐿𝐿 is 8m, 𝐴𝐴𝐴𝐴 is 10%, and 𝑁𝑁 is 6. The lift-up core aspect ratio is subsequently 

found to have greatest effect on wind comfort among the three design variables in both the lift-

up area and the podium area. In addition, the proposed method is applicable to other similar 

environmental design conditions and the outcomes of study can also be of great value in the 

improvement of wind comfort in compact urban cities.   

Keywords: Lift-up design; wind comfort; computational fluid dynamics (CFD); response 

surface methodology (RSM); multi-variable optimization method.  
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Nomenclature 
 

𝐴𝐴 Area of the target region, (m2) 𝑈𝑈𝑖𝑖,𝑗𝑗 Velocity gradients, (s-1) 

𝐴𝐴𝐴𝐴 Lift-up core aspect ratio, (-) 𝑈𝑈𝑝𝑝 
Mean wind velocity at pedestrian 
level, (m/s) 

𝐶𝐶𝐷𝐷1, 𝐶𝐶𝐷𝐷2 
𝑐𝑐𝑤𝑤 

Constants of S-A eddy viscosity 
model, (-) 

𝑈𝑈𝑟𝑟 
Mean wind velocity at reference 
height, (m/s) 

𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷 Empirical constant, (-) 𝑊𝑊𝐵𝐵 Building width, (m) 
𝐶𝐶𝑣𝑣 Model constant, (-) 𝑊𝑊𝑐𝑐 Lift-up core width, (m) 

𝑑𝑑 
Distance from first node to wall 
surface, (m) 

𝑥𝑥 Design variable of RSM model, (-) 

𝑑̃𝑑 
New length scale parameter of 
DES model, (m) 

𝑍𝑍 Vertical height, (m) 

𝑓𝑓𝑤𝑤 Wall destruction function, (-)   
𝑓𝑓𝜈𝜈1 Intermediate variable, (-) 𝜀𝜀 Statistical error of RSM model, (-) 

𝐻𝐻𝐵𝐵 Building height, (m) 𝛽𝛽� 
Estimated parameter of RSM model, 
(-) 

𝐻𝐻𝐿𝐿 Lift-up height, (m) 𝜂𝜂 Estimated value of RSM model, (-) 
𝐼𝐼 Turbulence intensity, (-) 𝜌𝜌 Air density, (Kg/m3) 
𝐿𝐿𝐵𝐵 Building length, (m) 𝜈𝜈 Turbulent viscosity, (Pa s) 

𝐿𝐿𝑐𝑐 Lift-up core length, (m) 𝜈𝜈� 
New turbulent viscosity variable, (Ps 
s) 

𝑀𝑀𝑀𝑀𝑀𝑀 Mean wind velocity ratio, (-) 𝜅𝜅 Von Karman’s constant, 0.4187 
𝑀𝑀𝑀𝑀𝑀𝑀������� Area-weighted 𝑀𝑀𝑀𝑀𝑀𝑀 value, (-) 𝜇𝜇𝑡𝑡 Eddy viscosity, (Pa s) 
𝑀𝑀𝑀𝑀𝑀𝑀′ 𝑀𝑀𝑀𝑀𝑀𝑀 value at specific location, (-) 𝜈𝜈𝑡𝑡 Kinematic eddy viscosity, (𝑚𝑚2 𝑠𝑠⁄ ) 

𝑀𝑀𝑀𝑀𝑀𝑀�������𝐿𝐿 
Area-weighted 𝑀𝑀𝑀𝑀𝑀𝑀 value in lift-
up area, (-) 

𝜏𝜏𝑖𝑖𝑖𝑖 Sub-grid scale stress term, (-) 

𝑀𝑀𝑀𝑀𝑀𝑀�������𝑃𝑃 
Area-weighted 𝑀𝑀𝑀𝑀𝑀𝑀 value in 
podium area, (-) 

∆𝑡𝑡 Time step, (s) 

𝑁𝑁 Lift-up core number, (-) 𝑡𝑡∗ 
Non-dimensional sampling time 
unit, (-) 

𝑃𝑃 Pressure, (Pa) χ Intermediate variable, (-) 
t Time, (s)   

𝑢𝑢𝑖𝑖, 𝑢𝑢𝑗𝑗  Velocity component, (m/s)   
𝑈𝑈 Mean wind velocity, (m/s)   
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Introduction 

With the rapid progress of urban development, modern mega-cities are teeming with tall 

and closely spaced buildings, which subsequently results in congested air flow at the pedestrian 

level. The limited air circulation at pedestrian level has caused serious problems, including 

wind and thermal discomfort [1-3], and accumulated air pollutants [4-6]. The deterioration of 

pedestrian level wind environment is very serious in Hong Kong, where tall buildings and 

bulky developments are closely spaced. Thus, the Air Ventilation Assessment (AVA) scheme 

[7] was stipulated in Hong Kong to enhance the pedestrian level wind velocity and new wind 

comfort criteria [8] have been proposed for the purpose of improving wind comfort. In contrast 

to the uncomfortable wind environment caused by windy conditions, which has long been 

academic researched [9-11], the unacceptable environment resulting from widespread stagnant 

wind flow has received increasing awareness and concerns [6, 8, 12-14]. Therefore, improving 

the pedestrian level wind comfort in high-rise compact urban areas, like Hong Kong, has 

become a pressing issue for city planners and architects.   

To improve wind comfort at pedestrian level, the lift-up building design has been used as a 

promising solution that does not sacrifice the available space inside a building. The lift-up 

design, which forms an open space between the ground and the main building structures, has 

been widely adopted in building designs in southern China and south-eastern Asia. This can be 

accounted for its remarkable feature of providing favorable microclimate for wind and thermal 

comfort due to its wind amplification and shading effects, as demonstrated in our previous 

studies [1, 2, 15-18]. Niu et al. [1] documented that the lift-up design can provide local cooling 

spots in hot and humid summer, which can then be used for some outdoor activities, as 

indicated in Fig.1. Liu et al. [15, 16] investigated the pedestrian level wind flow around an 

isolated building using different turbulence models in CFD simulation, including steady-state 

Reynolds Averaged Navier-Stokes (RANS), unsteady-state RANS (URANS) and detached 

eddy simulation (DES). It has been found that the pattern and unsteady fluctuation of the wind 

flow around the building with lift-up design could be reasonably reproduced with DES 

modelling technique. Du et al. [2] utilized an integrated method to assess the effects of lift-up 

design on pedestrian level wind environment in a complex university campus. The obtained 

findings demonstrated that the lift-up design in the campus could improve the low wind 

environment at pedestrian level in both lift-up area and podium area. In addition, Du et al. [3] 

performed numerical simulations to quantitatively study the effects of lift-up design in various 

building configurations on the pedestrian level wind comfort. Tse et al. [18] conducted wind 
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tunnel tests to study the effects of different lift-up dimensions on pedestrian level wind 

environment. However, the above investigations mainly utilized qualitative analysis methods 

and only one factor changed at a time. Moreover, no quantitative relationship was established 

between two or more lift-up design variables and wind comfort. Thus, in order to obtain the 

optimum wind comfort by changing the geometric configurations of lift-up design, a 

quantitative model between the lift-up design variables and wind comfort should be established. 

As a well-recognized technique to build approximations of independent design variables 

and respondent results, the response surface methodology (RSM) has been widely used in the 

field of computer experiments [19]. Its advantage performance include identification of the 

mathematical model of multiscale phenomena in various disciplines [20]. The integration of 

RSM with CFD simulation has launched a new generation of research investigations. Ng et al. 

