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건성 침적 효과를 고려한 이상 화학작용제 확산 모델 개발 

 

한 상 철 

 

부경대학교 대학원 환경대기과학과 

 

요  약 

 

본 연구에서는 비반응성 이상 화학작용제의 확산 모델을 개발하였다. 개발한 확산 모델을 고해상

도 전산유체역학(computational fluid dynamics, CFD) 모델과 결합하여 도시 협곡에서 이상 화학작

용제의 확산 특성을 조사하였다. 도시 협곡의 풍상측 건물에서 액체상 화학작용제가 살포된다는 가

정하에 액체상 화학작용제의 기화 현상을 고려하여 풍속, 증발률, 건성 침적 속도 등 다양한 환경 

변수들이 이상 화학작용제의 확산에 미치는 영향을 분석하였다. 유입 풍속 증가는 액체상 화학작용

제 농도를 도시 협곡 위에서는 감소시키지만 도시 협곡 내부로의 유입을 증가시켜 도시 협곡 내부 

농도를 증가시켰다. 건성 침적 속도가 증가할수록 풍하측 건물 근처에서 건성 침적에 의한 농도 감

소가 크게 나타났다. 액체상 화학작용제의 증발율이 증가할수록 기체상 화학작용제 농도는 증가하

였지만, 확산 범위는 크게 변하지 않았다. 도시 협곡에서 화학작용제 확산과 건성 침적이 유입 풍

속과 증발율에 의해 크게 영향을 받을 수 있음을 확인하였다. 본 연구에서는 이상 화학작용제의 확

산 모델을 개발하고 이상화된 도시 협곡에서 이상 화학작용제의 확산 특성을 조사하였다. 향후, 개

발한 확산 모델 검증과 실제 도시 환경에서의 적용 가능성을 확보를 위한 추가 연구가 필요하다. 
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Ⅰ. Introduction 

 

Increasing urbanization raises concerns regarding potential combat 

scenarios, urban warfare, and the heightened threat of terrorism 

employing chemical and biochemical weapons. Following the significant 

9/11 attacks, substantial efforts have been dedicated to formulating 

strategies to counter explosive terrorism (Song and Yoon, 2012). The 

global trend indicates a growing utilization of biochemical agents, 

including chemical weapons, amplifying the risk associated with 

explosive terrorism. Chemical agents, encompassing toxic substances 

in liquid, gas, or solid states, possess the potential for direct harm to 

humans, animals, and plants. They are categorized into groups such as 

blood, asphyxiant, blister, and nerve agents, with blister and nerve 

agents being particularly potent and often used as military-grade 

chemical weapons (Choi et al., 2015). Furthermore, the dispersal 

capabilities of chemical agents in the form of gas, liquid, or aerosols 

endow them with rapid and lethal effects on humans (FOLLOWS, 2005). 

Notably, the Tokyo subway attack in 1995 involved the use of Sarin, a 

nerve agent, resulting in 12 fatalities and over 5,000 injuries 

(Yanagisawa et al., 2006). 

Chemical agents exhibit varying dispersion and deposition effects 

depending on factors such as particle size, evaporation rate, and 

distribution coefficient. These agents are released as aerosols in the 

liquid or gaseous state and can either settle to the ground or remain 

suspended in the atmosphere, depending on their particle size. They 

initially form primary agent clouds and subsequently generate 

secondary agent clouds as they evaporate from the surface or while 
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suspended in the air (Kukkonen et al., 2001). Numerical modeling 

studies considering the deposition effects of chemical agents are 

relatively limited. To better understand the dispersion characteristics 

of chemical agents, there is a need for diffusion behavior models that 

account for the properties of these agents and consider deposition 

effects. Various military chemical and biological models, such as HPAC 

(Hazard Prediction and Assessment Capability) and CATS 

(Consequences Assessment Tool Set), have been developed and 

utilized in research, particularly by the U.S. DTRA (Defense Threat 

Reduction Agency), to assess and understand the behavior of chemical 

agents (DTRA, 2007). In South Korea, the Agency for Defense 

Development (ADD) has developed its own NBC-RAMS (nuclear, 

biological, and chemical reporting and modeling software system) as a 

military chemical and biological modeling. However, these models have 

low spatial resolution, limiting their ability to directly resolve buildings 

or other obstacles. There is a notable scarcity of research on dispersion 

modeling of hazardous chemical agents. Particularly, rapid urbanization 

has led to an increase in building height, density, and the prevalence of 

urban street canyons, which are spaces between buildings (Kim et al., 

2015). Consequently, to conduct research on the dispersion 

characteristics of chemical agents in urban areas where the potential 

for chemical agent-based terrorism is higher, there is a critical need 

for high-resolution modeling systems capable of directly representing 

buildings. Computational Fluid Dynamics (CFD) models offer high 

spatial resolution to dissect complex terrain and building structures, 

realistically reproducing the diffusion of atmospheric pollutants at a 

detailed scale (Wang and Kim, 2015). The flow within urban street 

canyons can be influenced by meteorological conditions such as wind 
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speed and turbulence intensity (Kim et al., 2021; Chen et al., 2021). 

