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Abstract: To clarify the impact of thermal plumes on the migration of casting sand dust, a 11 

semi-enclosed sand falling station at a foundry company in Chongqing was selected as the 12 

research object. On-site dust detection was conducted, and a CFD-DPM gas-solid two-phase flow 13 

model was established without applying The results indicate that the total dust concentration 14 

around the sand falling machine is 8.0-11.0 mg/m³, and there is significant dust pollution in the 15 

working area. As the high-temperature casting continues to cool, a vertical thermal plume 16 

gradually forms above the heat source. The peak velocity along the centerline increases from 17 

approximately 0.33 m/s at 1 second to about 0.49 m/s at 9 seconds. At 12 seconds, the peak 18 

remains relatively unchanged, but the high-speed region in the middle and upper parts continues to 19 

expand. The peak dust concentration is always located near the sand falling platform. As the 20 

thermal plume develops, the dust concentration in the middle and upper parts gradually increases, 21 

and the dust impact range continues to expand upward. In the later stages of the simulation, the 22 
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 2 

temperature field, velocity field, and dust concentration field within the Research indicates that the 23 

upward airflow generated by thermal buoyancy plays a crucial role in the vertical migration of 24 

falling dust. The area above the heat source and the deflection zone at the top of the equipment are 25 

key positions that require focused attention for dust control. 26 

Keywords: sand dropping process; thermal plume; temperature difference buoyancy; CFD-DPM; 27 

dust migration 28 

1. Introduction 29 

The foundry industry is an important foundational sector of the machinery manufacturing 30 

industry, and shakeout is the key process for separating castings from molding sand and sand 31 

cores. During the sand falling process, accompanied by strong mechanical disturbances such as 32 

vibrations and impacts, as well as the influence of thermal plumes, a large amount of dust is 33 

generated, severely endangering the occupational health of workers. Therefore, revealing the 34 

spatiotemporal migration characteristics of sand dust under the influence of thermal plumes can 35 

provide technical guidance for the engineering protection against sand dust hazards. 36 

In recent years, scholars both domestically and internationally have conducted extensive 37 

research on occupational exposure to foundry dust, the migration characteristics of particulate 38 

matter, and numerical simulation methods. Siltanen E et al. [1] investigated the dust exposure in 39 

Finnish foundries, revealing the prevalence of dust exposure in the foundry work environment; 40 

Andersson L et al. [2] analyzed the characteristics of quartz and dust exposure in Swedish iron 41 

foundries, pointing out that dust and quartz-containing particulate matter during the casting 42 

process are significant factors affecting the occupational health of workers. On this basis, Tong R 43 

et al. [3] established a quantitative health risk assessment method for inhalation exposure to 44 
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automotive casting dust, Duan D et al. [4] analyzed the occupational exposure risks of dust and 45 

noise in iron foundries in China, and Li Q et al. [5] further compared the applicability of various 46 

risk assessment methods in positions with excessive dust concentrations in iron foundries. The 47 

above studies show that exposure to casting dust has a prominent occupational health risk, and its 48 

degree of harm is closely related to dust concentration, particle properties and spatial distribution. 49 

The research of Gong X et al. [6] shows that particle size is an important factor affecting the 50 

movement and separation behavior of casting dust. In the research of industrial dust transportation, 51 

numerical methods such as CFD and discrete phase model have been widely used. Cai Y et al. [7] 52 

analyzed the transport and diffusion characteristics of dust under single and coupled dust source 53 

conditions, revealing the impact of interactions between different dust sources on the spatial 54 

distribution of dust. Huo S et al. [8] studied the effect of changes in mining intensity on dust 55 

distribution characteristics. Xue S et al. [9] analyzed the movement patterns of dust during the 56 

mining process from the perspectives of Li Y et al. [10] studied the distribution patterns of airflow 57 

and dust under multi-process operating conditions, indicating a close relationship between the 58 

airflow structure and dust transport in complex operational spaces. In open or semi-open spaces, 59 

the external environment and spatial structure will also alter the dust dispersion process. Tian D et 60 

al. [11] studied the dust distribution patterns under different depth conditions in open-pit coal 61 

mines; Zhou W et al. [12] analyzed the diffusion characteristics of dust from transport vehicles 62 

under vertical wind shear; Wang Z et al. [13] used the WRF-FLUENT coupling method to 63 

simulate the airflow and dust diffusion process in open-pit mines in cold regions; Wang J et al. [14] 64 

further investigated the distribution and Tang S et al. [15], in their review of the movement 65 

patterns and numerical simulation studies of coal mine dust, pointed out that the transport 66 
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behavior of dust under complex airflow conditions is influenced by multiple factors, including the 67 

dust generation process, particle properties, and the environmental flow field. An J et al. [16] 68 

combined CFD-DPM simulation with individual monitoring to analyze the exposure mechanisms 69 

of inhalable dust; Yu H et al. [17] studied the migration and deposition characteristics of fine 70 

particulate matter from the perspective of the human upper respiratory tract, further indicating that 71 

dust migration research can extend from the transport in the work environment to the scale of 72 

human exposure. Generally speaking, the existing research has achieved more results in dust 73 

occupational exposure, particulate transportation and numerical simulation, but the research 74 

objects are mainly concentrated in typical high-dust environments such as coal mines, open-pit 75 

mines and tunnels, and the research on the casting sand falling process is still relatively limited. In 76 

particular, there is still a lack of systematic research on how the hot plume formed by 77 

high-temperature castings and residual sand absorbs and transports dust, and how dust gradually 78 

develops from near-source aggregation to vertical elevation, lateral deflection and spatial diffusion; 79 

the space-temporal correspondence between temperature field, velocity field and dust 80 

concentration field and its inherent mechanism of action are also to be studied. Further reveal. 81 

Based on this, this paper takes the sand falling process of a foundry enterprise in Chongqing 82 

as the research object, grasps the sand falling process, equipment structure and operating space 83 

characteristics through on-site investigation, and establishes a three-dimensional calculation model 84 

according to the actual sand falling equipment and operation area. Using the method of combining 85 

computational fluid dynamics and discrete phase model, a numerical model of CFD-DPM 86 

gas-solid two-phase flow considering the buoyancy effect of temperature difference is constructed, 87 

and the transient evolution of temperature field, velocity field and dust concentration field in the 88 