[21] evaluated the Air Diffusion Performance Index of a displacement-ventilated office based 

upon mathematical models developed by RSM and CFD prediction results. In that study, the 

most influential design parameter was found, and the optimal Air Diffusion Performance Index 

value was obtained based on the mathematical model. Norton et al. [22] employed RSM and 

CFD technique to develop a mathematical model to describe the relationship between 

geometric configuration of a livestock barn and indoor environmental homogeneity. Their 

results showed that with developed mathematical model, the homogeneity of the indoor 

environment in a naturally ventilated building is greatly improved. Shen at al. [23, 24] 

combined CFD simulations with RSM to investigate the ventilation rate of a naturally 

ventilated livestock. It was found that the approximated mathematical model established by 

RSM could be used to reasonably represent the ventilation rate of the livestock and could be 

applied to a system with more variables. Sofotasiou et al. [25] coupled the CFD technique and 

the RSM optimization technique to determine an optimum window opening design to obtain 

the optimum ventilation efficiency in a  naturally-ventilated building. In that study, the degrees 

of influence of various design variables were determined and the optimum environmental 

condition was achieved. Thus, the coupled methodology that combines CFD simulation 

technique and RSM technique can be utilized to determine the geometric configurations of lift-

up design with multiple variables for the optimum wind comfort at pedestrian level. 

To assess wind comfort properly, the pedestrian level wind flow around buildings should be 

accurately predicted. In recent studies, CFD simulation technique has been widely used as an 

effective alternative approach to reproduce the wind flow around buildings [26-30]. The steady 

RANS turbulence models have frequently been used for its economic computational costs and 
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relatively reasonable prediction results [3, 6, 9, 31, 32]. However, some studies have shown 

that RANS turbulence models may overestimate the wake regions around buildings [27]. Large 

Eddy Simulation (LES) is generally believed to have better performance than steady RANS 

turbulence models, but its computing cost is quite expensive for outdoor wind flow prediction 

[33]. A hybrid RANS/LES turbulence model, namely Detached Eddy Simulation (DES), was 

then proposed to alleviate the computational cost while preserving the prediction accuracy [34]. 

Lateb et al. [35] used DES to simulate the flow field and dispersion field from a roof stack, and 

the results obtained by DES were better overall than those obtained by steady RANS. By 

comparing the prediction results of wind flow around an isolated building obtained by steady 

RANS, DES and LES, Liu and Niu [33] clearly indicated that the prediction results of DES has 

the similar prediction results as LES but with lower computational cost. Kakosimos and Assael 

[36] conducted several DES validation cases against well-established experimental data, and 

found that DES approach could simulate the dispersion of gases in a complex terrain. Wu and 

Niu [37] utilized the DES model to simulate airflow and pollutant dispersion in a group of 

buildings, and found that the DES model can accurately reproduce the unsteady fluctuation of 

the air flow around buildings. Therefore, the DES modelling approach is selected in this study 

to reproduce the wind flow around the building with lift-up design. 

In this study, CFD simulation and RSM technique are coupled to determine the geometric 

configurations of the lift-up design to obtain optimum wind comfort in low wind environment 

of Hong Kong. A multi-variable optimization method is proposed to achieve optimum wind 

comfort and to investigate the relationship between the design variables and the respondent 

results in the meantime. Moreover, the sampling process of the multi-variable optimization 

method is based on Design of Experiment (DOE) analysis and the Box-Behnken Design (BBD). 

In addition, the quality and goodness of the fitted RSM model are examined by analysis of 

variance (ANOVA). Furthermore, the genetic algorithm (GA) is employed to obtain the 

optimal design solution based on the mathematical model established by RSM. Three design 

variables of lift-up design are considered during the optimization process: lift-up height (𝐻𝐻𝐿𝐿), 

lift-up core aspect ratio (𝐴𝐴𝐴𝐴) and number of lift-up core (𝑁𝑁). The normalized mean wind 

velocity parameter (mean velocity ratio, 𝑀𝑀𝑀𝑀𝑀𝑀) is chosen for quantitative evaluation of the wind 

comfort around the building. 

The remainder of this paper is organized as follows: after introduction, the methodology of 

the optimization method is presented in Section 2, and the design variables and objective 

parameters are introduced in Section 3. Section 4 establishes the accuracy of CFD prediction 
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results in this study. Section 5 describes the interpretation of the optimization process and 

discusses of the results, and Section 6 concludes the paper. 

 

Fig.1. Photo of the open space created by lift-up design on a university campus. 

 

2. Methodology 

2.1 Response surface methodology (RSM) 

As a statistical and mathematical technique, response surface methodology (RSM) has 

prominent advantages in developing, improving and optimizing procedures, especially with 

multiple design variables [38]. In general, the complex function relationship between the 

design variables (𝑥𝑥1, 𝑥𝑥2, 𝑥𝑥3, …, 𝑥𝑥𝑛𝑛) and the corresponding response value (𝜂𝜂) can be expressed 

as the following equation: 

 𝜂𝜂 = 𝑔𝑔(𝑥𝑥1, 𝑥𝑥2, … , 𝑥𝑥𝑛𝑛) + 𝜀𝜀 (1) 

here, 𝜀𝜀 can be treated as statistical error. By employing the d-order Taylor series approximation 

model, which also can be seen here as a d-order RSM model, Eq. (1) can be constructed as: 

 𝜂𝜂 = 𝛽𝛽�0 + ∑ 𝛽𝛽�𝑖𝑖𝑛𝑛
𝑖𝑖=1 𝑥𝑥𝑖𝑖 + ∑ 𝛽𝛽�𝑖𝑖𝑖𝑖𝑛𝑛

𝑖𝑖=1 𝑥𝑥𝑖𝑖2 + ∑ ∑ 𝛽𝛽�𝑖𝑖𝑖𝑖𝑗𝑗>𝑖𝑖
𝑛𝑛
𝑖𝑖=1 𝑥𝑥𝑗𝑗𝑥𝑥𝑖𝑖 + ∑ ∑ ∑ 𝛽𝛽�𝑖𝑖𝑖𝑖𝑖𝑖𝑘𝑘>𝑗𝑗𝑗𝑗>𝑖𝑖

𝑛𝑛
𝑖𝑖=1 𝑥𝑥𝑘𝑘𝑥𝑥𝑗𝑗𝑥𝑥𝑖𝑖 + ⋯+

∑ 𝛽𝛽�𝑖𝑖,…,𝑖𝑖
𝑛𝑛
𝑖𝑖=1 𝑥𝑥𝑖𝑖𝑑𝑑  (2) 

where, 𝜂𝜂 is the estimated value, and 𝛽𝛽� is the estimated parameter for the regression equations. 

It should be mentioned that the statistical error 𝜀𝜀, which originates from incorrect assumption 

and measurement errors, can be neglected in the computer experiment cases [19]. Thus in this 

study, Eq. (2) is used to fit the response model instead of Eq. (1). 

2.2 Optimization method   

The optimization method proposed in this study is a computer simulation-based 

optimization technique that allows investigation of the optimum design setting with multiple 
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design variables and manifests the correlations between parameters. The workflow of the multi-

variable optimization method is presented in Fig.2, and it has practical extension to similar 

design problems.  

 

Fig.2. Workflow of the optimization method. 

