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Abstract 13 

Following our simulation results in paper (Zhao et al., 2020). In this study we continue to analyze the diffusion 14 

mechanism of ultrafine particles and the particle coagulation phenomenon with the size range of 26~287 nm exhausted 15 

from the vehicles during the process of passing through a 100 m long tunnel using the Realizable k-ε model and the 16 

dynamic grid technique. In this paper, a three-dimensional model consisting of a 100 m highway tunnel and four side-17 

by-side gasoline vehicles (L×W×H = 4.5 m×1.8 m×1.5 m) were established in the STAR-CCM+ computational fluid 18 

dynamics software. The gasoline vehicles travelled simultaneously under the different situations of three driving speeds 19 

of 60 km h-1, 40 km h-1 and 20 km h-1 during the simulation. Through data analysis and research, it is found that the 20 

coagulation process of particles is very complicated, especially at low speeds. When the vehicle speed is 20 km h-1, the 21 

variation of particle concentration at the vehicle wake near the tailpipe (at the vertical plane located 0.1 m behind the 22 

exhaust pipe) will cause a large error if the coagulation action is not taken into account. The relative error of the average 23 

particle concentration at 0.5 s of the vertical section 0.1m away from the exhaust pipe is as high as 193.51%. The 24 

relative error in the whole tunnel is only 2.82%, less than 5%, thus the influence of coagulation can be ignored for the 25 

whole tunnel. This study clarified the importance of coagulation in different areas and its influence on the diffusion of 26 

particulate matter, which is conducive to further analysis of the diffusion characteristics of particulate matter and can 27 

appreciably reduce the pollution degree in the tunnel by changing the coagulation efficiency of particulate matter in 28 

the future. 29 

Keywords: Ultrafine particle; Coagulation; Dispersion; Dynamic mesh; Road tunnel. 30 

 31 

Introduction 32 

Recently, the number of motor vehicles in China has increased substantially, and ultrafine particles in automobile 33 

exhaust have become one of the most important pollution sources in urban areas. Studies have shown that the exposure 34 



 

 

to ultrafine particulate matter affects the incidence of cardiovascular disease and systemic inflammation (Kevin J et 35 

al., 2016). Meanwhile, the ventilation systems in closed tunnels at cities in China are closed or semi-closed in the 36 

majority throughout the year, which leads to the continuous accumulation of fine and ultrafine particles in urban tunnels. 37 

(Svartengren et al., 2000) The harm impact of traffic-related ultrafine particles could not be ignored even during the 38 

short period exposure through a road tunnel.  39 

As the accumulation of ultrafine particles occurred more frequently in a closed space compared with other open 40 

spaces, ultrafine particles coagulate differently in a closed space like road tunnels than in an open space. Ketzel et al. 41 

(2016) simulated the time scale evolution of particle size distribution during vehicle exhaust emissions and dilution, 42 

specifically pointed out that in a closed environment, such as a road tunnel, the diffusion of particulate matter is 43 

generated by the limited airflow in the tunnel, which is different from the characteristics of an open environment. In a 44 

confined environment as a road tunnel the coagulation and deposition play an important role, as it also was concluded 45 

by Gidhagen et al. (2003), Sturm et al. (2003) and Park et al. (2004).  46 

The high temperature of vehicle exhaust and high ultrafine particle concentration enhanced the coagulation, 47 

especially in the area near the tailpipe. Unfortunately, the literatures related to traffic-related ultrafine particle 48 

coagulation are limited. However, the circular jet model is very similar to the jet discharged from exhaust pipe in this 49 

paper and has been understood well compared with vehicle exhaust particle coagulation. Zhu et al. (2012) studied the 50 

dispersion and coagulation behavior of nanoparticles in turbulent circular jets. In the region of high turbulence intensity, 51 

the vortex structure in the mixing layer promoted the coagulation. Meanwhile, Chan et al. (2006）obtained the 52 

conclusion that the particle diameter is relatively constant except for the area near the jet and jet interface during the 53 

numerical simulation of coagulation and dispersion of nanoparticles in a circular jet. It shows that the coagulation 54 

coalescence effect is more obvious in the area near the exhaust pipe, but not in the breathing area and the whole tunnel, 55 



 

 

which is consistent with the conclusion of this paper. 56 

At the same time, the study of coagulation characteristics is of great significance to environmental protection. The 57 

bending moment model is adopted to solve the problem of bipolar coagulation in the free molecular region, which can 58 

effectively remove pollutants through the coagulation and confluence effect. Yin et al.（2020）proposed a study on 59 

the coagulation effect of particles on leaves to purify submicron particles in the air. It can be seen that the research 60 

conclusions of this paper can also provide a reference for vehicle exhaust control in the next tunnel. 61 