Additionally, it can exhibit diverse and intricate flow patterns depending 

on factors such as building aspect ratio, height, road width, and other 

conditions. While research on flow characteristics and the behavior of 

air pollutants in urban street canyons has been actively pursued 

(Vardoulakis et al., 2003; Ahmad et al., 2005; Hayati et al., 2019; Kang 

and Kim, 2023), studies focusing on the behavior characteristics of 

different chemical agents within urban street canyons are rare. 

In this study, we aim to develop a diffusion model that accounts for 

dry deposition effects for various chemical agents and integrate it with 

computational fluid dynamics models to investigate the behavior 

characteristics of dispersed chemical agents within urban street 

canyons affected by evaporation on building rooftops. We assume the 

release of liquid-phase chemical agents from the windward side of 

buildings in urban street canyons and analyze the dispersion and 

distribution characteristics of these chemical agents under various 

conditions, including wind speed, evaporation rate of liquid-phase 

chemical agents, and dry deposition velocity. 
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Ⅱ. Methods 

2.1. Numerical model 

 

In this study, we employed a high-resolution computational fluid 

dynamics (CFD) model capable of finely resolving buildings and 

topography with spatial accuracies ranging from meters to tens of 

meters. This model can provide a detailed representation of the average 

motion of three-dimensional fluids in urban areas characterized by 

complex distributions of buildings and topography (Law et al., 2019). 

The CFD model used in our study adopts the k-ε turbulence closure 

method based on the renormalization group (RNG) theory proposed by 

Yakhot et al. (1992). The governing equations are the Reynolds-

averaged Navier-Stokes (RANS) equations, like those used by Kim 

and Baik (2010). The model assumes a three-dimensional, non-

rotating, incompressible, and unsteady atmospheric flow regime. It 

utilizes a staggered grid system and employs the finite volume method 

along with the semi-implicit method for pressure-linked equations 

(SIMPLE) algorithm for numerical integration. The Reynolds-averaged 

equations, the continuity equation for mass, and the transport equation 

for a non-reactive passive scalar are as follows. 

 

 
𝜕𝑈i

𝜕𝑡
+ 𝑈j

𝜕𝑈i

𝜕𝑥j
= −

1

𝜌0

𝜕𝑃∗

𝜕𝑥i
+ ν

𝜕2𝑈i

𝜕𝑥𝑗𝜕𝑥j
−

𝜕

𝜕𝑥j
(𝑢i𝑢j̅̅ ̅̅ ̅),  (1) 

 

 
𝜕𝑈j

𝜕𝑥j
= 0,       (2) 

 

 
𝜕𝐶𝑙

𝜕𝑡
+ 𝑈j

𝜕𝐶𝑙

𝜕𝑥j
= D

𝜕2𝐶𝑙

𝜕𝑥𝑗𝜕𝑥j
−

𝜕

𝜕𝑥j
(𝑐𝑙𝑢j̅̅ ̅̅ ̅) + 𝑆𝐶𝑙

−
𝑉𝑑

∆
𝐶𝑙,  (3) 
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𝜕𝐶𝑔

𝜕𝑡
+ 𝑈j

𝜕𝐶𝑔

𝜕𝑥j
= D

𝜕2𝐶𝑔

𝜕𝑥𝑗𝜕𝑥j
−

𝜕

𝜕𝑥j
(𝑐𝑔𝑢j̅̅ ̅̅ ̅̅ ) + 𝑆𝐶𝑔

.   (4) 

 

In this study, 𝑈i  represents the ith mean velocity component, 𝑃∗ 

denotes the deviation from the mean pressure, 𝐶𝑙  is the mass 

concentration of liquid-phase chemical agents in micrograms per cubic 

meter [㎍ m-3], and 𝐶𝑔 signifies the volume concentration of gas-

phase chemical agents in parts per million by volume[ppmv]. The 

variables 𝑢i , 𝑐𝑙  , and 𝑐𝑔  symbolize the subgrid-scale perturbations 

corresponding to 𝑈i , 𝐶𝑙 , and 𝐶𝑔 respectively. The last terms on the 

right side of equations (3) and (4) represent the removal of liquid-

phase and gas-phase contaminants due to dry deposition in the vicinity 

of the walls of urban street canyon buildings (Kwak and Baik, 2014). 

𝑉𝑑 is the dry deposition velocity, which has been set to 0.3 m/s in this 

research. 𝑉𝑑 is dependent on the size and shape of the particles and 

their aerodynamic properties, and it has been shown to have a relatively 

wide range of values in numerous prior studies. Additional information 

on this subject is provided in the appendix. The symbol ∆ denotes the 

distance from the wall (Pugh et al., 2012). The dry deposition effect on 

building walls is considered by calculating the distance to the building 

wall and utilizing the average concentration of liquid-phase chemical 

agents along with 𝑉𝑑. According to Montoya et al. (2009), gas-phase 

chemical agents such as Sarin have a relatively low deposition velocity 

of 2.5 × 10−4 m s-1, NH3 at 2.5 × 10−4 m s-1, Cl2 at 1.4 × 10−4 m s-1. 