The first step of the optimization method is the establishment of DOE, which can be 

accomplished by the following steps. (i) The design variables (continuous or discrete) should 

be defined for the specific problem. In previous studies of lift-up design [2,3,15,18], the lift-up 

height, the core aspect ratio and the number of cores have been found to play detrimental roles 

in determining the pedestrian level wind environment, which then influences the wind comfort 

in the building neighborhood. Thus, the design variables in this study are the lift-up height, the 

core aspect ratio, and the number of cores. The values for the lift-up height and the core aspect 

ratio are continues whereas the number of cores is a discrete value. (ii) The boundaries of the 

design variables should be defined based on the rational criteria. The ranges of the design 

variables are from 4 to 8 m for the lift-up height, 10% to 70% for the core aspect ratio, and 1 

to 6 for the number of cores. The lower bound of the lift-up height is chosen based on the actual 

lift-up height in a university campus (4 m in prototype) [2,3], and the upper bound is selected 

based on the height of two stories because the land use efficiency is very important in in the 

development of scarce urban resources [7]. The lower and upper bounds of core aspect ratio 

are chosen according to the previous wind tunnel investigation of lift-up design [18]. The upper 

bound of core number is chosen according to the actual row numbers of the lift-up core in the 

campus university [3], and considering the practical implementation, is set to be six. (iii) The 

main purpose of this study is to determine the best arrangement of lift-up configuration for 

optimum wind comfort around the building. Wind comfort is thus the objective, which is 

evaluated by the normalized index (mean wind velocity ratio). (iv) The specific DOE scheme 

for the computer experiment should be selected [39]. The BBD is one of most popular 
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computational experimental designs for formulation of the approximated functions between 

the response and relevant variables; it has been widely used in optimization designs integrated 

with CFD simulations [21, 24, 25]. The BBD design has high rotatability, and experimental 

error is reduced by repeated center points. Moreover, similar studies, such as those by Ng et al. 

[21] and Shen et al. [24], have demonstrated that the BBD design can achieve high performance 

in model development while requiring a moderate number of design points. Thus, the BBD 

design is utilized in this study.  (v) After completing the above steps, the design dataset can be 

generated for DOE.  

The second step and the prerequisite for successful implementation of the optimization 

method is the establishment of reliable CFD simulation for the specific wind flow, which can 

be guaranteed by rigorously following these steps. (i) A proper turbulence model must be 

chosen for the CFD simulation, e.g., steady RANS turbulence models, DES or LES. In this 

study, DES is chosen for the CFD simulation because of its good flow prediction ability for 

complex wind environments (similar as LES) and its moderate computational cost [15, 33]. (ii) 

A high-resolution and high-quality mesh system must be constructed for CFD simulation, and 

a structural grid system is preferred [40, 41]. (iii) The computational settings, which include 

computational domain, boundary conditions and discretization scheme, must be selected 

properly according to the best practice guidelines (BPGs) [40, 41]. (iv) Experimental or on-site 

measurement data should be used to guarantee confident CFD simulation. 

The third step of the optimization method is to establish the RSM model. (i) The Meta 

models, including Standard Response Surface, Kriging, and Neutral Network, should be 

selected. The Standard Response Surface method can establish correlations between the 

selected design variables and the design objective via implementation of a regression analysis. 

It is often utilized for optimization purposes for its good performance in complex problems 

[38]. Moreover, this method has been found to provide satisfactory optimization results in other 

studies that match very well with this study [21, 23-25]. Thus, the Standard Response Surface 

is adopted for this study. (ii) The least square method [42] and backward elimination method 

[43] can be used to generate a first-order and second-order fitted response to evaluate 

correlations between the design variables. In particular, the backward elimination method 

should be utilized to eliminate the insignificant term in the fitted RSM model. (iii) The quality 

and goodness of the fitted RSM model can be examined by analysis of variance (ANOVA). 

(iv) The fitted RSM model should be verified by additional randomly selected points within 

the design space. 
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The last step of the optimization method is to use a proper optimization algorithm to obtain 

optimum wind comfort. In this study, the Genetic Algorithm (GA) [44] is used for the 

optimization process by mimicking organic evolution, namely crossover, mutation and 

selection, on the chromosome of each individual variable. The working principle of the GA to 

obtain optimal wind comfort is shown in Fig. 3. 

 

Fig.3. Working principle of the GA to obtain optimum wind comfort. 

3. Design parameters 

3.1 Description of design variables 

The study objective is to determine the lift-up design configuration for optimum wind 

comfort and the inter-relationship between the influencing variables: the height of lift-up 

design, 𝐻𝐻𝐿𝐿(𝑚𝑚); the core aspect ratio, 𝐴𝐴𝐴𝐴(%); and the core number 𝑁𝑁. The schematic display 

of the building dimension that have three cores (𝑁𝑁 = 3) is shown in Fig.4, which is adopted 

from our previous studies [3, 15, 45].  
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Fig.4. Schematic show of the lift-up design: (a) 3-D view; (b) plan view. 

To determine the lift-up design for optimum wind comfort, only the geometric change of 

lift-up design is considered, and the upper part of the building (building height 𝐻𝐻𝐵𝐵(𝑚𝑚); building 

length 𝐿𝐿𝐵𝐵(𝑚𝑚) and building width 𝑊𝑊𝐵𝐵(𝑚𝑚)) are kept constant during the optimization process. 

It should be mentioned that the dimensions of building upper part are adopted directly from the 

previous wind tunnel tests [45], which have been proven to result in the lowest wind speed 

zones among a number of building designs [56]. The design variables of lift-up building are 

summarized in Table 1. The range of design variables is explained in Section 2.2. It should be 

mentioned that because the range of core number is nonconsecutive, the integer part of the 

calculated value is used to obtain the design value. For example, if the calculated value of 𝑁𝑁 is 

3.5, then the design value of 𝑁𝑁 is 3. In particular, the lift-up core arrangements for different 

numbers (𝑁𝑁) under the same core aspect ratio (𝐴𝐴𝐴𝐴) are schematically shown in Fig.5. Note that 

the plan configurations of lift-up cores are determined in following order: first, the total size of 

the lift-up core is calculated based on the core aspect ratio (𝐴𝐴𝐴𝐴). The individual core size is 

then obtained from the total size dived by core number (𝑁𝑁). The lift-up cores are evenly 

distributed beneath the building regardless of the configuration. The core aspect ratio is defined 

with the following equation: 

 𝐴𝐴𝐴𝐴 = ∑ (𝐿𝐿𝑐𝑐 × 𝑊𝑊𝑐𝑐)𝑁𝑁
𝑖𝑖=1 (𝐿𝐿𝐵𝐵 ×𝑊𝑊𝐵𝐵) = 𝑁𝑁 × 𝐿𝐿𝑐𝑐 × 𝑊𝑊𝑐𝑐 (𝐿𝐿𝐵𝐵 × 𝑊𝑊𝐵𝐵)⁄ = 3𝑊𝑊𝑐𝑐

2 (𝐿𝐿𝐵𝐵 × 𝑊𝑊𝐵𝐵)⁄⁄  (3) 

here, 𝐿𝐿𝑐𝑐 and 𝑊𝑊𝑐𝑐 are the lift-up core length and core width, respectively. 

Table 1. Summary of building design variables 

Design variables Description Lower limit Upper limit 
 𝐻𝐻𝐿𝐿(𝑚𝑚) Lift-up height 4 8 
 𝐴𝐴𝐴𝐴(%) Lift-up core aspect ratio 10% 70% 

𝑁𝑁 Lift-up core number 1 6 
Design constants  Values 

𝐻𝐻𝐵𝐵(𝑚𝑚) Building height 50 
𝐿𝐿𝐵𝐵(𝑚𝑚) Building length 75 
𝑊𝑊𝐵𝐵(𝑚𝑚) Building width 25 
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Fig.5. Plan view of lift-up core arrangement for different numbers of  : (a) 𝑁𝑁 = 1; (b) 𝑁𝑁 = 2; (c) 𝑁𝑁 =
3; (d) 𝑁𝑁 = 4; (e) 𝑁𝑁 = 5; (f) 𝑁𝑁 = 6. 