 5 

process of sand falling without mechanical ventilation is simulated. By analyzing the changes in 89 

the spatial distribution of dust during the formation, development and deflection of thermal plumer 90 

flow, the absorption, lifting and diffusion behavior of dust driven by thermal buoyancy are studied, 91 

and the phased transport path of falling sand dust released from the near source to the upper space 92 

diffusion is summarized. The research results can provide a theoretical basis for the identification 93 

of high-risk areas of dust in the casting process and the reasonable arrangement of subsequent 94 

dust-proof and dust removal facilities. 95 

2.Overview of the Research Subject  96 

2.1 Sand Falling Process and Dust Generation Characteristics 97 

The sand casting process mainly includes molding, core making, boxing, smelting and 98 

pouring, cooling and solidification, sand falling, cleaning and inspection and other links. Shakeout 99 

is carried out after the casting has cooled and solidified and before its surface is cleaned. This step 100 

separates the casting from the molding sand and sand core. Once pouring is complete and the 101 

casting has cooled sufficiently, the flask is transported to the shakeout area. The sand mold and 102 

core are then broken apart by opening and turning the flask, together with mechanical vibration 103 

and impact, so that the casting can be separated from the sand. The separated waste sand falls 104 

through the openings in the shakeout screen and enters the collection and conveying system below, 105 

while the casting is transferred to the next cleaning stage. Fig. 1 shows the workflow of the 106 

shakeout process. 107 
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 108 

Fig. 1. Sand Casting Process Flowchart 109 

It can be seen from Fig. 1 that mechanical vibration falling sand is the core link of sand mold 110 

crushing and casting separation from mold sand, and it is also the main stage of concentrated dust 111 

release. During the sand-dropping operation, the sand mold and sand core are gradually broken 112 

under the action of vibration, impact and flipping, and collision and friction continue to occur 113 

between the sand blocks, castings and equipment. The fine powder on the surface of the sand, the 114 

sand core debris and the residual particles attached to the surface of the casting are peeled off 115 

under mechanical action, and enter the surrounding air with the falling of waste sand and the 116 

vibration of the equipment, forming an obvious instantaneous and intermittent dust release process. 117 

Therefore, the mechanical vibration sand falling stage is the focus of analyzing the characteristics 118 

of dust generation and initial migration. 119 

This article takes the sand falling process of a foundry enterprise in Chongqing as the 120 

research object. Its sand falling operation area adopts a semi-closed structure, which is mainly 121 

composed of the main body of the sand dropping machine, the sand falling platform, the sandbox 122 

transfer area and the enclosure structure on both sides. The spatial arrangement is shown in Figure 123 

2. The sand dropper is set up in the fixed workstation of the workshop. The sandbox or mold is 124 

sent to the operation area through the front transshipment device. After the positioning is 125 
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completed, the box is opened, the box is turned over and the sand is mechanically vibrated in turn. 126 

According to on-site surveying and mapping, the width of the front opening of the sand-dropping 127 

machine is about 5790 mm, the internal effective operation width is about 4,620 mm, the width of 128 

the sand-dropping platform is about 4160 mm, and the internal height of the equipment is about 129 

4850 mm. The falling sand platform is located at the bottom of the equipment, which is the main 130 

area for sand crushing, casting separation and dust release. 131 

 132 

Fig. 2. Diagram of the Sand Drop Work Area and Existing Ventilation Facilities 133 

It can be seen from Fig. 2 that the sand-dropped workstion adopts a semi-closed structure, 134 

with an enclosure structure on both sides, and a large opening at the front to meet the needs of 135 

sandbox transshipment and personnel operation. There are jet air curtains, left and right exhaust 136 

ports and top exhaust outlets on the site. The internal space of the equipment, the front opening 137 

and the upper area are connected to each other, and the enclosure structure and the opening 138 

position together form the spatial boundary of the migration of dust-containing airflow. It should 139 

be noted that Figure 2 is used to show the actual structure and ventilation facilities of the 140 

sand-falling workstation. In order to study the impact of temperature difference buoyancy on dust 141 

migration separately, the subsequent numerical simulation does not apply mechanical air supply 142 
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and exhaust, and only the geometric characteristics such as the main body of the equipment, the 143 

enclosure structure and the main opening are retained. 144 

Judging from the dust production process, the formation of falling sand dust mainly includes 145 

three aspects: sand type crushing, particle peeling and waste sand secondary dust. First of all, 146 

water loss, embrittlement and local sintering may occur in the process of high-temperature pouring 147 

and cooling, causing the bonding state between the sand particles to change; under the action of 148 

mechanical vibration and impact, the sand mold and sand core structure are rapidly broken and 149 

fine particles are released. Secondly, the collision and friction between the sand block, the casting 150 

and the equipment make the fine powder attached to the sand grain and the surface of the casting 151 

constantly peel off and enter the air. Finally, the crushed waste sand is continuously disturbed 152 

during falling, screening and conveying, and the sedimented particles may be raised again, thus 153 

prolonging the suspension and diffusion time of dust in the operating space. 154 

The particles produced by mechanical crushing and peeling have different motion 155 

characteristics. Larger particles are strongly affected by gravity and inertia. After release, they 156 

usually move near the dust source and settle faster; particles with smaller particle size have a 157 

lower sedimentation rate and strong airflow followability, and are easier to migrate to the upper 158 

part of the equipment and the surrounding operating space with the local airflow. Continuous 159 

vibration, waste sand drop and equipment collision during sand falling may also cause the 160 

sedimented particles to rise for the second time, causing the dust to change dynamically between 161 

near-source release and spatial diffusion. 162 

In addition to mechanical disturbance, the thermal environment formed by high-temperature 163 

castings and residual sand is also an important factor affecting the migration of dust. During the 164 
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operation of falling sand, the temperature of the casting and the mold sand is usually higher than 165 

the temperature of the surrounding air. The temperature difference between the two reduces the 166 

density of the adjacent air after being heated and moves upwards, gradually forming a hot plumer 167 

flow. After the dust generated by mechanical action enters the hot plumer flow, it is sucked and 168 

transported upwards under the action of airflow drag, so that the dust migrates from the 169 

near-source area near the falling sand platform to the upper part of the equipment. With the 170 

continuous development of hot plume, its flow direction may also be deflected by the influence of 171 

equipment enclosure structure, open boundaries and local backflow, thus driving dust to spread to 172 

the lateral and front working space. 173 

In summary, the generation and migration of falling sand dust is the result of the joint action 174 

of mechanical disturbance, particle force, thermal buoyancy and spatial boundaries. Sand crushing, 175 

particle peeling and waste sand disturbance determine the release position and initial movement 176 

state of the dust. The hot plume formed by high-temperature castings and residual sand further 177 

drive the dust upward transport and may cause lateral deflection in the upper part of the equipment. 178 