In fact, ultrafine particles coagulation is indeed a process that cannot be ignored in diffusion and turbulence. The 62 

process of collision and viscous hysteresis of small-sized particles into large-sized particles is called coalescence. And 63 

the degree of coagulation is usually evaluated by the coagulation rate and half-life time. The study of particle 64 

coagulation theory can be traced back to the beginning of the 20th century, Smoluchowski et al. (1984) first proposed 65 

a model for the concentration change of polydisperse particles caused by particle coagulation. According to the 66 

different mechanisms of particle collision and coagulation, particle coagulation can be divided into Brownian 67 

coagulation, gradient coagulation and turbulent coagulation. And particles can be divided into free molecular regime, 68 

transition regime, slip flow regime, and continuum regime based on particle size. After the Smoluchowski model, 69 

scholars at home and abroad have conducted a lot of theoretical analysis and experimental verification for different 70 

coalescence mechanisms and particle partitions. For Brownian coalescence. Fuchs (1964) first proposed that the 71 

coalescence collision nucleus in the transition regime can be described by adding a correction factor to the collision 72 

nucleus model of the continuum slip flow regime. Wright (1960), Park et al. (1999) and Otto et al. (1999) proposed 73 

different correction coefficients to improve Fuchs' correction model. Kim et al. (2006) et al. used a closed 74 

environmental chamber under normal pressure to measure the coagulation rate of sodium chloride aerosol particles, 75 

and compared it with the Brownian coalescence model of particles to verify the correctness of the Brownian 76 



 

 

coalescence model. For gradient coagulation, Huang et al. (1970) sorted out particle collision nuclei under the action 77 

of flow field gradient. This theoretical model was confirmed by the experimental results of Swift and Friedlander (1964) 78 

for turbulent coagulation, Saffman and Turner (1956) first proposed the calculation equation of the coalescence 79 

collision nucleus caused by turbulent disturbance of water vapor particles in clouds. Okuyama et al. (1977) tested the 80 

changes and laws of particle turbulent coagulation in a turbulent environment, and the experimental results well 81 

verified the particle turbulent coagulation model proposed by Saffman and Turner 1956. Through reading a large 82 

number of literatures, numerous studies focused on the diffusion and movement mechanism of ultrafine particulate 83 

matter in closed space, Whereas, few scholars analyze the influence of coagulation confluence on the movement 84 

mechanism of particulate matter, and there is no clear conclusion on the influence of coagulation confluence on 85 

particulate matter in closed space, especially in road tunnel with high particle concentrations. 86 

Therefore, in this paper, a mathematical model was built by combining three models of particle Brownian 87 

coagulation, gradient coagulation and turbulent coagulation, a three dimensional model was established in STAR 88 

CCM+ software, and the unsteady turbulence and coagulation characteristic mechanism of ultrafine particles with 89 

different diameters emitted from automobile exhaust in the process of urban road tunnel was analyzed in computational 90 

fluid dynamics (CFD) numerical simulation. The significance of this article is to reveal the impacts of coagulation on 91 

particle dispersion in the tunnel and clarify the range where the ultrafine particle coagulation could not be ignored. The 92 

research results can not only be used as basic data for particle unsteady turbulence analysis, epidemiology and health 93 

risk assessment, but also provide guidance and basis for subsequent research on ventilation design and pollutant 94 

elimination in tunnels. 95 

Methods 96 

Turbulence and Particle diffusion model 97 



 

 

Similar to our previous study in Zhao et al. (2020), particle dispersion is again numerically simulated by using 98 

Euler - Euler model. Detailed model building formula can refer to equation (2) - (7) in Zhao et al. (2020). Due to the 99 

small particle size and variable shape, the movement and diffusion characteristics of automobile emission particles in 100 

the tunnel are very complex, and the analysis is difficult or even impossible. In this paper, on the premise of considering 101 

the emission particle characteristics of vehicles and the characteristics of the envelope structure and natural ventilation 102 

in the tunnel, the following assumptions are proposed to simplify the model for the smooth analysis. 103 

a. The effect of particles on turbulent flow was assumed to be negligible because of the low particle volume 104 

fraction in the airflow. Interaction between the air and particles was treated as a one-way coupling, in which the air 105 

affected the particles. 106 

b. All particles were spherical, and the particle density was constant. 107 

c. Only coagulation was included as a source term during particle dispersion analysis. 108 

Due to the closure of the tunnel, the concentration of particulate matter emitted by vehicles is relatively high. In 109 

the case of high concentration, particle coagulation has a great influence on the change of particle concentration. 110 