Hence, only the dry deposition effects of liquid-phase chemical agents 

are considered in this research. 𝜈 and 𝐷 are the turbulent diffusivity 

coefficients for momentum and chemical agents, respectively, and 𝑆𝐶𝑙
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and 𝑆𝐶𝑔
 are the source/sink terms for 𝐶𝑙  and 𝐶𝑔, respectively. In 

equations (1), (3), and (4), the Reynolds stresses and turbulent 

material fluxes are parameterized as follows. 

 

-𝑢i𝑢j̅̅ ̅̅ ̅ =  𝐾m (
𝜕𝑈i

𝜕𝑥j
+

𝜕𝑈j

𝜕𝑥𝑖
) −

2

3
𝛿𝑖𝑗k,    (5) 

 

-𝑐𝑢j̅̅ ̅̅ =  𝐾c
𝜕𝐶

𝜕𝑥j
.      (6) 

 

where,  𝛿𝑖𝑗  is the Kronecker delta, and 𝑘  represents the turbulent 

kinetic energy. 𝐾m  and 𝐾c are the turbulent diffusivity coefficients for 

momentum and chemical agents, respectively. The RNG k-ε 

turbulence closure model employed in this study is based on the 

renormalization group theory and is one of the most widely used 

turbulence models in computational fluid dynamics. Within the 

framework of the RNG k-ε turbulence closure model, the turbulent 

diffusivity coefficient for momentum (𝐾m) is parameterized as follows. 

 

𝐾m =  𝐶𝜇
𝑘2

𝜀
,      (7) 

 

where, 𝐶𝜇 is an empirical constant (= 0.0845) and 𝜀 denotes the rate 

of dissipation of turbulent kinetic energy. The predictive equations for 

turbulent kinetic energy and its dissipation rate are expressed as 

follows. 

 

𝜕𝑘

𝜕𝑡
+𝑈j

𝜕𝑘

𝜕𝑥j
=  −𝑢i𝑢j̅̅ ̅̅ ̅

𝜕𝑈i

𝜕𝑥j
+

𝜕

𝜕𝑥j
(

𝐾m

𝜎k

𝜕𝑘

𝜕𝑥j
) − 𝜀,   (8) 
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𝜕𝜀

𝜕𝑡
+𝑈j

𝜕𝜀

𝜕𝑥j
=  −𝐶𝜀1

𝜀

𝑘
𝑢i𝑢j̅̅ ̅̅ ̅

𝜕𝑈i

𝜕𝑥j
+

𝜕

𝜕𝑥j
(

𝐾m

𝜎𝜀

𝜕𝜀

𝜕𝑥j
) − 𝐶𝜀2

𝜀2

𝑘
− 𝑅. (9) 

 

where, 𝜎k(=0.7179), 𝜎𝜀(=0.7179), 𝐶𝜀1(=1.42), and  𝐶𝜀2(=1.68) are 

empirical constants. The final term on the right-hand side of Equation 

(9) represents an additional strain rate term and is defined as follows. 

 

𝑅 =
𝐶𝜇𝜂3(1−𝜂/𝜂0)𝜀2

(1+𝛽𝜂3)𝑘
,     (10) 

 

𝜂 =
𝑘

𝜀
[(

𝜕𝑈i

𝜕𝑥j
+

𝜕𝑈j

𝜕𝑥i
)

𝜕𝑈i

𝜕𝑥j
]1/2.     (11) 

 

The constants used in the above equations align with the values 

presented by Yakhot and Smith (1992).  

This study considers the interaction (vaporization) between 

liquid-phase and gas-phase chemical agents (Chaudhary and Singh, 

2020), and the source/sink terms 𝑆𝐶𝑙
 and 𝑆𝐶𝑔

 are defined as follows. 

 

𝑆𝐶𝑙
= −

𝐶𝑙𝑑𝑙

𝑅𝑙
,      (12) 

𝑆𝐶𝑔
= −

𝐶𝑙𝑔𝑑𝑔

𝑅𝑔
+ 

𝐶𝑙𝑑𝑙

𝑅𝑙
.                     (13) 

 

where, 𝑑𝑙 and 𝑑𝑔 represent the evaporation rate [s-1] of the liquid-

phase chemical agents and the condensation rate [s-1] of the gas-

phase chemical agents, respectively. In our study, the condensation of 

the gas-phase chemical agents was not considered (𝑑𝑔 = 0). 𝑅𝑙 and 

𝑅𝑔  denote the partition coefficients for the liquid-phase and gas-

phase chemical agents. To determine the emission rate of the gas-
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phase chemical agents due to the vaporization of the liquid-phase 

agents, the following ideal gas equation was employed. 