As a result, falling sand dust presents a basic migration process of "near source release - hot 179 

plumer coil suction - vertical lifting - lateral diffusion". In the future, a numerical model will be 180 

established according to the actual spatial structure of the falling sand operation area, further 181 

analyze the transient evolution characteristics of the temperature field, velocity field and dust 182 

concentration field, and reveal the space-time movement law of falling sand dust by the action of 183 

hot plumer flow. 184 

2.2 Analysis of Dust Characteristics and On-Site Concentration Measurement 185 
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In order to understand the falling sand dust from the two levels of particle characteristics and 186 

on-site pollution level, and to provide a basis for subsequent CFD-DPM numerical simulation, this 187 

paper first characterizes the particle size distribution and micromorphology of the collected dust, 188 

analyzes the suspension, settlement and flow migration potential of different particles; and then 189 

determines the total powder in the sand falling operation area. Dust mass concentration, evaluate 190 

the degree of dust pollution and spatial differences under actual operation conditions. Among 191 

them, the particle size directly affects the inertial response, gravity sedimentation and tracking 192 

ability of dust in the airflow, which is an important basis for the particle size setting of the DPM 193 

model; the micromorphology can assist in judging the irregularity and aggregation characteristics 194 

of particles; the on-site concentration determination reflects the actual pollution after the joint 195 

action of dust production, sedimentation and airflow transportation Result. 196 

Using a laser particle size analyzer to test the particle size of the falling sand dust, the results 197 

are shown in Fig. 3. 198 

 199 

Fig. 3. Particle Size Distribution Curve 200 
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As shown in Fig. 3, the particle size distribution of the falling sand dust is quite broad, with 201 

the particle volume distribution mainly concentrated around 20-70 μm. The Dv(10), Dv(50), and 202 

Dv(90) are 5.263, 31.640, and 172.440 μm, respectively, indicating the coexistence of Among 203 

them, fine particles smaller than 10 μm have weaker settling ability and stronger airflow following, 204 

making them more likely to be suspended and migrate toward the upper part of the equipment 205 

under the influence of thermal plumes; larger particles are more significantly affected by inertia 206 

and gravity, and after being released, they tend to move and settle near the dust generation 207 

Therefore, the particle size distribution not only reflects the multi-scale characteristics of the dust 208 

but also provides a basis for determining the particle size range in subsequent simulations and 209 

explaining the migration differences of particles of different sizes. 210 

To further identify the particle morphology and agglomeration state of the fallen sand dust, 211 

the collected dust samples were observed using a scanning electron microscope, as shown in Fig. 212 

4. 213 

 214 

Fig. 4. SEM Morphology of Sand Dust 215 

It can be seen from Fig. 4 that the whole falling sand dust particles are irregular block-shaped, 216 

flake-shaped and flocculent, with a rough surface, and pores, folds and cracks can be seen; some 217 
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small particles are attached to the surface of larger particles, and there is obvious aggregation in 218 

some places. This shape coincides with dust-producing processes such as sand crushing, friction 219 

peeling and particle collision, which also indicates that the airflow response of actual dust may be 220 

affected by particle irregularity and aggregation state. Combined with the particle size results, it 221 

can be seen that the falling sand dust has the characteristics of multi-scale particle size and 222 

irregular morphology, and there may be differences in the suspension, sedimentation and 223 

migration ability of different particles in the airflow. The above characterization reveals the 224 

migration potential of dust, but it cannot directly explain the degree of pollution in the actual 225 

operation area. Therefore, it is necessary to further evaluate the dust pollution level and spatial 226 

differences of the sand falling site in combination with the on-site dust concentration 227 

measurement. 228 

To understand the pollution levels of the aforementioned particles under actual sand dropping 229 

operation conditions, this paper measures the total dust mass concentration in the operation area. 230 

The detection was conducted in accordance with the "Standard for Determination of Dust in the 231 

Air of Workplaces Part 1: Total Dust Concentration" (GBZ/T 192.1—2025), using the filter 232 

membrane weighing method to measure the total dust concentration in the air of the sand dropping 233 

operation area. The calculation equation is: 234 

 
2 1( ) 1000m m

C
V

− 
=   (Equation.1) 235 

In the equation:  236 

C  is the total dust concentration, mg/m³; 237 

1m  is the mass of the filter membrane before sampling, mg;  238 

2m  is the mass of the filter membrane after sampling, mg;  239 
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V  is the volume of air sampled under standard conditions, L. 240 

Table 1. Total Dust Concentration Measurement Results in the Sandfall Operation Area 241 

Detection area Total dust concentration (mg/m³) 

The area around the sand drop machine 8.0-11.0 

Peak value of the operating position 10.7 

Work area forward detection point 9.2 

As shown in Table 1, the total dust concentration in the area around the sand drop machine is 242 

8.0-11.0 mg/m³, with the peak concentration at the operator's position being 10.7 mg/m³ and the 243 

concentration at the forward detection point in the work area being 9.2 mg/m³. Each detection 244 

location is at a relatively high concentration level, indicating that there is significant dust pollution 245 

in the sand falling operation area; the differences in concentration between different locations 246 

suggest that the dust is not evenly distributed within the operational space. Combining the 247 

characterization results of Figures 3 and 4, the sand dust contains both larger particles that easily 248 

settle in the near-source area and finer particles with strong transportability. The multi-scale 249 

particle size distribution and irregular, agglomerated morphology may jointly influence the dust 250 

suspension and sedimentation distribution at different locations. 251 

Based on the characteristics of dust and the results of on-site concentration, the mechanical 252 

crushing, particle detachment, waste sand drop, and equipment vibration near the sand falling 253 

platform constitute the main dust release processes. After release, larger particles are more likely 254 

to settle in the near-source area due to the effects of gravity The difference in particle size 255 

determines the migration potential of the dust, while the spatial difference in on-site concentration 256 

reflects the result of the combined effects of dust generation, sedimentation, thermal buoyancy, 257 
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and equipment boundaries. Therefore, relying solely on concentration measurement points makes 258 

it difficult to explain the continuous process of dust release from the source to its diffusion 259 

upwards; further analysis is needed in conjunction with the flow field and particle movement. 260 