Therefore, this paper only considers the influence of coagulation when analyzing the change rate of particle diffusion 111 

source phase Sc. The research in this paper is carried out on the premise of particle diffusion and coagulation coupling 112 

rather than isolation. 113 

Particle coagulation model 114 

The process of collision and viscous hysteresis of small-sized particles into large-sized particles is called 115 

coagulation. The concentration change caused by coagulation of particles can be calculated according to equation (1). 116 
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 119 

Where βmj, βai are the particles coagulation kernel rate, which means the probability of two particles coalescing 120 

once per unit time (m3/s), Ci, Ca, Cm, Cj are the particle concentration of different particle size segments (1/m3) 121 

In the equation (1), The first item on the right represents the increase in the concentration of particles with a 122 

particle size smaller than the i-th segment which collide and agglomerate to the i-th segment particles, and the second 123 

term represents the decrease in particle concentration caused by the collision and coagulation of particles in the i-th 124 

segment with particles in the entire size range. The coefficient 1/2 is to consider that two particles participate in a 125 

coagulation event for avoiding repeated statistics of the probability of coagulation of the two particles.  126 

The change of particle coagulation is affected by many physical processes. Under the natural ventilation condition 127 

of road tunnel, the particle coagulation of gasoline vehicle emission is mainly affected by Brownian coagulation, 128 

gradient coagulation and turbulence coagulation. The following section summarizes the calculation equations of 129 

collision nuclei under different coagulation dynamics by analyzing the existing coagulation research results, and 130 

proposes important factors that affect the particle coagulation process. 131 

Particle Brownian coagulation model 132 

Brownian coagulation is mainly caused by Brownian diffusion and collision of particles. Since the Brownian 133 

diffusion of particles is closely related to the particle size, it is necessary to separately summarize the Brownian 134 

coagulation and nucleation of particles in different particle sizes. Generally, according to the different Kudson number 135 

(Zhao et al., 2016), particles can be divided into three regions: free molecular region (Kn>10), continuous region 136 

(Kn<0.1) and transition region (1<Kn<10). The calculation of the particle Kudson number Kn can be carried out 137 

according to equation (2). 138 
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Where λ is the average free path of an air molecule (m), and dP is the particle diameter (m). 142 

Most of the particles emitted by gasoline vehicles under normal pressure are in the transition regime. Fuchs 1964 143 

first proposed that the Brownian coagulation nucleus in the transition regime can be calculated by adding a correction 144 

factor to the collision coagulation nucleus of the continuum regime. Therefore, this article summarizes the calculation 145 

methods of Brownian collision coagulation nucleus in the free molecular regime, continuum regime and transition 146 

regime respectively. The Brownian collision coagulation nucleus of the free molecular regime βB
fm, the Brownian 147 

collision coagulation nucleus of the continuum regime βB
co and the of the transition regime βB

tr can be calculated 148 

according to equations (3) (4) and (5), respectively. 149 
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 154 

Where Df is the particle fractal dimension, ap is the basic sphere radius of polymer particles (m), vi, vj are the 155 

Volume of particles in section i and j (m3), vf is the Fuchs correction factor for transition regime. 156 

The Fuchs correction coefficient of the transition regime can be calculated according to equation (6) and (7). 157 
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Where B1, B2, B3 are the experimentally determined calculation coefficient, Knd is the Fuchs modified Kudson 162 

number. 163 

Particle gradient coagulation model 164 

Due to the influence of Brownian diffusion and the streamline shape of the air flow field near the particle wall, 165 

the particle gradient coagulation model is quite complicated. This paper ignores the influence of the above two factors 166 

on particle gradient coagulation, and uses the gradient coagulation theory given by Huang et al. to study the gradient 167 

coagulation changes. The calculation of gradient coagulation nucleus βG is detailed in equation (8). 168 

 169 
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Where Γ is the velocity gradient at a point in the flow field (1 s-1), rpi, rpj are the radius of particles in the i and j 172 

section (m). 173 

Particle turbulence coagulation model 174 

There are two main reasons for the coagulation of particles in the turbulent flow field: one is the coagulation 175 

caused by the spatial inhomogeneity caused by the turbulent flow field and the different velocities between adjacent 176 

particles; the other is Coalescence caused by the relative movement between particles of different sizes caused by the 177 

turbulent field. Because the mechanism of turbulence is very complicated, the theory of turbulence is not very mature 178 

at this stage, and the theory of particle coagulation caused by turbulence is not perfect. Therefore, 179 

In this paper, Saffman and Turner proposed the theory of turbulent coalescence of particles under the simultaneous 180 

action of the above two mechanisms to cause turbulent coalescence to analyze the turbulent coalescence of particles 181 



 

 

from gasoline vehicles under the condition of natural tunnel ventilation. The turbulent coagulation nucleus βT can be 182 

calculated according to equation (9). 183 
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                   (9) 185 