 

𝑉 =
𝑛𝑅𝑇

𝑃
       (14) 

 

where, 𝑃 denotes the gas pressure [atm], 𝑉 the volume [L], 𝑛 the 

amount of substance in moles, 𝑅 the universal ideal gas (= 0.0821 L 

atm K-1 mol-1), and 𝑇  the temperature [K]. The value of 𝑛  is 

determined from the mass concentration of the liquid-phase chemical 

agent (𝐶𝑙) and the molecular weight of the chemical agent (𝑀) as 

follows. 

 

𝑛 =
𝐶𝑙

𝑀
       (15) 

 

Consequently, the concentration of the gas chemical agent evaporated 

from the liquid-phase chemical agent under control conditions(1atm, 

0℃) is calculated as follows. 

 

𝐶𝑔 [ppmv]  =  
𝑅𝑇

𝑃

𝐶𝑙

𝑀
× 10−6    (16) 
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2.2. Numerical setup 

 

 In this study, numerical experiments were conducted focusing 

on urban street canyons, which is characterized by buildings on both 

sides of a road. In urban street canyon, a variety of complex 

atmospheric flow patterns can emerge, influenced by meteorological 

conditions, building geometry, heights, and road widths (Takano and 

Moonen, 2013; Hofman et al., 2016; Miao et al., 2021; Lu and Peng, 

2023). This study considered the same building configuration as the 

wind tunnel experiment by Gromke et al. (2008). The building height 

(H) and width (W) were set at 18 m. The building length (L) was 10H, 

and the street canyon width (S) was 1H, resulting in a building length-

to-height ratio of 10. To meet the guidelines of COST Action 732, the 

numerical domain was configured with distances to the upwind 

boundary of 8H, the downwind boundary of 30H, the lateral boundaries 

of 10H, and the top boundary of 8H (Fig. 1). The grid counts in the x, 

y, and z directions were 500, 120, and 100, respectively, utilizing a 

uniform grid with grid sizes of 1.5 m, 4.5 m, and 1.5 m in each direction. 

The time interval was set at 0.5 seconds, and the numerical integration 

was conducted for a total duration of 3600 seconds. The inflow 

boundary conditions for wind, turbulent kinetic energy, and the rate of 

dissipation of turbulent kinetic energy were as follows. 

 

𝑈(𝑧) = 𝑈𝑟𝑒𝑓( 
𝑧

𝑧𝑟𝑒𝑓
)𝛼,     (17) 

 

𝑉(𝑧) = 0,      (18) 
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𝑊(𝑧) = 0,      (19) 

 

𝑘 =
𝑢∗

2

√𝐶𝜇
(1 −

𝑧

𝛿
).      (20) 

 

𝜀 =
𝑢∗

3

κz
(1 −

𝑧

𝛿
).      (21) 

 

where, 𝑈𝑟𝑒𝑓  denotes the wind speed at the reference height (𝑧𝑟𝑒𝑓) , 

which is 18 m. The friction velocity (𝑢∗) is set to 0.5 m s-1, and 𝐶𝜇 is 

an empirical constant valued at 0.0845. The von Karman constant (κ) 

is assumed as 0.4, 𝛿  represents the boundary layer thickness 

measured at 75 m, and 𝑧0 is the roughness length, which is established 

at 0.05 m. 

In this study, it is assumed that liquid-phase chemical agents 

are dispersed from a location on the upwind-facing side of the building 

and within the central part of the urban street canyon (Fig. 2). The 

emission rate for the liquid-phase chemical agents is set at 2.02 kg s-

1, matching the release rate employed by Hanna et al. (2009) in their 

research modeling chemical dispersion following an actual explosion 

incident. The turbulent Schmidt number (𝑆𝑐𝑡), which determines the 

turbulence diffusion coefficients for both the liquid and gas-phase 

chemical agents, is set to 0.3. The turbulent Schmidt number is a 

dimensionless quantity representing the ratio of the atmospheric 

turbulence-driven momentum diffusion coefficient to the mass 

diffusion coefficient, as detailed by Wang and Kim (2015). 