3.2 Identification of objective parameters 

The mean wind velocity ratio (𝑀𝑀𝑀𝑀𝑀𝑀 ), which is defined as the mean wind velocity at 

pedestrian level normalized by the mean wind velocity at the reference height, is used in this 

study to evaluate the wind comfort parameter [3, 8]. The normalized parameter can be 

described with the following equation: 

 𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑈𝑈𝑝𝑝/𝑈𝑈𝑟𝑟 (4) 

here, 𝑈𝑈𝑝𝑝 means the mean wind velocity at pedestrian level at any point of interest; 𝑈𝑈𝑟𝑟 stands 

for the mean wind velocity at reference height (here, 200m of approach flow). 

To assess wind comfort in a quantitative manner, the area-weighted average 𝑀𝑀𝑀𝑀𝑀𝑀 (𝑀𝑀𝑀𝑀𝑀𝑀�������) 

is utilized as the objective parameter. It can be described as follows: 

 𝑀𝑀𝑀𝑀𝑀𝑀������� = ∫𝑀𝑀𝑀𝑀𝑀𝑀′ 𝑑𝑑𝑑𝑑 𝐴𝐴⁄  (5) 

where, 𝑀𝑀𝑀𝑀𝑀𝑀′ is the 𝑀𝑀𝑀𝑀𝑀𝑀 value at any location at pedestrian level, and 𝐴𝐴 is the area of the 
target region. 

For an isolated building with lift-up design, the lift-up area is defined as the void space 

formed between the ground and the building above, and the podium area is defined as the 

neighboring space outside the isolated building, as indicated in Fig. 6. Our previous studies 

indicate that the wind environment in the lift-up area is quite different from that in the podium 

area [3, 15, 18]. Thus, for a systematic description of the wind comfort around the building 



12 
 

with lift-up design, the 𝑀𝑀𝑀𝑀𝑀𝑀������� is differentiated in the lift-up area and the podium area: 𝑀𝑀𝑀𝑀𝑀𝑀�������𝐿𝐿 is 

the 𝑀𝑀𝑀𝑀𝑀𝑀������� value in the lift-up area, and 𝑀𝑀𝑀𝑀𝑀𝑀�������𝑃𝑃 is the 𝑀𝑀𝑀𝑀𝑀𝑀������� value in the podium area. 

Our previous studies showed that the lift-up design can significantly affect the wind and 

thermal environment, but only limited to the neighboring area [3, 15]. In particular, the affected 

areas are mainly within 1𝐻𝐻𝐵𝐵  in upstream region and 2𝐻𝐻𝐵𝐵in the downstream region when the 

approaching wind is normal to the building. Thus, the target region for this study is 1𝐻𝐻𝐵𝐵 

upstream, 2𝐻𝐻𝐵𝐵 downstream and 1 𝐻𝐻𝐵𝐵 lateral from the building as shown in Fig. 6. The podium 

area thus includes the upstream, downstream and lateral areas in the target region. 

 

Fig. 6. Target region for evaluation of wind comfort. 

3.3 Identification of wind comfort criteria in Hong Kong 

The Dutch wind nuisance standard NEN 8100 (2006) has been widely used for assessing 

wind comfort in recent years [9, 57]. In this criterion, the mean wind velocity of 5 m/s is used 

as the threshold wind velocity while the probability that exceeds 5 m/s is set as the standard for 

evaluate different wind comfort level. The wind comfort in Hong Kong will be considered as 

good for all activity forms when using NEN 8100 for assessment, since the mean wind velocity 

at reference height (200m) is 5 m/s in Hong Kong [3]. It can be concluded that this wind 

comfort criterion is incapable for evaluating weak wind conditions of Hong Kong. On the 

contrary, the new wind comfort criteria proposed by our earlier study [8] aims to evaluate the 

weak wind condition and the parameters are carefully chosen to adapt the weak wind conditions 

in high-density Hong Kong. Thus, the new wind comfort criteria proposed in our previous 

study is adopted in this study. 

According to new wind comfort criteria of Hong Kong [8] and AVA scheme [7], the 

minimum wind velocity to maintain an acceptable wind comfort is 1.5 m/s. Because the mean 
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wind velocity at the reference height (200m) is 5 m/s in Hong Kong, the wind environment has 

an acceptable wind comfort when the 𝑀𝑀𝑀𝑀𝑀𝑀 value is equal 0.3 or higher. If the 𝑀𝑀𝑀𝑀𝑀𝑀 value is 

lower than 0.3, the wind environment is deemed unacceptable. Because a higher wind velocity 

is generally preferred in Hong Kong, a greater 𝑀𝑀𝑀𝑀𝑀𝑀 value will be considered to result in greater 

wind comfort [3]. However, when the wind velocity exceeds 5.3 m/s, wind comfort becomes 

poor due to the strong mechanical force caused by the strong wind [8]. Thus, wind comfort is 

acceptable with in a 𝑀𝑀𝑀𝑀𝑀𝑀 value range of 0.3 to 1.06, and a larger value means better wind 

comfort in this study. 

4. CFD validation 

4.1 Turbulence model 

The detached-eddy simulation (DES) model, which is a well-known hybrid RANS and LES 

approach [46], is selected here to reproduce the wind flow at pedestrian level. Because it can 

produce similar prediction results for the wind flow around an isolated building at a lower 

computational cost than LES [33, 35]. During the CFD simulation, the flow is treated as an 

incompressible Newtonian fluid and the air density change due to solar heating of stagnant air 

is not considered in this study. For an isothermal turbulent incompressible flow, the governing 

equations of mass and momentum can be described as follows: 

 𝜕𝜕𝑢𝑢�𝑖𝑖 𝜕𝜕𝑥𝑥𝑖𝑖⁄ = 0 (6) 

 𝜕𝜕𝑢𝑢�𝑖𝑖
𝜕𝜕𝜕𝜕

+ 𝜕𝜕𝑢𝑢�𝑖𝑖𝑢𝑢�𝑗𝑗
𝜕𝜕𝑥𝑥𝑗𝑗

= 1
𝜌𝜌

( 𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

(𝜈𝜈 𝜕𝜕𝑢𝑢�𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗

) − 𝜕𝜕𝑃𝑃�

𝜕𝜕𝑥𝑥𝑖𝑖
− 𝜕𝜕𝜏𝜏𝑖𝑖𝑖𝑖

𝜕𝜕𝑥𝑥𝑗𝑗
) (7) 

here, the overbars indicate the filtering operator;  𝑡𝑡  is the time; 𝑢𝑢𝑖𝑖  and 𝑢𝑢𝑗𝑗  are the velocity 

component; 𝜌𝜌  is the density, and for incompressible assumption here, 𝜌𝜌 = 1; 𝜈𝜈  stands for 

viscosity; 𝑃𝑃 represents the pressure; 𝜏𝜏𝑖𝑖𝑖𝑖 is the sub-grid scale (SGS) stress term that arisen by 

turbulence model and is defined by Equation (8). 

 𝜏𝜏𝑖𝑖𝑖𝑖 ≡ 1 𝜌𝜌⁄ (𝑢𝑢𝚤𝚤𝑢𝑢𝚥𝚥����� − 𝑢𝑢�𝑖𝑖𝑢𝑢�𝑗𝑗) (8) 

The DES modelling approach is based on the one equation Spalart-Allmaras (S-A) eddy 

viscosity model, which provides solution of a modelled transport equation for the turbulent 

viscosity variable (𝜈𝜈�) [47]. The description of the S-A eddy viscosity model is as follows: 

 𝜕𝜕𝜈𝜈�
𝜕𝜕𝜕𝜕

+ 𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

(𝜈𝜈�𝑢𝑢𝑖𝑖) = 𝐶𝐶𝐷𝐷1𝑆̃𝑆𝑣𝑣𝜈𝜈� + 1
𝜎𝜎𝑣𝑣

{∇ ∙ [(𝜈𝜈 + ν�)∇𝜈𝜈�] + 𝐶𝐶𝐷𝐷2(∇𝜈𝜈�)2} − 𝑐𝑐𝑤𝑤𝑓𝑓𝑤𝑤 �
𝜈𝜈�
𝑑𝑑
�
2
 (9) 

In Equation (9), the left-hand side contains a local change term and a convective term; and 

the right-hand side includes a production term, a diffusion term and a destruction term. The 
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related constants are 𝐶𝐶𝐷𝐷1 = 0.1355, 𝜎𝜎𝑣𝑣 = 2 3⁄ , 𝐶𝐶𝐷𝐷2 = 0.622, 𝑐𝑐𝑤𝑤 = 0.1355 𝑘𝑘2⁄ + 2.433. 𝑓𝑓𝑤𝑤 

is wall destruction function. 𝑑𝑑 is the distance from the first node to the wall surface. The 

relationship between the new eddy viscosity variable (𝜈𝜈�) and the eddy viscosity variable (𝜇𝜇𝑡𝑡) 

can be described by Equation (10). 