Important factors affecting the particle coagulation dynamics 186 

In addition to the three main influencing factors mentioned above, many factors such as van der Waals force and 187 

viscous force, various external forces (such as electromagnetic force, etc.), and temperature gradients all have an impact 188 

on the change of particle coalescence. Under the natural ventilation of the tunnel, an electromagnetic force of an 189 

external force and temperature gradients are not large, and the limited impact on the change in particle coagulation. 190 

For nano-sized particles, the influence of van der Waals force and viscous force is relatively large and cannot be ignored 191 

in the research process. Van der Waals force is caused by the mutual attraction of wave dipoles in particles, which 192 

increases the probability of particle collision and coagulation. The effect of viscous force on particle coagulation is the 193 

opposite of van der Waals force, which reduces the probability of particle collision and coagulation. In this paper, the 194 

theory proposed by Alam (1987) under the condition of considering the combined effect of van der Waals force and 195 

viscous force is used to revise the coagulation of particles. When considering the three factors of Brownian diffusion, 196 

flow field gradient and turbulence, and considering the influence of van der Waals force and viscous force on particle 197 

coagulation, particle coagulation nucleus β can be calculated according to equation (10). 198 

 199 
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Where Vc is the Coagulation correction factor for particles caused by van der Waals force and viscous force. 202 

The particle coagulation correction coefficient caused by van der Waals force and viscous force in the transition 203 

regime can also be expressed by the combination of the correction coefficient of the free molecular regime and the 204 

continuous regime. In this paper, the correction coefficients of particle coagulation caused by van der Waals force and 205 

viscous force in the free molecular regime, continuous regime and transition regime are respectively given. The particle 206 

coagulation correction coefficients Vc
fm、Vc

co and Vc
tr caused by van der Waals force and viscous force in the free 207 

molecular regime, continuous regime and transition regime can be calculated according to equations (11)、(12)and (13) 208 

respectively Perform calculations. 209 
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 214 

Where E(r) is the Van der Waals mutual attraction(J), D∞, Drpirpj are the particle Diffusion Coefficient（m2 s-1）, 215 

Vav is the average heat velocity of particles（m s-1）. 216 

Van der Waals energy, particle diffusion coefficient, diffusion coefficient ratio and particle pair average velocity 217 

can be calculated according to equations (14)、(15)、(16)and(17)respectively. 218 
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 224 

Where A is the Hamaker constant, Vrpi, Vrpj are the thermal velocity of particles in section i and j (m s-1), mrpi, mrpj 225 

are the mass of particles in section i and j (kg). 226 

From the calculation form of particle coalescence, it can be seen that Hamaker constant, particle fractal dimension 227 

and the basic sphere radius of aggregate particles are important factors that affect the change of particle coalescence. 228 

The Hamaker constant is usually determined by the particle composition and temperature; the fractal dimension of the 229 

particle and the radius of the basic sphere are closely related to the particle shape. Existing studies have shown that the 230 

composition of particles emitted by gasoline vehicles is complex, the shape is determined by the adequacy of 231 

combustion, and it is susceptible to many factors. Therefore, how to determine the values and ranges of the above three 232 

important factors affecting particle coagulation and nucleus changes through experiments and theoretical analysis will 233 

determine the accuracy of particle coagulation change prediction, which is also one of the key contents of this paper. 234 

Model Procedure 235 

Computational Domain and Conditions. 236 

Most researches employing wind tunnel experiment (Kanda et al., 2006; Littera et al.,2017), field measurement 237 

(Chen et al., 2002; Chow and Chan, 2003;Wang et al., 2019) and CFD simulation (Xue et al.,2014; Yu et al., 2014; Liu 238 

et al., 2019) show that the tunnel instability and pollutant diffusion may be dominate by the speed of the vehicle, rather 239 



 

 

than its geometry and driveway model, as most vehicles are light duty vehicles with similar shape and an unidirectional 240 

lane per channel is common in urban road tunnel.  241 

Therefore, a tunnel model with a length of 100 m was established and extended 10 m from the outlet in the 242 

direction of tunnel. The exhaust pipe in the right side of the car there is a diameter of 0.05 meters, the height of 0.3 243 

meters outlet. STAR CCM+ was used to simulate the diffusion and coagulation of pollutants emitted by exhaust gas of 244 

a row of gasoline vehicles (L×W×H = 4.5 m×1.8 m×1.5 m) at three driving speeds. Due to the short length of the 245 

model tunnel, we assumed that the traffic wind was sufficient to eliminate pollutants. Therefore, mechanical ventilation 246 

is not used. Schematic diagrams of the tunnel geometry and vehicle model are shown in Fig. 1. 247 