This study examines the effects of ambient wind speed, dry 

deposition of chemical agents, and the evaporation rate of chemical 

agents on the concentration distribution of chemical agents around 
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urban street canyon. Initially, a control experimental simulation 

(control run, CNTL) was conducted. In the CNTL, the reference wind 

speed (𝑈𝑟𝑒𝑓)  was set to 4.7 m s-1, the dry deposition effect was 

considered, and the evaporation rate of the liquid-phase chemical agent 

(𝑑𝑙) was set to 0.05 s-1. To investigate the impact of ambient wind 

speed, 𝑈𝑟𝑒𝑓  was adjusted to 0.5 (below, EU05), twice (EU20), and 

three times (EU30) that of the CNTL. Numerical experiments were 

conducted to assess the effect of dry deposition by setting the dry 

deposition velocity (𝑉𝑑)  to 0 times (ED00, which excludes dry 

deposition), 0.5 times (ED05), twice (ED20), and four times (ED40) 

the rate used in the CNTL. To analyze the influence of the evaporation 

rate (𝑑1)  of the liquid-phase chemical agent, experiments were 

performed with the evaporation rate set to 0.5 times (EE05), twice 

(EE20), four times (EE40), and eight times (EE80) that of the control 

experiment. 
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Figure 1. The numerical domain and building configuration used in this 

study. 
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Ⅲ. Results and discussion 

 

3.1. Control Experiment 

 

 The study performed an analysis of the flow characteristics 

within the urban street canyon and the distribution characteristics of 

the non-reactive chemical agents for the control experiment. Figure 2 

illustrates the wind vector field and normalized wind speed distribution 

in the x-z plane at 𝑦/𝐻 = 0. The flow pattern within the urban street 

canyon is greatly dependent on the aspect ratio of the street canyon, 

defined by the ratio of the canyon's height to its width. When the aspect 

ratio is 1, a single primary vortex is formed, which corresponds to a 

skimming flow (Di Bernardino et al., 2015; Park et al., 2015; Chew and 

Norford, 2018). The results of this study are consistent with previous 

research, showing that the flow descends along the downwind building 

wall and heads toward the upwind building near the canyon floor, rising 

along the upwind building wall. Near the roof of the upwind building, 

flow separation occurs as the flow entering the urban street canyon 

collides with the upwind building, forming a recirculation zone above 

the building. Along the upper boundary of the recirculation zone, the 

flow descends, resulting in a dominant downdraft at the roof level of 

the urban street canyon. 

 In the upwind region (−0.5 ≤ 𝑥/𝐻 ≤ 0), updrafts are prevalent, 

while in the downwind building region (0 ≤ 𝑥/𝐻 ≤ 0.5), downdrafts are 

primarily observed. Within the lower layers of the urban street canyon 

(𝑧/𝐻 ≤ 0.6), a reverse flow opposite to the inflow direction is evident. 

This lower layer reverse flow ascends near the upwind building, 
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creating vortices within the canyon (Wang and Kim, 2015). To analyze 

the flow around the urban street canyon in three dimensions, 

streamlines starting from within the canyon (𝑧/𝐻 = 0.16, 0.33) were 

investigated (Fig. 4). Inside the urban street canyon, some parts of the 

flow escape near the building edges (indicated by the yellow circle), 

while others form a recirculation zone above the upwind building 

(recirculation zone in Fig. 2). In the central area of the urban street 

canyon, the flow can be seen to escape the canyon by repeating a cycle 

of ascending and descending movements. 

 Figure 4 illustrates the distribution of both liquid and gas 

chemical agents. While most of the liquid chemical agent dispersed from 

the rooftop of the upwind building is transported downwind by the 

ambient wind, a portion infiltrates the urban street canyon. For gas 

chemical agents, significant concentrations appear in areas with high 

liquid chemical agent concentrations due to evaporation; however, in 

areas where the liquid chemical agent concentration is low (below 10 g 

m-3), the concentration of gas chemical agents is observed to be less 

than 1.622 ×  10-7 ppbv. Consequently, the concentration of gas 

chemical agents inside the urban street canyon was very low. A 

quantitative comparison of the average concentrations inside the urban 

street canyon revealed that the liquid chemical agent had a 

concentration of 10.56 g m-3, and the gas chemical agent had a 

concentration of 0.896 × 10-7 ppbv. According to Kye et al. (2008), 

the inhalation lethal concentration of a chemical agent known as Sarin 

is approximately 70 mg m-3. Based on the control experiment results, 

the liquid chemical agent demonstrated concentrations within the urban 

street canyon that could result in significant human casualties. 
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Figure 2. Wind vectors and contours of the wind speeds normalized by 

𝑈𝑟𝑒𝑓 at 𝑦/𝐻 = 0 in CNTL.  
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Figure 3. Streamlines starting at 𝑧/𝐻 = 0.16 and 0.33 around the street 

canyon. Colors indicate the wind speeds normalized by 𝑈𝑟𝑒𝑓.  
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Figure 4. Contours of the concentrations of the (a) liquid- and (b) gas-

phase chemical agents at 𝑦/𝐻 = 0 in CNTL. 
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Figure 5 illustrates the distribution of liquid and gas-phase 

chemical agents dispersed from the center of the urban canyon. 