 𝜇𝜇𝑡𝑡 = 𝜈𝜈�𝑓𝑓𝜈𝜈1, 𝑓𝑓𝜈𝜈1 = 𝜒𝜒3

𝜒𝜒3+𝐶𝐶𝜈𝜈3
, χ ≡ 𝜈𝜈�

𝜈𝜈
 (10) 

here, 𝐶𝐶𝑣𝑣 is a constant, which equals to 7.1; and 𝑓𝑓𝜈𝜈1 and χ are intermediate variables. In the 

hybrid DES modelling approach, the RANS mode is used in the boundary layer and the LES 

mode is activated in the flow separation area. Moreover, the above standard formulation of the 

S-A model, which is defined by Equation (9), is modified into an unsteady mode by DES 

treatment and the length scale 𝑑𝑑 is revised by a new parameter 𝑑̃𝑑 as follows: 

 𝑑̃𝑑 = min (𝑑𝑑,𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷∆𝑚𝑚𝑚𝑚𝑚𝑚) (11) 

here, the filter spacing ∆𝑚𝑚𝑚𝑚𝑚𝑚  is the largest grid spacing in the x, y, or z directions (∆𝑚𝑚𝑚𝑚𝑚𝑚=

max (Δ𝑥𝑥,Δ𝑦𝑦,Δ𝑧𝑧) ). The empirical constant 𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷  is 0.65 [48]. The revised parameter 𝑑̃𝑑 

guarantees the switching process of the DES treatment between RANS and LES modes. When 

𝑑𝑑 > ∆𝑚𝑚𝑚𝑚𝑚𝑚, the LES mode is active; otherwise, the RANS mode is used. Notably, inaccurate 

prediction results will occur during DES modelling if the LES mode is used in insufficient fine 

boundary layers and shallow separation regions. Thus, Spalart et al. [49] revised the standard 

DES modelling approach into Delayed DES model by re-defining the DES length scale 𝑑̃𝑑, 

which ensures that the RANS mode is used throughout the boundary layer. The DES length 

scale of 𝑑̃𝑑 is redefined by: 

 𝑑̃𝑑 = 𝑑𝑑 − 𝑓𝑓𝑑𝑑max (0,𝑑𝑑 − 𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷∆𝑚𝑚𝑚𝑚𝑚𝑚) (12) 

 𝑓𝑓𝑑𝑑 ≡ 1 − 𝑡𝑡𝑡𝑡𝑡𝑡ℎ([8𝑅𝑅𝑑𝑑]3) , 𝑅𝑅𝑑𝑑 ≡
𝜈𝜈𝑡𝑡+𝜈𝜈

𝜅𝜅2𝑑𝑑2�𝑈𝑈𝑖𝑖,𝑗𝑗𝑈𝑈𝑖𝑖,𝑗𝑗
 (13) 

where, 𝜈𝜈𝑡𝑡 is kinematic eddy viscosity and 𝜈𝜈 stands for molecular viscosity. 𝜅𝜅 is the Karman 

constant with a value of 0.41 and 𝑈𝑈𝑖𝑖,𝑗𝑗  are velocity gradients; 𝑓𝑓𝑑𝑑  and 𝑅𝑅𝑑𝑑  are intermediate 

variables. 

Based on the above discussion and recommendations from the literature [15, 33, 50], the 

Delayed DES model is selected for this study to simulate the pedestrian level wind environment.  

4.2 Building description  

The experimental data from the wind tunnel tests conducted by Xia et al. [45] in regards to 

the wind flow around an isolated building with lift-up design were employed in this study for 
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validation purpose, which were carried out in the high-speed of the CLP power wind/wave 

tunnel facility at the Hong Kong University of Science and Technology. The building geometry 

and dimensions are the same as the schematic diagram shown in Fig.7, in which three structural 

pillars were used to “lift” the building. The building dimensions are 50m(𝐻𝐻𝐵𝐵) × 75m(𝐿𝐿𝐵𝐵) ×

25m(𝑊𝑊𝐵𝐵), and those of the three pillars are 8m(D) × 8m(d) × 3.5m(𝐻𝐻𝐿𝐿). The arrangement of 

pillars are the same as that presented in Fig. 5(c). The building with lift-up design was 

constructed on a geometric scale of 1:200, and this scale is also adopted for all CFD simulations 

in this study. The wind profile followed the form of power law with the exponent of 0.2 

(𝑈𝑈(𝑧𝑧) 𝑈𝑈𝑟𝑟⁄ = (𝑍𝑍 𝑍𝑍𝑟𝑟)⁄ 0.2) with the mean wind velocity (𝑈𝑈𝑟𝑟) of 10m/s at the reference height (150m 

in prototype scale; 0.75m in model scale). The inflow wind profile (𝑈𝑈(𝑧𝑧)) and the turbulence 

intensity (𝐼𝐼(𝑧𝑧)) for the wind tunnel tests and CFD simulation are presented in Fig.7 (a). It should 

be mentioned that the similarity requirements were carefully checked during the wind tunnel 

tests with a Reynolds number of 8.2 × 104 at the reference building height, which guaranteed 

the Reynolds number independence during the tests. More detailed information on the wind 

tunnel tests can be found in the literatures [3, 15, 45]. 

4.3 Boundary conditions and numerical details 

The description of the computational domain and boundary conditions are presented in Fig.7 

(b), which comply with the recommendations of the best practice guidelines (BPGs) for CFD 

simulations [40, 41]. The resulting blockage ratio is only 1.04%, which is far lower than 

recommended limit value of 3% [40,41]. It should be noted that structural hexahedral grids 

were used to discretize the entire computational domain. The quality of the grids is very high, 

which can be seen in Fig. 11, and at least five cells have been placed at pedestrian level as 

suggested by the BPGs [40, 41]. As for RANS model setting of the Delayed DES model, the 

realizable 𝑘𝑘 − 𝜀𝜀 is used in this study. The pressure and momentum equations were coupled by 

utilizing the PISO algorithm, and the bounded central differencing and second-order upwind 

scheme were used for the convective term and the diffusion term, respectively. The residuals 

of all the calculations were set at 10−5 during the simulation.  
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Fig.7. Boundary conditions and validation lines: (a) Wind inflow profile of the normalized mean wind 

velocity and turbulence intensity; (b) Computational domain of the CFD simulation; (c) Validation 
lines at the pedestrian level (𝑍𝑍 𝐻𝐻⁄ = 0.04). 