The vehicle tailpipe was defined as the velocity inlet boundary condition. Moreover, the walls surrounding the 248 

computational domain in the vertical direction were set to the flow-slip outlet condition, whereas the car surfaces were 249 

set to slip and adiabatic wall conditions. Finally, the ceiling and floor were set to no-slip and adiabatic wall conditions. 250 

In this study, the ultrafine particles discharged from the vehicles had sizes of 26–287 nm and when the vehicle speed 251 

is 60km h-1, the initial concentration of particulate matter in the exhaust pipe is 17,898-172,266 cm-3; when speed is 252 

40 km h-1, the initial particulate concentration of the exhaust pipe is 25,972-249,985 cm-3, when speed is 20 km h-1, the 253 

initial particulate concentration of the exhaust pipe is 11,007-105,941 cm-3. The exhaust velocity is 8 m s-1 and the 254 

exhaust temperature is 325K, the initial temperature in the tunnel was 293.15 K. As the concentration of particles in 255 

the exhaust was at least 50 times higher than in the ambient atmosphere, the ambient particle size distribution was 256 

assumed to have minimal impact on their deposition and diffusion. Thus, the initial particle concentration for each 257 

discrete category was set to 2.72×103 cm-3. Owing to the complexity of the numerical simulation and the particle size 258 

distribution, we considered nine discrete categories (determined through the sectional method). All surfaces except for 259 

the vehicle tailpipes were considered to be adiabatic walls. The particle size distribution exhausted from vehicle tailpipe 260 



 

 

in the simulation is given in Fig 2.  261 

Vehicle speed is one of the most important factors influencing particle dispersion and coagulation under moving 262 

conditions. Hence, in this study, we considered three different vehicle speeds, all of which were ≤  60 km h-1, in 263 

accordance with the safety standards for tunnels in China, i.e., 20, 40, and 60 km h-1. Notably, the initial and boundary 264 

conditions were the same for all velocities. 265 

Mesh schematic, calculation methods and model validation 266 

Overset meshes were employed as the dynamic meshing method in this study. The calculation regions are typically 267 

divided into two parts when employing overset mesh methods, a background region and an overlapping grid region. 268 

The background region encompasses the entire computational domain and is set to be static during the numerical 269 

simulation. The overset region contains the moving body in the computational domain, which moves at a certain speed 270 

in the study. Structured hexahedron meshes were built for the background region and overset region (CD-adapco, 2013). 271 

At the border between two regions, overset mesh conditions were applied, and the meshes were refined with the same 272 

sizes to ensure the update and overlap of meshes at the overset region to the background region at each time step (CD-273 

adapco, 2013). The refined meshes between two different regions are shown in Fig. 3. 274 

In the paper, the same mesh number and time step as the particle deposition in our previous study (Zhao et al. 275 

2020) are still used in the case of coagulation union. The mesh and time step independence test in Zhao et al. 2020 276 

indicated that it is reasonable and reliable to use 0.01-s time step and 333,709-structured hexahedron mesh schemes 277 

for numerical simulation in the case of coagulation. It can not only guarantee the calculation accuracy but also improve 278 

the simulation efficiency. The model with particle dispersion and coagulation was also validated following the cases 279 

in Zhao et al., 2020. For adding coagulation, the relative error between simulation results and experimental data 280 

decreased to less than 8%, compared with 10% when only considering deposition during the particle dispersion in 281 



 

 

Zhao et al. 2020.   282 

All simulations were performed by solving the realizable k–ε model for flow, pressure, and turbulence parameters 283 

using the CFD software STAR-CCM+. Passive scalar models with field functions were also developed in STAR-CCM+ 284 

to calculate particle dispersion and coagulation. A second-order upwind scheme and a simple algorithm were applied 285 

to all convection terms contained in the governing equations and the pressure-velocity coupling, respectively. 286 

Convergence was assumed to have been achieved at each time step when: 287 

(1) all scaled residuals, except those of continuity and energy, reached 10-4; 288 

(2) the continuity and energy residuals simultaneously reached 10-6. 289 

Results and discussion 290 

Characteristics of temperature, velocity gradient and turbulence dissipation rate 291 

According to the particle coagulation model, temperature, velocity gradient and turbulent dissipation rate highly 292 

dominated the particle coagulation patterns. Thus, characteristics of temperature, velocity gradient and turbulent 293 

dissipation at three representative areas including 0.1m the vertical section behind the exhaust pipe of the car, the 294 

breathing area (the range 0.5-1.5 m high above the ground), the tunnel were analyzed and shown in Figure 4-7. 295 