Based on the above understanding, the subsequent numerical simulation will take the actual 261 

measurement of particle size distribution as the basis for setting particle parameters, and combine 262 

the structure of the falling sand equipment and the heat source conditions. Through the transient 263 

evolution of temperature field, velocity field and dust concentration field, the process of coiling, 264 

lifting and diffusion of particles of different particle sizes under the action of thermal plumer flow 265 

will be studied, so as to explain the spatial concentration difference reflected by the on-site 266 

detection point and its possible formation mechanism. 267 

It should be noted that there are differences between on-site testing and subsequent numerical 268 

simulation in terms of ventilation status, dust release intensity and time scale. On-site testing is 269 

used to characterize the pollution level and spatial differences in the actual sand-falling operation 270 

area. Particle size and morphology characterization are used to support particle parameter 271 

selection and migration mechanism interpretation. The two together constitute the on-site basis for 272 

numerical model establishment and result analysis, but not used to verify the absolute value of 273 

simulated concentration. The follow-up simulation focuses on the relative distribution, main 274 

migration path and dynamic evolution law of the dust concentration field under given release 275 

conditions. 276 

3 Establishment and Methods of Numerical Models  277 

3.1 Mathematical Model of Gas-Solid Two-Phase Flow 278 

During the shakeout process, mechanical vibration, impact, and sand-mold breakage release 279 
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dust into the surrounding air. The dust is then transported under the combined effects of airflow 280 

drag, gravity, and thermal buoyancy. This process is a typical gas-solid two-phase flow, where the 281 

air medium is considered the continuous phase and the dust particles are considered the discrete 282 

phase. This paper employs a method that combines computational fluid dynamics with a discrete 283 

phase model to numerically solve the airflow and dust particle movement in the sand dropping 284 

operation area. 285 

The air velocity in the sand dropping operation area is relatively low, allowing the air to be 286 

considered as an incompressible fluid. The continuous phase airflow satisfies the mass 287 

conservation equation and the momentum conservation equation. Respectively expressed as: 288 

 0u =   (Equation.2) 289 

 ( )T b

u
u u p u u g F

t
     +  = − +  + + +    

  (Equation.3) 290 

In the equation: 291 

u  is the velocity vector of the continuous phase, m/s; 292 

  is the air density, kg/m³;  293 

p  is the fluid pressure, Pa;  294 

  is the air dynamic viscosity, Pa·s;  295 

g  is the gravitational acceleration, taken as 9.81 m/s²;  296 

bF  is the buoyancy source term caused by temperature difference, N/m³. 297 

During the sand falling operation, there is a significant temperature difference between the 298 

high-temperature castings and residual sand and the surrounding air. The adjacent air, after being 299 

heated, undergoes a change in density and forms an upward-moving thermal plume under the 300 

influence of buoyancy.To account for the effects of thermal plumes on airflow structure and 301 
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dust-transport pathways, both gravity and thermal buoyancy are included in the continuous-phase 302 

momentum equation. The energy equation is also enabled during the simulation, while 303 

temperature-induced variations in air density are described using the Boussinesq approximation. 304 

The heat-source conditions and other simulation parameters are provided in the boundary 305 

conditions section. 306 

The motion of dust particles in the airflow is described using the Lagrangian method, and the 307 

particle motion equation is established based on Newton's second law. According to the numerical 308 

model actually used in this paper, the motion of particles mainly considers the effects of 309 

aerodynamic drag, gravity, and buoyancy, and its motion equation is: 310 

 ( )2

Re18

24

p D p p

p

p p p

du C
u u g

dt d

 
 

−
=  − +   (Equation.4) 311 

In the equation: 312 

pu  is the particle velocity vector, m/s;  313 

u  is the continuous phase airflow velocity vector, m/s; 314 

p  is the particle density, kg/m³;  315 

  is the air density, kg/m³;  316 

pd  is the particle diameter, m;  317 

  is the air dynamic viscosity, Pa·s;  318 

DC  is the particle drag coefficient, dimensionless;  319 

Rep  is the particle relative Reynolds number, defined as Re
p p

p

d u u



−
= , 320 

dimensionless;  321 

g  is the gravitational acceleration vector, taken as 9.81 m/s². 322 
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The first term on the right side of Equation 4 is the aerodynamic resistance term generated by 323 

the relative motion between the airflow and the dust particles, and the second term is the body 324 

force term formed by the combined action of gravity and buoyancy. Aerodynamic drag causes dust 325 

particles to tend to move with the surrounding airflow, while gravity and buoyancy influence the 326 

vertical movement and settling process of the particles. Particles of different sizes have varying 327 

inertia and airflow following capabilities, so their migration and sedimentation behavior in 328 

thermal plumes will also differ. 329 

This paper mainly studies the impact of thermal plumes on the migration paths of sediment 330 

dust at the operational space scale, while keeping the mathematical model consistent with the 331 

actual numerical solution settings. The forces acting on the particles only consider aerodynamic 332 

drag, gravity, and buoyancy, without introducing additional effects such as Brownian force For the 333 

sparse-phase dust transport process studied in this paper, considering the low mass flow rate of the 334 

particle phase and the small particle volume fraction, the reverse effect of the particles on the 335 

continuous phase flow field is relatively limited. Therefore, a one-way coupling method is used 336 

for calculations, where the continuous phase airflow 337 

Airflow within the sand-shakeout zone is influenced by factors such as the main equipment 338 

body, the shakeout platform, enclosures, and open boundaries; phenomena such as rising thermal 339 

plumes, near-wall flow, and local recirculation are present, resulting in a flow field characterized 340 

by complex turbulence. In this study, the SST k-ω turbulence model is employed to describe the 341 

turbulent flow of the continuous phase.This model combines the advantages of the k-ε model near 342 

walls with those of the k-ε model in free-stream regions. It is therefore well suited to simulating 343 

flow fields with adverse pressure gradients, flow separation, and complex recirculating airflow.  344 
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The general forms of the transport equations for turbulent kinetic energy k and specific dissipation 345 

rate ω in this model are as follows: 346 

 
( ) ( ) ( )*j

k k t

j j j

kuk k
P k

t x x x


     

    
+ = − + + 

     
  (Equation.5) 347 

( ) ( ) ( )2j

k t

j j j

u
P D

t x k x x
 

      
    