4.4 Sensitivity test 

As indicated by previous studies of transient turbulence models [15, 16, 37, 50], three 

important computational parameters should be tested during the sensitivity test process, namely 

grid size, discretization time step and sampling time. Based on previous studies by Liu and Niu 

[15, 16, 33], the discretization time steps (∆𝑡𝑡) of 0.01, 0.005 and 0.001 s were tested to obtain 

the independence of ∆𝑡𝑡 . Moreover, the non-dimensional sampling time unit 𝑡𝑡∗ , which is 

defined as 𝑡𝑡∗ = 𝑡𝑡 × ⟨𝑈𝑈𝐻𝐻⟩/𝐻𝐻, is utilized to represent the length of sampling time. Three values 

of 𝑡𝑡∗ (320, 416, and 480) were selected to determine the independence of 𝑡𝑡∗, which correspond 

with real periods (𝑡𝑡) of 10, 13 and 15 s. The independence test results of some important 

computational parameters for the DES model are summarized in Table 2, which includes 

various minimum grid sizes, time step sizes and sampling times. Table 2 also shows that DES-

1, DES-2, and DES-3 are used for grid sensitivity test; DES-2, DES-4, and DES-5 for time step 

sensitivity test; DES-2, DES-6 and DES-7 for sensitivity test of sampling time.  

Table 2. Different arrangements of computational parameters 

Case Min grid size (m) ∆𝑡𝑡 (s) 𝑡𝑡∗ 
DES-1 0.001 0.005 320 
DES-2 0.0005 0.005 320 
DES-3 0.00025 0.005 320 
DES-4 0.0005 0.01 320 
DES-5 0.0005 0.001 320 
DES-6 0.0005 0.005 416 
DES-7 0.0005 0.005 480 
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Fig. 8 presents the results of the sensitivity test in the line of 𝑋𝑋 𝐻𝐻⁄ = 0.75 at pedestrian level. 

Three grid systems are constructed for grid sensitivity test (see Fig. 9), with minimum grid 

sizes of 0.001, 0.0005 and 0.00025 m. The corresponding numbers of cells for these grid 

systems are 2.9 million, 4.1 million, and 5.9 million, respectively. Fig.8 (a) shows that the 

results given by DES-2 and DES-3 are nearly the same, whereas those of DES-1 show large 

discrepancies, which suggests that the minimum grid size of 0.0005 m is sufficiently fine for 

the DES simulation. For the time step sensitivity test, Fig. 8 (b) illustrates that DES-3 and DES-

5 have the similar prediction results, whereas DES-4 shows evident differences from the others, 

which suggests that ∆𝑡𝑡 of 0.005 s is sufficient to model the wind environment around the 

building. Meanwhile, the comparison results in Fig. 8(c) are almost the same for DES-3, DES-

6 and DES-7. Thus, taking into consideration the simulation accuracy and computational costs, 

the computational parameters used in DES-3 are sufficient to model pedestrian level wind 

environment in this study.          

 (a)  (b)  (c)  
Fig. 8 Sensitivity test results for the DES model: (a) grid sensitivity test; (b) time step sensitivity test; 

(c) sampling time sensitivity test. 

 

(a)

 

(b)

 

(c)

 
Fig. 9 Mesh information on vertical plan of 𝑌𝑌 𝐻𝐻⁄ = 0: minimum grid sizes of (a) 0.001 m; (b) 0.0005 

m; (c) 0.00025 m. 

4.5 Validation results 

The validation lines at pedestrian level for which the experimental data and the simulation 

results are compared are shown schematically in Fig. 7(c). Four points (S1, S2, S3, and S4) are 

chosen to present the time history of the sampling wind velocity 𝑈𝑈. It should be mentioned that 
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the mean wind velocities are used for validation purposes. Moreover, the validation of these 

wind tunnel tests was presented in our earlier study [3]. The numerical methods and boundary 

conditions were also described in detail in our earlier study [3]. In particular, the 

Renormalizations Group (RNG) 𝑘𝑘 − 𝜀𝜀  model was used in the earlier validation. Fig. 10 

presents the comparison results between these CFD models against the experimental data. As 

shown in Fig. 10, the DES model and the RANS model both generally agree with the wind 

tunnel test results, especially at the windward side. However, the DES model presents better 

prediction results than the RANS model (RNG 𝑘𝑘 − 𝜀𝜀 model) at the leeward side of the building. 

Thus, DES model can reproduce the wind flow at pedestrian level better than that of RANS 

model. Even though the prediction results slightly overestimate the wind velocity at some 

points, the validation results indicate that the DES model can be utilized to simulate the wind 

flow at pedestrian level around the building with lift-up design. In addition to the validation 

results, the fluctuation characteristic of four sampling points, which are on the center line of 

the building as indicated in Fig.7 (c), are also presented here. Fig. 11 shows the time history of 

𝑀𝑀𝑀𝑀𝑀𝑀 values for the four sampling points. The fluctuations of Point S1 and Point S2 are more 

evident than those of Point S3 and Point S4, which means that the LES model is active in the 

regions of Point S1 and Point S2, whereas the RANS model is active in the regions around 

Point S3 and Point S4. Because Point S3 and Point S4 are farther from the building than Point 

S1 and Point S2, and the relevant mesh density is coarser in regions away from the building 

than in those near the building. From the these results, it can be argued that the DES modelling 

technique is a good choice for prediction of the pedestrian level wind environment around an 

isolated building with lift-up design.  

(a)

 

(b)

 

(c)

 

(d)

 
Fig.10 Comparison of MVR results between CFD simulations and experimental data: (a) 𝑋𝑋 𝐻𝐻⁄ =

−0.25; (b) 𝑋𝑋 𝐻𝐻⁄ = 0.75; (c) 𝑋𝑋 𝐻𝐻⁄ = −2.0; (d) 𝑋𝑋 𝐻𝐻⁄ = 3.25. 
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Fig.11 Time history of monitored 𝑀𝑀𝑀𝑀𝑀𝑀 values at four sampling points: (a) Point S1; (b) Point S2; (c) 
Point S3; (d) Point S4. 

 

5. Results and discussion 

5.1 Development of response surface model 

In this study, the BBD is utilized as the DOE scheme, and the software of Design Experts 

software is used for experimental design. The dataset generated by BBD design and the results 

obtained from CFD simulation are listed in Table 3. It should be mentioned that the center 

design point is repeated several times during the CFD simulations.  

Table 3. BBD-based design dataset and obtained CFD results 

Design points 𝑀𝑀𝑀𝑀𝑀𝑀�������𝐿𝐿 𝑀𝑀𝑀𝑀𝑀𝑀�������𝑃𝑃 𝐻𝐻𝐿𝐿(𝑚𝑚) 𝐴𝐴𝐴𝐴(%) 𝑁𝑁 
6 40 3 0.403 0.473 
4 40 6 0.469 0.450 
6 10 1 0.512 0.473 
8 40 1 0.371 0.469 
4 70 3 0.355 0.446 
6 10 6 0.607 0.505 
8 70 3 0.361 0.451 
4 40 1 0.365 0.450 
8 40 6 0.468 0.451 
6 70 1 0.340 0.461 
6 70 6 0.420 0.439 
4 10 3 0.521 0.469 
8 10 3 0.530 0.482 
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After performing the CFD simulations listed in Table 3, the obtained results are used to 

determine the RSM models in the lift-up area and podium area. The Linear (first-order) and 

Quadratic (second-order) models of Eq. (2) are used to obtain the coefficients of the model. 

The backward regression method is utilized to eliminate the insignificant terms of the model. 