Although released from the central part of the canyon, the 

concentrations within the canyon accumulate near the upwind building 

due to the flow patterns generated within the street canyon. In the case 

of gas-phase chemical agents, relatively high concentrations were 

observed in areas with high liquid-phase chemical agent concentrations, 

but in most cases, the concentrations were low. Quantitatively 

comparing the average concentrations within the urban canyon, liquid-

phase chemical agents showed a concentration of 41.35 g m-3, while 

gas-phase chemical agents exhibited a concentration of 2.3 × 10-7 

ppbv. Whether dispersed upwind or within the urban canyon, liquid-

phase chemical agents both demonstrated concentrations within the 

urban canyon that could result in significant human casualties. 
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Figure 5. When a source is located within the street canyon, contours 

of the concentrations of the (a) liquid-phase and (b) gas-phase 

chemical agents at 𝑦/𝐻 = 0 in CNTL. 
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3.2. Effects of the ambient wind speeds 

 

 This research utilizes a dispersion model for non-reactive 

chemical agents to examine the distribution of chemical agent 

concentrations in relation to changes in ambient wind speed. Numerical 

experiments were conducted setting the inflow wind speed at the 

reference height (𝑈𝑟𝑒𝑓 ) to half (EU05), double (EU20), and triple 

(EU30) the control experimental condition (CNTL). Figure 6 illustrates 

the streamline distribution, indicating that as 𝑈𝑟𝑒𝑓 increases, the size 

of the recirculation zone behind the downwind building enlarges, yet the 

internal flow pattern within the urban street canyon remains consistent 

(as shown in Fig. 6). Figure 7 displays the dimensionless wind vector 

field and wind speed distribution on the x-z plane. Similar to the CNTL 

condition, the flow ascends along the downwind building wall and 

encounters flow separation near the rooftop of the upwind building, 

where it then contributes to forming a recirculation zone. With the 

increase in 𝑈𝑟𝑒𝑓, the size of the recirculation zone expands, with the 

flow descending along the upper boundary of the recirculation area. 

Figure 8 presents the distribution of liquid-phase chemical agent 

dispersion at the center of the urban street canyon (𝑦/𝐻 = 0) as 

ambient wind speed changes. For liquid-phase chemical agents, as the 

inflow intensity strengthens, concentrations above the urban street 

canyon decrease, while the influx and concentration of liquid-phase 

chemical agents within the urban street canyon increase. As depicted 

in Figure 7, with the increase of 𝑈𝑟𝑒𝑓, the descending flow along the 

upper boundary of the recirculation zone above the upwind building 

intensifies, leading to an increased concentration of liquid-phase 
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chemical agents being transported into the urban street canyon. Figure 

9 shows the distribution of gas-phase chemical agent dispersion at the 

center of the urban street canyon (𝑦/𝐻 = 0) as a function of changes 

in ambient wind speed. Similar to the liquid-phase chemical agents, as 

the inflow intensity strengthens, the concentration of gas-phase 

chemical agents decreases above the urban street canyon while 

increasing within it. 
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Figure 7. Wind vectors and contours of the wind speeds normalized by 

𝑈𝑟𝑒𝑓 at 𝑦/𝐻 = 0. in (a) EU0.5, (b) EU20, and (c) EU30.  

 



 

 

- 24 - 
 

 

The vertical fluxes of chemical agents at the roof level of the 

urban street canyon due to mean flow and turbulence have been 

investigated. The mean fluxes (𝑄𝑐)  due to the mean flow and the 

turbulent diffusion fluxes (𝑄𝑡) are defined as follows. 

 

𝑄𝑚  = 𝑊𝐶,     (22) 

 

𝑄𝑡 = −𝑤𝑐̅̅̅̅       (23) 

 

where, 𝐶  and 𝑐  represent the mean concentration of the chemical 

agent and the deviation from the mean, respectively. Figure 10 

illustrates the distribution of mean fluxes of liquid-phase chemical 

agents at the roof level of the urban street canyon (𝑧/𝐻 = 1) due to 

mean flow, as the ambient wind speed varies. As the ambient wind 

speed increases, the downward currents strengthen, resulting in an 

increased influx of liquid-phase chemical agent fluxes into the urban 

street canyon. The liquid-phase chemical agents that enter the canyon 

are transported towards the upwind building by reverse flow in the 

lower region (𝑧/𝐻 < 0.5) and then conveyed upwards along the building 

wall. For the gas-phase chemical agents produced by the evaporation 

of the liquid-phase agents (𝑑𝑙 = 0.05), relatively low concentrations 

were observed within the canyon; however, the concentration inside 

the canyon increased as 𝑈𝑟𝑒𝑓  increased. Figure 11 depicts the 

distribution of turbulent fluxes of liquid-phase chemical agents at the 

roof level of the urban street canyon (𝑧/𝐻 = 1), in response to changes 

in ambient wind speed. An analysis of the turbulent diffusion fluxes 

distribution at the roof level ( 𝑧/𝐻 = 1 ) indicated that, as 𝑈𝑟𝑒𝑓 

intensified, turbulent diffusion fluxes diminished. This decrease in 
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turbulent diffusion fluxes with stronger 𝑈𝑟𝑒𝑓  is attributed to an 

increase in the turbulent diffusion coefficient at roof level (𝑧/𝐻 = 1), an 

amplified turbulent diffusion coefficient on the upwind side, and a 

reduced turbulent diffusion coefficient on the downwind side of the 

building. Consequently, the concentration gradient between the 

chemical agents above the roof level and within the urban street canyon 

decreases due to an increase in fluxes caused by mean flow. 