+ = − + + + 
     

  (Equation.6) 348 

In the equation: 349 

k  is the turbulent kinetic energy, m²/s²;  350 

  is the specific dissipation rate, rad/s; 351 

  is the air density, kg/m³; 352 

t  is time, s;  353 

ju  is the velocity component of the airflow, m/s; 354 

kP  is the generation term for turbulent kinetic energy, kg/(m·s³); 355 

*  is a model constant; 356 

  is the dynamic viscosity of air, Pa·s; 357 

k  is the turbulent Prandtl number for turbulent kinetic energy; 358 

t  is the turbulent viscosity, Pa·s; 359 

  is a model constant; 360 

  is a model constant; 361 

  is the turbulent Prandtl number for the specific dissipation rate; 362 

D  is the cross-diffusion term, kg/(m·s³), defined as ( ) 21

1
2 1

j j

k
D F

x x
 




 
= −

 
 ; 363 

1F  is the first blending function, used to achieve a smooth transition between models 364 

k −   and k −  . 365 
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In summary, this paper describes the airflow in the sand falling operation area using the 366 

incompressible continuous phase control equation. It reflects the thermal plume effect caused by 367 

high-temperature castings and residual sand through the temperature difference buoyancy source 368 

term and energy equation. The SST k-ω model is used to describe the complex turbulent structure, 369 

and the discrete phase The aforementioned mathematical model provides a computational basis for 370 

the subsequent analysis of the transient evolution of the temperature field, velocity field, and dust 371 

concentration field. 372 

3.2 Geometric Model and Mesh Generation 373 

Based on the on-site layout, equipment dimensions, and spatial structural characteristics of 374 

the sand falling process at a foundry in Chongqing, a three-dimensional geometric model of the 375 

sand falling operation area was established using SolidWorks software. The model is based on the 376 

on-site sand drop machine and its surrounding operational space, primarily retaining the main 377 

body of the sand drop machine, the sand drop platform, the equipment enclosure structure, the 378 

main openings, and the dust release area, in order to reflect the main spatial boundaries involved 379 

in the formation of thermal The positions of the on-site jet air curtain and the left, right, and top 380 

exhaust openings are considered in the geometric structure, but mechanical ventilation or suction 381 

is not applied during the calculations to eliminate the interference of active ventilation on the flow 382 

field, allowing for a separate analysis of the dust migration process driven by thermal The 3D 383 

model of the sand dropper is shown in Fig. 5. 384 
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 385 

Fig. 5. 3D Model of the Sand Drop Machine 386 

To improve the computational efficiency of numerical simulations, the actual equipment was 387 

appropriately simplified without altering the main structure and primary flow space of the sand 388 

dropping operation area. During the modeling process, local structures such as bolts, chamfers, 389 

and small holes, which have a minimal impact on the overall flow field, were ignored. The main 390 

body shape of the sand dropper, the sand drop platform, the enclosure structure, the main openings, 391 

and the dust release areas were retained The simplified model can reflect the impact of heat source 392 

location, dust release location, and equipment boundaries on the development of thermal plumes 393 

and the spatial migration of dust, while avoiding the increase in mesh count and computational 394 

cost caused by excessive small structures. 395 

After completing the 3D geometric model, Fluent Meshing is used to mesh the computational 396 

domain, and the mesh and its profile in the sand dropping operation area are shown in Fig. 6. The 397 

model employs a structured hexahedral mesh to achieve a reasonable balance between 398 

computational accuracy and efficiency. 399 
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 400 

Fig. 6. Schematic Diagram and Sectional View of the Grid Division in the Sand Falling Workshop 401 

In the process of grid division, local encryption is carried out in areas with obvious changes 402 

in the convection field and concentrated dust migration to improve the analysis ability of thermal 403 

plume development, local return flow and dust concentration gradient. A three-layer boundary 404 

layer grid is set up near the ground, the sand-falling equipment wall and the workshop enclosure 405 

structure. The growth rate of the boundary layer is 1.999, and the height of the first layer is 17.99 406 

mm, which is used to improve the numerical analysis of the airflow movement and particle 407 

settlement process in the near-wall area. 408 

In order to evaluate the quality of the grid, the divided grid is checked, and the orthogonal 409 

quality is taken as the main evaluation indicator. The closer the orthogonal mass value is to 1, the 410 

more regular the grid unit form is. According to statistics, the maximum value of the orthogonal 411 

mass of the model grid is 0.9999, the average value is 0.858, and the minimum value is 0.19. The 412 

average orthogonal quality of the overall grid is relatively high, and the minimum orthogonal mass 413 

is also higher than the lower limit of 0.05 judgment adopted by the original model, indicating that 414 

the quality of the grid unit meets the subsequent numerical solution requirements. 415 

In order to reduce the impact of the number of grids on the calculation results, different 416 
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numbers of grids are used for comparative calculations while maintaining the same geometric 417 

model, boundary conditions and solution parameters. Considering that this paper needs to analyze 418 

the process of dust migration from near the falling sand platform to the operating space, the 419 

average dust mass concentration of the horizontal cross-section at a height of 1.5 m above the 420 

ground is selected as the grid independence evaluation index. The calculation results under the 421 

number of different grids are shown in Fig. 7. 422 

 423 

Fig. 7. Grid Independence Analysis Chart 424 

As shown in Fig. 7, as the number of grids increases from 8.65×10⁵ to 2.64×10⁶, the average 425 

dust mass concentration at a horizontal section 1.5 m above the ground gradually stabilizes. When 426 

the number of grid cells reaches 2.19×10⁶, further increasing the number of grid cells results in a 427 

change rate of less than 5% in the calculation results, indicating that further refining the grid has a 428 

minimal impact on the average dust concentration at this section. Considering both the 429 

computational accuracy and the computational cost, approximately 2.19×10⁶ grid cells were 430 

ultimately selected for subsequent transient numerical simulations. 431 

In summary, this paper establishes a three-dimensional geometric model based on the on-site 432 

sand dropping equipment and the working space. Through local mesh refinement, boundary layer 433 
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settings in the near-wall region, mesh quality checks, and mesh independence analysis, 434 

approximately 2.19×10⁶ mesh elements are determined as the This mesh can meet the numerical 435 

analysis requirements for the development of thermal plumes, airflow movement in the working 436 

space, and dust migration processes. 437 

3.3 Boundary Conditions and Particle Parameters 438 

To separate the effects of mechanical ventilation and thermal buoyancy, this paper establishes 439 

a baseline condition without mechanical supply and exhaust ventilation, focusing on revealing the 440 

natural migration patterns of falling dust particles under thermal effects only. This operating 441 

condition does not fully replicate the actual operating state of the on-site ventilation system but is 442 

used to identify the basic path of thermal plume formation, development, and its dust-carrying 443 

migration. The continuous phase uses a pressure-based transient solver, with velocity expressed as 444 

absolute velocity, turbulence modeled with the SST k −  model, and pressure-velocity 445 

coupling using the SIMPLE algorithm. During the calculation process, the gravity and energy 446 

equations are enabled, and the Boussinesq hypothesis is used to describe the changes in air density 447 

caused by temperature differences. 448 

The surface temperature of the high-temperature casting is set to 180 ℃, and the initial 449 

ambient temperature is set to 25 ℃. The supply air boundary velocity corresponding to the on-site 450 

air curtain is set to 0 m/s, and no mechanical suction is applied to the left, right, and top exhaust 451 

outlets, treating them as open boundaries. The initial velocity in the computational domain is set to 452 