Figure 4 shows the vertical temperature nephogram of the vehicle at 60 km h-1, 40 km h-1 and 20 km h-1. In order 296 

to make the consistency of vehicle locations inside the tunnel, the special time for vehicle travelling in Figure 4 was 297 

selected to 3s, 4.5s and 9s under 20 km h-1, 40 km h-1 and 60 km h-1, respectively. It is observed that a significant 298 

thermal plume in the vehicle wake at the back of vehicle tailpipe were observed among three different vehicle speeds. 299 

The temperature difference between the vehicle wake and the surrounding environment is about 30 K. Moreover, the 300 

vehicle speed highly impact the thermal plume patterns, especially an inflection point at the end of the thermal plume 301 

along traffic direction. The occurrence of the thermal plume inflection is closer to the tailpipe under lower vehicle 302 

speed condition. In addition, when the vehicle moves at a lower speed of 20km h-1, the thermal buoyancy effect caused 303 



 

 

by the temperature difference between the vehicle exhaust and the atmospheric environment is more significant than 304 

when driving at high speed, hot vehicle exhaust plume overall rising trend. This illustrates the contradiction between 305 

the turbulence intensity and the thermal buoyancy effect, which is consistent with the results of previous studies. On 306 

the contrary, when the vehicle speed is 60 km h-1 and 40 km h-1, the fluctuation of the heat plume behind the vehicle 307 

shows a trend of first stabilizing, then rising and falling finally. The inflection point appears at 6.5m and 9 m from the 308 

rear of the vehicle at 40 km h-1 and 60 km h-1, separately. That could be contributed to a stronger effect of the traffic 309 

wind around the car, and then a greater suppression of the turbulence induced by the traffic wind on the thermal plume 310 

of vehicle exhaust under higher vehicle speeds. The significant difference of temperature distribution, especially in the 311 

wake of vehicles might highly influence the variation of particle coagulation. 312 

Fig. 5 shows the nephogram of the turbulent dissipation rate in the vertical direction of the trolley at speeds of 60 313 

km h-1, 40 km h-1 and 20 km h-1. The length of the wake area with obvious turbulence fluctuation is about 12.5 m, 2 m 314 

and 0.4 m under 60 km h-1, 40 km h-1 and 20 km h-1, respectively. The maximum value of turbulence dissipation in the 315 

wake zone with a speed of 60 km h-1 is more than 40 m2 s-3. The maximum value is 24 m2 s-3 at 40 km h-1. At 20 km h-316 

1, the maximum value is only 2.5 m2 s-3. The distribution characteristics show that the turbulence dissipation rate has a 317 

great influence on the wake zone, so it must also dominate the particle coagulation characteristics of the wake zone. 318 

Fig. 6 shows the relationship between time and velocity gradient, which is basically similar to the distribution 319 

characteristics of turbulence dissipation rate. When the vehicle speed is 60 km h-1, 40 km h-1 and 20 km h-1, the average 320 

velocity gradient in the tunnel is 1.40 s-1, 1.01 s-1 and 0.61 s-1, respectively. In addition, the average velocity gradients 321 

in the breathing zone were 2.66 s-1, 1.75 s-1 and 0.83 s-1, respectively. The average velocity gradients at 0.1m behind 322 

the exhaust pipe are 0.89s-1, 0.69s-1 and 0.53s-1, respectively. 323 

Figure 7 shows the transient turbulent dissipation rate during vehicle movement in the tunnel at different vehicle 324 



 

 

speeds. Compared with the air velocity, when the vehicle passes through the tunnel, the overall turbulence dissipation 325 

rate increases linearly in the breathing zone and is almost constant in the tunnel. The turbulent dissipation rate at 0.1m 326 

behind the exhaust pipe changes drastically at the beginning of driving, and then the value stabilizes. 327 

When the vehicle speed is 60 km h-1, 40 km h-1 and 20 km h-1, the average turbulent dissipation rate in the tunnel 328 

is 0.160 m2 s-3、0.044 m2 s-3 and 0.005 m2 s-3, respectively. The average turbulent dissipation rates in the breathing 329 

zone are 0.559 m2 s-3、0.133 m2 s-3 and 0.013 m2 s-3, respectively; the average turbulent dissipation rates at 0.1m behind 330 

the exhaust pipe are 0.037 m2 s-3、0.010  m2 s-3 and 0.001 m2 s-3, respectively. According to the results in Figure 7, it 331 

can be concluded that the turbulent dissipation rate in the breathing zone is higher than that in the whole tunnel and 332 

0.1m behind the exhaust pipe among three different vehicle speeds. This may be attributed to the enhanced vehicle 333 

exhaust and airflow dispersion in the breathing zone instead of other areas as the continue movement of vehicles inside 334 

the tunnel. The variation patterns at 0.1m in the rear of the vehicle showed an increase to decrease distribution, which 335 

may be due to the high turbulence in the exhaust pipe at the beginning due to diffusion, and then gradually stabilized 336 

with the vehicle exhaust and airflow diffusion. 337 

Characteristics of particle coagulation and its impacts on particle disperison 338 