The established RSM models for prediction of 𝑀𝑀𝑀𝑀𝑀𝑀�������𝐿𝐿 and 𝑀𝑀𝑀𝑀𝑀𝑀�������𝑃𝑃 are shown in Table 4 and 

Table 5, respectively. Moreover, the regression analysis parameters of Predicted R2 and 

Adjusted R2 are employed to indicate the goodness of the response models to predict the 

responding values. The closer the R2 values are to one, the greater the predictive ability of the 

response models. Noted that Adjusted R2 is a modification of Predicted R2, which adjusts for 

the number of explanatory terms. It can be seen from Table 4 and Table 5 that the Linear (first-

order) formulated models are not suitable for fitting the models for 𝑀𝑀𝑀𝑀𝑀𝑀�������𝐿𝐿 and 𝑀𝑀𝑀𝑀𝑀𝑀�������𝑃𝑃, whereas 

the Quadratic (second-order) formulated models are in good agreement with the obtained 

values 𝑀𝑀𝑀𝑀𝑀𝑀�������𝐿𝐿  and 𝑀𝑀𝑀𝑀𝑀𝑀�������𝑃𝑃  with CFD simulation results. Therefore, the RSM models of 

Quadratic (Second-order) approximations are adopted in this study. Meanwhile, the Quadratic 

approximations that the established models contain the terms 𝐻𝐻𝐿𝐿 × 𝑁𝑁  and 𝐴𝐴𝐴𝐴 × 𝑁𝑁 , which 

indicates the interactive effect of the design variables. 

Table 4 Established RSM models for predicting 𝑀𝑀𝑀𝑀𝑀𝑀�������𝐿𝐿 

RSM model RSM vs. simulation plot 
Linear (first-order) model  

𝑀𝑀𝑀𝑀𝑀𝑀�������𝐿𝐿 = 0.48 + 0.001𝐻𝐻𝐿𝐿 − 0.29𝐴𝐴𝐴𝐴 + 0.018𝑁𝑁 

 
  

Quadratic (second-order) model  

𝑀𝑀𝑀𝑀𝑀𝑀�������𝐿𝐿 = 0.547 + 0.003𝐻𝐻𝐿𝐿 − 0.651𝐴𝐴𝐴𝐴 + 
2.07 × 10−3𝑁𝑁 − 2 × 10−4𝐻𝐻𝐿𝐿 × 𝑁𝑁 − 4.33 × 10−3𝐴𝐴𝐴𝐴 × 𝑁𝑁 
+0.489𝐴𝐴𝐴𝐴2 + 2.73 × 10−3𝑁𝑁2 
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Table 5. Established RSM models for predicting 𝑀𝑀𝑀𝑀𝑀𝑀�������𝑃𝑃 

RSM model RSM vs. simulation plot 
Linear (first-order) model  

𝑀𝑀𝑀𝑀𝑀𝑀�������𝑃𝑃 = 0.467 + 2.375 × 10−3𝐻𝐻𝐿𝐿 − 0.055𝐴𝐴𝐴𝐴 
+4 × 10−4𝑁𝑁 

 
  

Quadratic (second-order) model  

𝑀𝑀𝑀𝑀𝑀𝑀�������𝑃𝑃 = 0.453 + 5.53 × 10−3𝐻𝐻𝐿𝐿 − 0.122𝐴𝐴𝐴𝐴 + 
3.62 × 10−3𝑁𝑁 − 9 × 10−4𝐻𝐻𝐿𝐿 × 𝑁𝑁 − 0.018𝐴𝐴𝐴𝐴 × 𝑁𝑁 
+0.163𝐴𝐴𝐴𝐴2 + 1.23 × 10−3𝑁𝑁2 

 
  

 

The adequacy of the RSM models established above are verified by analysis of variance 

(ANOVA), and checked at the 95% confidence level. Table 6 shows the results from the 

ANOVA analysis of the established RSM models. The p-values for regressions are below 

0.0001 (with F-ratio values over 50), which means that the regression models are significant 

and good to fit. Moreover, the p-values for Lack-of-fit tests are over 0.2 (>0.05), which implies 

that the quadratic models are adequate for this study. 

Table 6. Analysis of variance (ANOVA) for established RSM models 

 Variation source F-ratio P-value Significance 

Quadratic model for 𝑀𝑀𝑀𝑀𝑀𝑀�������𝐿𝐿 Regression 67.57 <0.0001 Significant 
Lack-of-fit 1.84 0.2852 Not significant 

Quadratic model for 𝑀𝑀𝑀𝑀𝑀𝑀�������𝑃𝑃 Regression 52.44 <0.0001 Significant 
Lack-of-fit 2.30 0.2195 Not significant 

 

5.2 Verification of RSM models 
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To verify the RSM models established in Section 5.1, four random datasets within the design 

space are selected. Table 7 summarizes the detailed information of the dataset and verification 

results, and compares the values predicted by CFD and the established RSM model. It can be 

concluded that the established RSM models show good agreement with the CFD simulation 

results, which in turn proves the goodness of fit of the established models for this study. 

Table 7. Validation dataset for established RSM models 

Design Points 𝑀𝑀𝑀𝑀𝑀𝑀�������𝐿𝐿 𝑀𝑀𝑀𝑀𝑀𝑀�������𝑃𝑃 
𝐻𝐻𝐿𝐿(𝑚𝑚) 𝐴𝐴𝐴𝐴(%) 𝑁𝑁 CFD RSM CFD RSM 

5 20 2 0.466 0.460 0.465 0.459 
5 60 4 0.374 0.377 0.434 0.439 
7 30 2 0.429 0.420 0.467 0.468 
7 50 5 0.418 0.416 0.450 0.453 

 

5.3 Correlation of parameters 

The influences of each design variable on the respondent values of 𝑀𝑀𝑀𝑀𝑀𝑀�������𝐿𝐿 and 𝑀𝑀𝑀𝑀𝑀𝑀�������𝑝𝑝 are 

investigated by conducting the Parameters Correlation analysis [51]. The Spearman’s rank 

correlation method is employed to ascribe the degree between the design variables and the 

relevant output values. To use the Spearman’s rank correlation method, 90 unique and random 

data sets are generated via the Latin Hypercube Sampling methods, which considers 5% 

deviation of correlations [51]. The estimated correlation values between the three design 

variables and the respondent values are summarized in Table 8. The correlation values between 

lift-up aspect ratio (𝐴𝐴𝐴𝐴) and the respondent values are negative, which means that the values 

of 𝑀𝑀𝑀𝑀𝑀𝑀�������𝐿𝐿 and 𝑀𝑀𝑀𝑀𝑀𝑀�������𝑝𝑝 will benefit from the decrease of lift-up blockage. In addition, the absolute 

correlation values of 𝐴𝐴𝐴𝐴  are largest both for 𝑀𝑀𝑀𝑀𝑀𝑀�������𝐿𝐿  and 𝑀𝑀𝑀𝑀𝑀𝑀�������𝑝𝑝  among the three design 

variables, as shown in Table 8, which suggests that the lift-up aspect ratio is the most influential 

design variable for evaluation of 𝑀𝑀𝑀𝑀𝑀𝑀�������𝐿𝐿  and 𝑀𝑀𝑀𝑀𝑀𝑀�������𝑝𝑝 . However, for the other two design 

variables, the lift-up core number is the second most influential design variable when 

evaluating 𝑀𝑀𝑀𝑀𝑀𝑀�������𝐿𝐿 and the lift-up height is the second most influential design variable when 

evaluating 𝑀𝑀𝑀𝑀𝑀𝑀�������𝑝𝑝.  

The correlations between the design variables are also examined in this study and are 

presented in Table 8. The absolute values of correlation are around zero, which indicates little 

relevance between these design variables. Thus, it is safe to say that no strong relationship 

exists between the selected variables in this study.  
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Table 8. Correlation values between design variables and respondent values 

 
 𝑀𝑀𝑀𝑀𝑀𝑀�������𝐿𝐿 𝑀𝑀𝑀𝑀𝑀𝑀�������𝑃𝑃 

Design variables 𝐻𝐻𝐿𝐿 𝐴𝐴𝐴𝐴 𝑁𝑁 𝐻𝐻𝐿𝐿 𝐴𝐴𝐴𝐴 𝑁𝑁 
Correlation values 0.358 -0.877 0.586 0.436 -0.739 0.167 

 

 

5.4 Optimization results 

To improve the pedestrian level wind comfort, the commonly used GA optimization method 

is used to obtain the optimum wind comfort around an isolated building with lift-up design. 