0 m/s, so the airflow within the computational domain is primarily driven by the temperature 453 

difference between the high-temperature surface and the surrounding air. Through this setup, the 454 

mechanical supply and exhaust can be avoided from altering the thermal plume structure, thereby 455 
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identifying the independent effects of thermal buoyancy on dust entrainment, vertical transport, 456 

and lateral diffusion. The transient simulation duration is 15 seconds, and characteristic moments 457 

are selected at 1.0, 5.0, 9.0, and 12.0 seconds to analyze the evolution process of the thermal 458 

plume and dust concentration field. The continuous phase boundary conditions and solution 459 

settings are shown in Table 2. 460 

Table 2. Continuous Phase Boundary Conditions and Solution Settings 461 

Parameter Setting 

Solver Pressure-based solver 

Simulation type Transient 

Velocity formulation Absolute velocity formulation 

Turbulence model SST k −  

Pressure–velocity coupling scheme SIMPLE 

Energy equation Enabled 

Gravitational acceleration 9.8 m·s⁻² 

Density model Boussinesq approximation 

Inlet velocity and boundary condition 0 m·s⁻¹; velocity inlet 

Outlet boundary condition Pressure outlet 

Initial velocity 0 m·s⁻¹ 

Surface temperature of the hot casting 180 °C 

Initial ambient temperature 25 °C 

Total transient simulation time 15 s 

Dust particles are tracked using the DPM model for Lagrangian trajectory tracking. The 462 
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particle size is described using the Rosin–Rammler function, with 5.263μm and 172.44μm as the 463 

lower and upper limits of the particle size distribution, respectively. The average particle size is 464 

taken as 31.64μm, the distribution width parameter is set The particle density is taken as 2600 465 

kg/m³. The dust is continuously released from the surface of the sand drop platform as a surface 466 

source, with a mass flow rate set at 1.0×10-6 kg/s. The particle phase is calculated using one-way 467 

coupling, with its main parameters shown in Table 3. 468 

Table 3. Discrete-phase model parameters 469 

Discrete-phase parameter Setting 

Particle size distribution Rosin–Rammler distribution 

Minimum particle diameter 5.263μm 

Maximum particle diameter 172.44μm 

Mean particle diameter 31.64μm 

Particle size distribution spread parameter 3.5 

Particle size distribution spread parameter 10 

Particle density 2600 kg·m⁻³ 

Particle release location Surface of the shakeout platform 

Particle release mode Particle release mode 

Particle mass flow rate 1.0 × 10⁻⁶ kg·s⁻¹ 

Gas–particle coupling scheme One-way coupling 

In this setup, buoyancy caused by temperature differences is the main driving force for 470 

airflow within the computational domain. By performing transient coupled simulations of the 471 

temperature, velocity, and particle concentration fields, the model captures how shakeout dust 472 
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evolves over time and space, from its initial release near the source and upward movement to its 473 

subsequent deflection and dispersion. 474 

4.Migration Patterns of Falling Sand Dust Under Thermal Plume Effects 475 

Based on the numerical model and boundary conditions described above, transient 476 

simulations are conducted to examine shakeout-dust transport without mechanical supply or 477 

exhaust ventilation. This chapter first analyzes the development of the temperature, velocity, and 478 

dust concentration fields driven solely by thermal buoyancy. In this way, the basic dust-transport 479 

patterns can be identified without the influence of active ventilation. 480 

The transient simulation covers a total period of 15 s. Four representative times—t = 1.0, 5.0, 481 

9.0, and 12.0 s—are selected to represent the formation and development of the thermal plume, 482 

followed by the vertical transport, deflection, and dispersion of dust. By comparing the three fields 483 

at these times, the main transport pathways and spatial distribution of shakeout dust during 484 

thermal-plume development are identified.. 485 

4.1 Characteristics of Temperature Field Evolution Under Thermal Plume 486 

Action 487 

The high-temperature casting and residual sand continuously transfer heat to the surrounding 488 

air, raising the air temperature near the heat source and forming thermal plumes under the 489 

influence of buoyancy due to temperature differences. To analyze the formation and development 490 

process of the thermal plume, the temperature fields of the XOZ and YOZ sections at t=1.0, 5.0, 491 

9.0, and 12.0 seconds were compared, as shown in Fig. 8. 492 
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 493 

Fig. 8. Temperature field distribution at different times under the action of thermal buoyancy 494 

It can be seen from Figure 8 that at t=1.0s, the temperature rise area in the two cross-sections 495 

is mainly distributed near the surface of the falling sand platform, in a thin layer or flat dome with 496 

a small range. The temperature change in other areas of the calculation domain is relatively small, 497 

indicating that the heat has not been obviously transferred to the upper part of the equipment, and 498 

the hot plume is in the initial formation stage. By t=5.0s, the temperature rise range in the XOZ 499 

cross-section and the YOZ cross-section is significantly expanded. The higher temperature area is 500 

still concentrated near the heat source, and its peripheral temperature equivalent line extends 501 

upwards to form a relatively complete dome structure. The temperature distribution of the two 502 

cross-sections at this moment is centered on the heat source, showing obvious symmetry as a 503 

whole, indicating that the heated air has begun to develop upwards, but the heat is still mainly 504 

concentrated in the lower part of the operation area. 505 



 28

 506 

When t=9.0s, the temperature field gradually changes from the early dome-like distribution to 507 

the plume structure extending vertically. The high-temperature area in the XOZ cross-section is 508 

located in the middle above the heat source, and the lower part is connected to the heat source, and 509 

the peripheral medium-temperature area extends upwards and to both sides. The high-temperature 510 

core in the YOZ cross-section is more concentrated, in a vertically elongated column shape, and a 511 

clear high-temperature transmission channel is formed above the heat source. Compared with 512 

t=5.0s, the vertical development characteristics of hot plume are more obvious at this time. By 513 

t=12.0s, there is a significant difference in the temperature distribution of the two cross-sections. 514 