Fig.8 shows the relationship between particle concentration and particle size when deposition and coagulation are 339 

both considered at the same vehicle speed and only the coagulation is considered. In order to ensure the accuracy of 340 

the conclusions, the conditions in the section 0.1m behind the exhaust pipe of the vehicle, the breathing zone and the 341 

tunnel are again considered. Through comparison, it can be seen that there is no significant change in the curve 342 

considering both deposition and coagulation and considering coagulation only, and the maximum slope error is only 343 

4.9%. It can be shown that the effect of deposition on the diffusion of particulate matter is not obvious compared with 344 

coagulation, so the following data analysis of this paper directly compares the data considering coagulation only with 345 

the data and the impacts of deposition on particle dispersion were neglected. 346 



 

 

Figure 9 shows the relationship between particle diameter and particle concentration (calculated by arithmetic 347 

average) on a longitudinal section of 0.1 m from the exhaust pipe. The initial particle concentration at different speeds 348 

is based on the actual emission situation (Figure 2), which is different under different vehicle speeds. From an overall 349 

observation, the changes in the concentration of particulate matter are very different from those without coagulation. 350 

In the case without coagulation, particle in each size range decreased gradually during the process of vehicle movement 351 

in road tunnel. However, when considering the coagulation, particle at each size range fluctuated especially under 352 

lower 40 km h-1 and 20 km h-1. That could be attributed to complicated coagulation dynamics under the combined 353 

influence among Brownian dispersion, velocity gradient and turbulence dissipation. Unstable velocity gradient and 354 

turbulence under lower vehicle speeds could enhance the fluctuation and complexity of particle coagulation. In addition, 355 

due to the constant temperature and the same speed at the vehicle tailpipe, those unstable coagulation might be highly 356 

dominated by gradient and turbulent coagulation. In addition, the decrease patterns of particle concentration in each 357 

size range were highly influenced by particle size distribution and initial concentration. Higher concentration 358 

strengthened the particle coagulation and accelerate the decrease of particle concentration.  359 

For further quantitatively analyzing the impacts of coagulation on particle dispersion, here, the similar ratio R 360 

issued in our previous study for analyzing the particle deposition (Zhao et al., 2020) was again employed to evaluate. 361 

The calculation of ratio R is as follows: 362 

 363 

0.5=
tailpipe

C
R

C
                                       (18) 364 

 365 

Where R describes the change of Sc, and it can be considered that Sc is an indicator of the combined effect of 366 

diffusion and coagulation on the particle size distribution. The R values obtained at different speeds and their 367 



 

 

corresponding particle diameters are shown in Figure 10. It could be found that for a given particle diameter range, the 368 

R value obtained when considering coagulation is generally lower than that without coagulation. Meanwhile, the trends 369 

in both cases are inversely proportional to the particle size distribution. Larger error when neglecting coagulation 370 

during the particle dispersion evaluation occurred under lower vehicle speeds. The maximum relative error occurs at 371 

91 nm ultrafine particle when the vehicle speed is 20 km h-1, reaching 193.51%. It can be seen that the error caused by 372 

coagulation is larger and cannot be ignored. 373 

In addition, the range of ratio R without and with coagulation was 2.44% ~ 15.94% and 1.59% ~ 15.21%, 374 

respectively under vehicle speed 60 km h-1. At the vehicle speed of 40 km h-1 and 20 km h-1, the R without coagulation 375 

and with coagulation are 1.85% ~ 11.10% and 0.97 ~ 9.28% respectively, and the R without coagulation and with 376 

coagulation are 3.02 ~ 24.80% and 1.03 ~ 9.04%, separately. 377 

Figure 11 and 12 shows the relationship between time and the averaged particle concentration in the breathing 378 

zone and the whole tunnel, separately. The results in Figure 11 indicated a linear increase of particle concentration 379 

during the process of vehicle movement inside the tunnel. Whereas, the tail of the trend line shows a downward trend, 380 

which was consistent to the higher diffusion effect when vehicles face to the outside of the tunnel at the exit. In addition, 381 

when the vehicle speed changes, the slope range of the curve corresponding to the breathing zone changes slightly. 382 

The slopes of the curves of the three typical particle sizes of 287, 91 and 26nm, without coagulation and with 383 

coagulation under vehicle speed 20 km h-1 are -5.45 & 0.41, 60.77 & 122, 17.29 & 42.29 respectively. When the vehicle 384 

speed is 60 km h-1, the slope is almost unchanged being 3.49 & 3.32, 249.29 & 247.35, 87.77 & 87.05 respectively. 385 