Because the priority of the paper is to find the design variables for the optimum wind comfort, 

as well as the space of the paper is limited, detailed information on GA can be found in 

literature [52-54].   

After using the GA optimization method, the best respondent result is obtained, and the 

relevant design variables are identified. It is found that the design point of 𝐻𝐻𝐿𝐿 is 8 m, 𝐴𝐴𝐴𝐴 is 

10% and 𝑁𝑁 is 6 produce the best response results both for 𝑀𝑀𝑀𝑀𝑀𝑀�������𝐿𝐿 and 𝑀𝑀𝑀𝑀𝑀𝑀�������𝑃𝑃. Apparently, the 

design variables are reaching their ceiling values within the design range for achieving the most 

desirable wind comfort, which consists with the previous findings [18]. The optimal values of 

the 𝑀𝑀𝑀𝑀𝑀𝑀�������𝐿𝐿 and 𝑀𝑀𝑀𝑀𝑀𝑀�������𝑃𝑃 are 0.711 and 0.499, respectively. The iterative computation process of 

the two objectives are shown in Fig. 12. The optimal values are obtained around 100 iterations 

and the best values are kept for 500 generations to ensure an accurate outcome. 

To verify the optimized 𝑀𝑀𝑀𝑀𝑀𝑀�������𝐿𝐿  and 𝑀𝑀𝑀𝑀𝑀𝑀�������𝑃𝑃  values predicted by the RSM models, CFD 

simulation is conducted again with the design variables obtained above. The simulated results 

for 𝑀𝑀𝑀𝑀𝑀𝑀�������𝐿𝐿 and 𝑀𝑀𝑀𝑀𝑀𝑀�������𝑃𝑃 are 0.719 and 0.502, respectively, which agrees well with those predicted 

with the RSM models. Thus, it can be concluded that the best design point is that 𝐻𝐻𝐿𝐿 is 8m, 𝐴𝐴𝐴𝐴 

is 10% and 𝑁𝑁 is 6.  
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(a)  (b)  
Fig.12 Iterative computation process: (a) Optimization process of 𝑀𝑀𝑀𝑀𝑀𝑀�������𝐿𝐿; (b) Optimization process of 

𝑀𝑀𝑀𝑀𝑀𝑀�������𝑃𝑃. 

5.5 Optimum pedestrian level wind comfort 

The obtained initial (validation case) and best (optimal case) pedestrian level wind 

environments are presented in Fig.13. In general, the wind environment at pedestrian level is 

improved by the optimization method, especially in the upstream near-field low wind velocity 

zone, the lift-up high wind velocity zone and the downstream near-field wind velocity zone. 

As indicated in Section 3.3, the wind environment has acceptable wind comfort when the 𝑀𝑀𝑀𝑀𝑀𝑀 

value is between 0.3 and 1.06, and a higher value of 𝑀𝑀𝑀𝑀𝑀𝑀 indicates greater wind comfort [3]. 

The wind comfort in upstream area in Fig.13 (a) is unacceptable, whereas the wind comfort in 

the upstream area in Fig.13 (b) is acceptable. Besides, a large portion of the lift-up area has 

unacceptable wind comfort, especially behind the lift-up cores (see Fig. 13 (a)). However, Fig. 

13 (b) shows that the unacceptable wind comfort is reduced significantly after the optimization 

process. Furthermore, the wind comfort of the leeward side near the building is much better in 

Fig. 13 (b) than in Fig. 13 (a). It should be noted that if the 𝑀𝑀𝑀𝑀𝑀𝑀 value is over 1.06, the wind 

comfort becomes unacceptable [8], and strong wind conditions may be dangerous to 

pedestrians. However, there is no such high wind velocity zone that causes wind nuisance to 

pedestrians in Fig. 13. Therefore, it can be concluded from the above information that the 

proposed optimization method can effectively improve the wind comfort at pedestrian level 

around an isolated building with lift-up design.  
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(a)  (b)  
Fig. 13. Comparison results of pedestrian level wind environment: (a) validation case; (b) optimal 

case. 

5.6 Discussion 

This investigation intends to provide a generalized study to determine the optimum wind 

comfort around an isolated building with lift-up design by using the proposed multi-variable 

optimization method. Only one type of building dimension is considered in this paper. However, 

the building dimensions have been identified to have influence on pedestrian level wind 

environment in the previous study [56]. Further studies are still needed to fully apply the results 

to building with different dimensions. 

In this study, the combination of the RSM meta-model with CFD simulation results 

successfully predicts the relationship between the lift-up design variables and wind comfort. 

Moreover, the optimum wind comfort around the building is determined. In particular, the 

utilization of BBD method is proven to perform well during the optimization process. However, 

other DOE methods, including CCD, OPD and FFD methods, have also been found to be 

reliable during optimization process [19,21,23, 25, 55]. Thus, comprehensive investigations of 

the influence of various DOE methods on optimized results can be carried out in the future 

study. 

It has been identified that the approaching wind direction can affect the wind flow field 

around the building [3]. Thus, further investigations are still required to study the optimal 

results under different approaching wind directions. In addition, the local wind statistics should 

be considered in actual application of the proposed multi-variable optimization method. 
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6. Conclusions 

This study focuses on determination of the optimum lift-up design parameters for optimal 

wind comfort around an isolated building with lift-up design. An integrated computational 

optimization method is proposed that combines the RSM meta-model with CFD simulation 

results. Considering the computational costs and prediction accuracy, the DES modelling 

technique is employed to complete the CFD simulations. Three design variables are varied 

simultaneously during the optimization process: lift-up height (𝐻𝐻𝐿𝐿), lift-up core aspect ratio 

(𝐴𝐴𝐴𝐴) and lift-up core number (𝑁𝑁). After following the optimization method, the relationships 

between the design variables and wind comfort are established. The adequacy of the models is 

analyzed by ANOVA and the models are verified by comparing obtained results with four 

randomly selected datasets. In addition, the GA optimization method is utilized to obtain the 

optimum wind comfort from the established RSM model.    

The main findings of the study are summarized as follows: (i) within the range of design 

variables, an 𝐻𝐻𝐿𝐿 of 8 m, an 𝐴𝐴𝐴𝐴 of 10%, and an 𝑁𝑁 of 6 produce the best response results for both 

𝑀𝑀𝑀𝑀𝑀𝑀�������𝐿𝐿 and 𝑀𝑀𝑀𝑀𝑀𝑀�������𝑃𝑃. (ii) The lift-up design variables influence the wind comfort on a different 

level. (iii) The lift-up aspect ratio is the most influential parameter for evaluation of 𝑀𝑀𝑀𝑀𝑀𝑀�������𝐿𝐿 and 

𝑀𝑀𝑀𝑀𝑀𝑀�������𝑝𝑝 . Moreover, the lift-up core number is the second most influential parameter when 

evaluating 𝑀𝑀𝑀𝑀𝑀𝑀�������𝐿𝐿 , whereas the lift-up height prevails over the lift-up core number when 

evaluating 𝑀𝑀𝑀𝑀𝑀𝑀�������𝑝𝑝. 

In general, the results clearly demonstrate that the proposed multi-variable optimization 

method can be successfully used to obtain parameters for optimum wind comfort around an 

isolated building with lift-up design. The correlation between the design variables and wind 

comfort can also be obtained from this method. Furthermore, this study serves as a good 

demonstration of the application of the optimization method that can also be used in similar 

studies. For practical design, the core aspect ratio should be low and the lift-up design should 

have multiple cores. Moreover, the lift-up core aspect ratio should assume a higher priority 

than the other two design variables when constructing the lift-up design. The outcomes of this 

study can also be of value to improve wind comfort in high-rise cities such as, Hong Kong.   
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