In the XOZ cross-section, the higher temperature area has been extended to the upper part of the 515 

equipment, but the continuous high-temperature core has been weakened. Only the local 516 

high-temperature area is retained near the surface of the platform, and the upper space is mainly 517 

manifested as a large range of medium temperature rise area. In the YOZ cross-section, the 518 

high-temperature area still extends upwards continuously near the heat source, and obviously 519 

bends to the right side of the cross-section, forming an asymmetric high-temperature zone in the 520 

upper space. The results show that there is an obvious difference in direction in the later stage of 521 

thermal plume development, and its lateral deflection is more prominent in the YOZ cross-section. 522 

Overall, in the sand drop operation area, the temperature field first forms a localized 523 

temperature rise near the surface of the heat source, then gradually expands into a dome-shaped 524 

structure, and further develops into a thermal plume extending in the vertical direction. As the 525 

simulation time increases, the morphology of the thermal plume in different cross-sections begins 526 

to show differences. In the later stages, the temperature rise zone in the XOZ section mainly 527 
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expands into the upper space, while the high-temperature core in the YOZ section exhibits a 528 

noticeable lateral bending. The aforementioned changes in the temperature field indicate that 529 

thermal buoyancy can drive heat from the vicinity of the sand settling platform to the upper part of 530 

the equipment, while the structure of the working space causes the thermal plume to exhibit an 531 

asymmetric distribution in the later stages of its development. 532 

The aforementioned temperature contour analysis reflects the spatial distribution 533 

characteristics of the thermal plume within the computational domain but fails to accurately 534 

describe the variation of temperature along the vertical direction. Therefore, the geometric 535 

centerline on the YOZ plane was selected; temperature distribution data were extracted along the 536 

positive Z-axis—extending upward from the bottom of the sand-shakeout zone—at various 537 

simulation times, and temperature profile curves were plotted, as shown in Fig. 9. 538 

 539 

Fig. 9. Temperature profile curves at different simulation times along the centerline of the 540 

YOZ cross-section 541 

As shown in Figure 9, the centerline temperature at different simulation times decreases with 542 

increasing height. However, as the simulation time extends, the temperature in the middle and 543 

upper regions gradually increases, and the thermal influence range continues to expand upward. At 544 
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1 second, the temperature at the bottom of the centerline is approximately 48.6 ℃; as the height 545 

increases, the temperature rapidly decreases, dropping to about 29.0 ℃ at Z=2.50 m, indicating 546 

that in the initial stage, the heat is mainly concentrated near the heat source, and the upper space is 547 

less affected by the heat. 548 

When the simulation time increases to 5 seconds, the temperature change in the area near the 549 

heat source is small, while the temperature in the middle and upper regions increases somewhat. 550 

For example, the temperature at Z=1.50 m rises from 34.2℃ at 1 s to 38.4℃, an increase of 4.2℃; 551 

at Z=3.00 m, the temperature rises from 28.0℃ to 30.8℃. This result indicates that as the thermal 552 

plume gradually forms, heat begins to be transported from the near-source area to the upper part of 553 

the equipment. At 9 seconds, the centerline temperature curve continues to move toward higher 554 

temperatures, with the temperature at Z=2.00 m rising from 34.8℃ at 5 seconds to 38.3℃, an 555 

increase of 3.5℃; at Z=3.00 m, the temperature reaches approximately 33.0℃, indicating that the 556 

vertical influence range of the thermal plume has further expanded. By t = 12 s, the temperature 557 

near the source remains relatively stable, while temperatures in the middle and upper regions 558 

continue to increase.. For example, the temperature at Z=4.00 m reaches 31.4℃, an increase of 559 

about 4.2℃ compared to 1 s; the temperature at the bottom of the centerline slightly decreases 560 

from 48.6℃ to 47.5℃. 561 

Overall, the temperature profile did not exhibit synchronous warming across the entire area, 562 

but rather showed a characteristic of small temperature changes near the source and gradually 563 

increasing temperatures in the middle and upper sections. This indicates that the thermal plume 564 

continuously transports heat from the sand-fall area to the upper part of the equipment, causing the 565 

temperature gradient along the height direction to gradually decrease and the thermal influence 566 
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range to continuously expand. This pattern of change is basically consistent with the cloud pattern 567 

characteristics of the high-temperature region developing in the vertical direction in Fig. 8. 568 

4.2 Characteristics of Velocity Field Evolution under Thermal Plume Influence 569 

The temperature difference between the high-temperature casting and the residual sand with 570 

the surrounding air causes the air near the heat source to rise, and promotes changes in the velocity 571 

field of the sand falling area over time. To analyze the flow field evolution characteristics during 572 

the formation and development of thermal plumes, the velocity fields at the XOZ and YOZ 573 

sections at t=1.0, 5.0, 9.0, and 12.0 seconds were compared, as shown in Fig. 10. 574 

 575 

Fig. 10. Velocity field distribution at different times under the action of thermal buoyancy 576 

As shown in Figure 10, at t=1.0s, the airflow velocity within the two sections is generally low, 577 

and a clearly defined high-speed region has not yet formed, indicating that the driving effect of 578 

buoyancy due to temperature difference on the surrounding air is in its initial stage. By t=5.0s, a 579 

continuous high-speed region appears above the heat source, with its influence extending 580 
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vertically. The velocity distribution in the XOZ cross-section is relatively symmetrical, and the 581 

high-velocity region in the YOZ cross-section is also mainly located above the heat source. This 582 

change is consistent with the upward development of the high-temperature region described in 583 