Averaging the concentrations of liquid-phase chemical agents 

within the urban street canyon at the center (𝑦/𝐻 = 0) , the mean 

concentrations for EU05, CNTL, EU20, and EU30 were 2.52, 3.96, 7.37, 

and 8.99 g m-3, respectively. Similarly, averaging the concentrations of 

gas-phase chemical agents within the urban street canyon at the center 

(y/H =0), the mean concentrations for EU05, CNTL, EU20, and EU30 

were 4.53 ×  10-8, 7.11 ×  10-8, 1.33 ×  10-7, 1.622 ×  10-7 ppbv, 

respectively. 
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Figure 8. Contours of the concentrations of the liquid-phase chemical 

agents at 𝑦/𝐻 = 0 in (a) EU05, (b) CNTL, (c) EU20, and (d) EU30. 
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Figure 9. The same as in Fig. 8 except for the gas-phase chemical 

agents.  
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Figure 10. Contours of vertical mean fluxes of the liquid-phase 

chemical agents fluxes at 𝑧/𝐻 = 1 in (a) EU05, (b) CNTL, (c) EU20, and 

(d) EU30. 
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Figure 11. Contours of the vertical turbulent fluxes of the liquid-phase 

chemical agents at 𝑧/𝐻 = 1 in (a) EU05, (b) CNTL, (c) EU20, and (d) 

EU30. 
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3.3. Effects of the dry deposition 

 

 The study analyzed the effect of dry deposition on the 

dispersion of liquid-phase chemical agents by varying the dry 

deposition velocity (𝑉𝑑) . Based on Montoya et al. (2009), the dry 

deposition velocities for gas-phase chemical agents such as Sarin are 

relatively low, at 2.5 × 10-4 m s-1 for Sarin, 2.5 × 10-4 m s-1 for NH3, 

and 1.4 × 10-4 m s-1 for Cl2, and hence were not considered in this 

research for gas-phase chemical agents. Numerical experiments were 

conducted with the dry deposition velocity (𝑉𝑑) set at zero (ED00), 

excluding dry deposition effect), at half (ED05), twice (ED20), and four 

times (ED40) the control experiment dry deposition velocity. Initially, 

the control experiment results for liquid-phase chemical agents were 

compared with the ED05 results. Figure 12 illustrates the concentration 

difference distribution between CNTL and ED00. Near the downwind 

building wall within the urban street canyon, a maximum concentration 

decrease of 6.97 g m-3 was observed. The study further analyzed the 

average concentration changes of liquid-phase chemical agents from 

the ground up to the roof height along the downwind building wall area 

within the urban street canyon. As the dry deposition velocity increased, 

a decrease in the concentration of liquid-phase chemical agents was 

observed in the respective wall areas, with concentrations dropping to 

11.13 g m-3 for ED05, 5.93 g m-3 for ED20, and 4.13 g m-3 for ED40. 

The average concentration at the upwind building wall showed 10.08 g 

m-3 for ED05, 7.62 g m-3 for ED20, and 6.48 g m-3 for ED40. Figure 

13 represents the mean concentrations at the upwind building wall, the 

downwind building wall, and the roof height. An exponential decrease 
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in average concentration was evident with increasing dry deposition 

velocities. Figure 14 compares the concentration differences of liquid-

phase chemical agents for ED05, ED20, and ED40 with the control 

experiment ED00, illustrating an increase in concentration difference 

(indicating an increased effect of dry deposition) with higher dry 

deposition velocities. While the increase in dry deposition velocity 

resulted in a significant decrease in the concentration of chemical 

agents near the downwind building, the concentration differences near 

the upwind building wall were not as pronounced, reflecting the less 

concentrated distribution of liquid-phase chemical agents influenced 

by urban street canyon vortices and their initial lower concentrations 

at the upwind wall. 
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Figure 12. Distributions of concentration difference of the liquid-phase 

chemical agents from ED00 in CNTL.  
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Figure 13. Mean surface concentrations with dry deposition velocity at 

the building roofs and walls. 
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Figure 14. Distributions of concentration difference of the liquid-phase 

chemical agents from CNTL in at 𝑦/𝐻 = 0 in (a) ED00, (b) ED05, (c) 

ED20, and (d) ED40 from ED00. 
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3.4. Effects of the Evaporation rate 

 