For the curves with particle diameters of 91nm and 287nm, the slope is increased when considering coagulation 386 

and it is more obvious when driving at low speed (20 km h-1). Meanwhile, the slope changes from the original 60 and 387 

-5.5 to 122 and 0.4, indicating that the particle concentration of 91nm and 287nm rises faster with time. This may be 388 



 

 

due to the presence of coagulation that causes small particles collided and coagulated into larger particles, resulting in 389 

an increase in the concentration of larger particles. When the vehicle is travelling at 60 km h-1, 40 km h-1 and 20 km h-390 

1, the maximum relative error of the average particle concentration in the breathing zone of the tunnel and the average 391 

particle concentration of the entire tunnel is only 0.02%, 2.70% and 2.82%. Therefore, the effect of coagulation on 392 

particle dispersion when considering the entire tunnel could be ignored. 393 

Study limitation 394 

There are still several shortcomings in this study and should be conducted in the next future. Firstly, due to the 395 

lack of experiment measurement, the accuracy of the coagulation model prediction in this paper cannot be fully 396 

guaranteed. Secondly, the vehicle travelled simultaneously with the uniform speeds in this paper, the coagulation 397 

characteristics under the acceleration and deceleration conditions are not analyzed. Finally, we consider the different 398 

vehicles in a row travelled and stopped at the same vehicle speeds, which is quite different from actual random 399 

distribution of vehicle speeds even in a row. Random vehicle speeds distribution among different vehicles would be 400 

considered to evaluate the coagulation patterns more realistically. 401 

Conclusions 402 

This paper analyzes the unsteady temperature, velocity gradient, turbulence, vehicle exhausted ultrafine particle 403 

coagulation and diffusion characteristics when passing through a highway tunnel. The main conclusions are 404 

summarized as follows: 405 

(1) The thermal plume rises to 6.5 and 9m at 40 km h-1 and 60 km h-1 speeds, respectively, and the temperature 406 

difference between the thermal plume and the surrounding area is 30 K. It is obvious that the velocity 407 

gradient changes with the difference of vehicle speed. When the vehicle speed is 60km h-1, the mean value 408 

of the velocity gradient in the breathing zone is 3.2 times that of the mean value of 20 km h-1. The maximum 409 

average turbulence dissipation rate in the three different regions (the breathing zone, the tunnel and car back 410 



 

 

0.1m) all appears at the speed of 40km h-1, which is about 8.4 times of that at other speeds. 411 

(2) Particle coagulation patterns under vehicle movements in road tunnel is quite complicated. The coagulation 412 

effect when vehicle travelled at 20 km h-1 speed is significantly stronger than that of 40 km h-1 and 60 km h-413 

1. If neglecting the impacts of coagulation on particle dispersion, the results will cause a large error at a 414 

vertical section of 0.1 m away from the exhaust pipe, as high as 193.51%. 415 

(3) The concentration of particulate matter in the breathing zone and the entire tunnel changes linearly with time. 416 

The largest difference in the slope of the particle concentration change in the tunnel occurs when the vehicle 417 

speed is 20 km/h, the relative error of 91nm is only 2.82%, which is less than 5%, so the effect of coagulation 418 

is negligible in the entire tunnel. However, when the vehicle is travelling at low speed, it is not recommended 419 

to ignore the coagulation effect when studying the particle concentration in the breathing zone (0.5-1.5 m 420 

from the ground), which is because the maximum error of the 91nm particle concentration slope change can 421 

reach 59%. 422 
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Figures

Figure 1

Schematic diagrams showing the tunnel geometry and a vehicle model.



Figure 2

The relationship between the particle diameter and particle concentration in the exhaust pipe at the initial
condition

Figure 3

The re�ned meshes between two different regions. (When the cars running 3s)



Figure 4

Temperature nephogram at the cross-section where x=2.75m (K)



Figure 5

Turbulent Dissipation Rate at the cross-section where x=2.75m (m2/s3)



Figure 6

Relationship between time and the Velocity gradient (s-1)



Figure 7

Relationship between time and the Turbulence Dissipation Rate. (m2 s-3).



Figure 8

Relationship between particle concentration and particle size. (# cm-3).



Figure 9

Relationship between the particle diameter and the averaged particle size distribution in correspondence
of the vertical section located at 0.1 m from the exhaust pipe.



Figure 10

Relationship between the particle diameters and the R values in correspondence of the vertical section
located at 0.1 m from the tailpipe.



Figure 11

Relationship between time and the averaged particle concentration in the breathing zone. The numbers in
the legends indicate different initial particle concentration (# cm-3).

Figure 12



Relationship between time and the averaged particle concentration in the tunnel. The numbers in the
legends indicate different initial particle concentration (# cm-3).
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