  The influence of the evaporation rate of liquid-phase chemical 

agents (𝑑𝑙) was analyzed (Figs. 15―18). As the evaporation rate 

increased, a decrease in the concentration of liquid-phase chemical 

agents and a rise in the concentration of gas chemical agents were 

observed. In EE05 and EE20, liquid-phase chemical agents were 

introduced into the urban street canyon; however, in EE40 and EE80, 

where the evaporation rate was higher, a significant amount of the 

liquid-phase chemical agents dispersed from the upwind building 

evaporated before entering the canyon, resulting in very low 

concentrations. The concentration of liquid-phase chemical agents 

entering the canyon in EE05 was higher than that in CNTL, while the 

concentration of gas chemical agents was lower. All experiments with 

varied evaporation rates showed an influx of gas chemical agents into 

the urban street canyon, but the amount was minimal. 
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Figure 15. Contours of the concentrations of the (a) liquid-phase and 

(b) gas-phases chemical agents at 𝑦/𝐻 = 0 in EE05.  
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Figure 16. The same as in Fig. 15 except for EE20.  
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Figure 17. The same as in Fig. 15 except for EE40. 
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Figure 18. The same as in Fig. 15 except for EE80. 
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Ⅳ. Summary and Conclusions 

 

In this study, a dispersion model for non-reactive chemical 

warfare agents was developed and integrated with a computational fluid 

dynamics (CFD) model to investigate the dispersion characteristics of 

such agents in urban street canyons. Assuming the dispersion of 

liquid-phase chemical warfare agents from the central part of the urban 

street canyon and the upwind building, we varied environmental factors 

such as wind speed, evaporation rate, and dry deposition velocity to 

analyze their effects. 

An increase in the incoming wind speed reduced the 

concentration of liquid-phase chemical warfare agents sprayed from 

the rooftop of the upwind building, while simultaneously increasing the 

influx into the urban street canyon, resulting in a higher concentration 

within the canyon. This indicates that incoming wind speed significantly 

affects the amount of chemical warfare agents entering the urban street 

canyon. As the dry deposition velocity increased, a significant decrease 

in concentration due to dry deposition was observed near the downwind 

building. While an increase in the evaporation rate of liquid-phase 

chemical warfare agents led to higher concentrations of gas agents, the 

diffusion range remained largely unchanged. The study confirmed that 

the dispersion and dry deposition of chemical warfare agents in urban 

street canyons are significantly influenced by the incoming wind speed 

and evaporation rate. 

The dispersion model for non-reactive chemical warfare agents 

developed in this study has demonstrated the capability to simulate 

numerically the behavior and interaction of such agents within an urban 
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street canyon environment. Although this research focused on a 

simplified urban street canyon, actual urban areas are surrounded by 

numerous buildings and subject to a variety of meteorological 

conditions. Future work should aim to validate and improve the 

dispersion model in environments that consider more realistic 

meteorological conditions and building configurations, to enhance the 

accuracy of chemical warfare agent dispersion modeling in real-world 

scenarios. 
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Appendix  

 

The dry deposition velocity (𝑉𝑑) is represented as follows. 

 

𝑉𝑑 = 𝑉𝑔 +
1

(𝑅𝑎+𝑅𝑠)
      (1) 

 

where, 𝑉𝑔  is settling velocity, 𝑅𝑎  is aerodynamic resistance, 𝑅𝑠  is 

surface resistance. The gravitational settling is calculated as 

 

𝑉𝑔 =
𝜌𝑑𝑝

2𝑔𝐶

18𝜈
      (2) 

 

where, 𝜌 denotes the particle density, 𝑑𝑝 is the particle diameter, 𝑔 

represents the gravity acceleration, and 𝜈 is the viscosity coefficient 

of air. The correction factor for small particles (𝐶) is expressed as 

follows: 

 

𝐶 = 1 +
2𝜆

𝑑𝑝
(1.257 + 0.4𝑒−

0.55𝑑𝑝

𝜆 )    (3) 

 

where, 𝜆  is the mean free path of air molecules depending on 

temperature, pressure, and kinematics viscosity of air. The 

aerodynamic resistance is calculated as follows: 

 

𝑅𝑎 =
ln(

𝑧𝑅
𝑧0

)−𝜓𝐻

κ𝑢∗
      (4) 

 

where, 𝑧𝑅 is the altitude at which 𝑉𝑑 is calculated. 𝜓𝐻 is the stability 
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function. In this study, since urban areas are the focus of the numerical 

experiments, the constant values for urban areas as suggested by 

Zhang et al. (2008) were utilized. The 𝑅𝑠, which depends on the size 

of the depositing particles, atmospheric conditions, and surface 

characteristics of the terrain, is as follows: 

 

𝑅𝑠 =
1

𝜀0𝑢∗(𝐸𝐵+𝐸𝐼𝑀+𝐸𝐼𝑁)𝑅1
     (5) 

 

where, 𝐸𝐵 denotes Brownian diffusion, 𝐸𝐼𝑀 represents impaction, 𝐸𝐼𝑁 

is used for calculating collection efficiency by interception. 𝑅1 is the 

correction factor representing the fraction of particles.  
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