Section 4.1, indicating that the thermal plume has formed. When t=9.0s, the airflow speed above 584 

the heat source significantly increases, with the high-speed area concentrated along the vertical 585 

direction. In the XOZ cross-section, the high-speed region is located in the middle above the heat 586 

source, while in the YOZ cross-section, a concentrated area extending upward from the vicinity of 587 

the heat source is formed, indicating that the vertical transport effect of the thermal plume is 588 

further enhanced. Compared to t=5.0s, the intensity and vertical influence range of the high-speed 589 

area have both increased at this time, and the main body of the thermal plume is clearer. By 590 

t=12.0s, the high-speed regions in both sections continue to expand toward the upper part of the 591 

equipment. In the XOZ section, the high-speed region remains primarily above the heat source, 592 

maintaining a central distribution characteristic overall. In the YOZ section, the high-speed region 593 

bends from near the heat source toward the right side of the section, forming a larger high-speed 594 

area in the upper space, exhibiting a clear It can be seen that the lateral deflection of the thermal 595 

plume in the later stages of its development exhibits certain sectional directional differences, with 596 

the deflection characteristics in the YOZ section being more pronounced. 597 

Overall, the velocity field in the sand drop operation area has undergone a development 598 

process over time, transitioning from a low-speed state to the formation of a vertical high-speed 599 

zone, and then to the expansion in the upper space and local lateral deflection. The correspondence 600 

between the spatial distribution of the temperature field and the velocity field indicates that the 601 

temperature rise near the heat source is the main driving factor for the gradual enhancement of 602 
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airflow movement. After the formation of the thermal plume, the high-speed region mainly 603 

develops above the heat source; as the thermal plume continues to rise, it exhibits lateral 604 

deflection within the YOZ cross-section. This development of the flow field further influences the 605 

upward transport of dust particles and their direction of dispersion in the upper space. 606 

The velocity contours show the spatial extent of the thermal plume and the distribution of 607 

high-velocity regions. However, they do not clearly quantify how the upward airflow changes 608 

along the vertical direction. Therefore, the geometric centerline on the YOZ plane was selected. 609 

Velocity distribution data were extracted along the positive Z-axis—extending upward from the 610 

base of the sand-falling zone—at various simulation time points to plot velocity profile curves, as 611 

shown in Fig. 11. 612 

 613 

Fig. 11. Velocity profile curves at different simulation times along the centerline of the YOZ 614 

cross-section 615 

It can be seen from Fig. 11 that the centerline velocity at different simulation moments shows 616 

a change law of increasing first and then decreasing with height, indicating that there is an obvious 617 

plume acceleration area above the heat source. Unlike the temperature maximum value, which is 618 

mainly located in the near-heat source area, the speed peak value appears within about 0.75-1.75 619 
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m from the falling sand area, reflecting the process of gradually accelerating the heated air under 620 

the buoyancy and the surrounding air coil absorption, and then slowing down due to the diffusion 621 

of plume and momentum dissipation. At 1 s, the peak speed is about 0.33 m/s, which appears 622 

around Z=0.75 m; then the speed decreases rapidly, and the speed in the area above Z=2.50 m is 623 

lower than 0.03 m/s, indicating that the rising airflow in the initial stage is mainly limited to the 624 

heat source. At 5 s, the speed peak increased to about 0.43 m/s and moved up to around Z=1.25 m. 625 

At the same time, the speed at Z=2.00 m increased from 0.07 m/s at 1 s to 0.29 m/s, and from 0.01 626 

m/s to 0.11 m/s at Z=3.00 m, indicating that the vertical influence of hot plume has expanded 627 

significantly. At Z=0.50 m, the speed is slightly reduced from 0.24 m/s to 0.22 m/s, indicating that 628 

the flow field enhancement mainly occurs in the upper part of the equipment, and the speed 629 

increases synchronously in the area near the heat source. At 9 s, the speed peak is further increased 630 

to about 0.49 m/s, the peak position is around Z=1.50 m, and a high speed is maintained in the 631 

range of 1.25-1.75 m. Compared with 5 s, the speed at Z=1.50 m increased from 0.40 m/s to 0.49 632 

m/s, and from 0.18 m/s to 0.29 m/s at Z=2.50 m, indicating that the vertical thickness and 633 

influence range of the high-speed area of plumes have increased. At 12 s, the peak speed is still 634 

about 0.49 m/s, and the peak position changes less, but the speed in the middle and upper regions 635 

continues to increase. For example, the speed at Z=2.50 m increased from 0.29 m/s at 9 s to 0.34 636 

m/s, and from 0.11 m/s to 0.16 m/s at Z=3.50 m. 637 

Overall, the development of the thermal plume is mainly characterized by the peak velocity 638 

moving upward from the near-source region, the gradual increase in peak velocity, and the 639 

expansion of the high-speed area toward the upper part of the equipment. From t = 9 to 12 s, the 640 

peak velocity remains relatively stable, while the airflow velocity in the middle and upper regions 641 
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continues to increase. This indicates that the main structure of the thermal plume is gradually 642 

taking shape. Its later development is mainly characterized by a continued upward expansion of 643 

the affected region. 644 

4.3 Dust Migration Patterns Under Thermal Plume Influence 645 

After the dust released from the surface of the sand drop platform enters the surrounding air, 646 

its migration process is influenced by the formation and development of thermal plumes. To 647 

analyze the spatiotemporal variation of the dust concentration field, the dust concentration 648 

distribution on the XOZ and YOZ sections at t=1.0, 5.0, 9.0, and 12.0 seconds was compared, as 649 

shown in Fig. 12. 650 

 651 

Fig. 12. Distribution of dust mass concentration at different times under the action of thermal 652 

buoyancy 653 

From Figure 12, it can be seen that at t=1.0s, the dust is mainly distributed near the surface of 654 

the sand drop platform, with both diffusion height and impact range being relatively small. In the 655 
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YOZ cross-section, a localized high-concentration area near the dust release surface can be 656 

observed, while in the XOZ cross-section, only a small range of near-source dust distribution 657 

appears, indicating that at this moment, the dust is still in the early release stage and has not 658 

formed a distinct By t=5.0s, the dust distribution range in both sections has expanded. The 659 

high-concentration area is still mainly located above the sand drop platform, with a surrounding 660 

region of medium to low concentration dust extending upwards, resembling a dome shape overall. 661 

The dust impact range in the XOZ section is relatively wide, while the high-concentration area in 662 

the YOZ section is more concentrated. A comparison of the temperature and velocity fields at the 663 

same time shows that a rising high-temperature region and a relatively high-velocity airflow 664 

region have formed above the heat source. As a result, the dust begins to move upward with the 665 

thermal plume. At t=9.0s, the high-concentration dust area extends upward from the vicinity of the 666 

sedimentation platform, forming a relatively continuous vertical distribution. In the XOZ 667 

cross-section, the upper part of the high-concentration area gradually narrows, with medium and 668 

low-concentration dust spreading to the sides; in the YOZ cross-section, the high-concentration 669 

core is more concentrated, taking on a vertically elongated cylindrical shape. At this moment, the 670 

high dust concentration area corresponds well in spatial position with the high-temperature core in 671 

Section 4.1 and the high-speed area in Section 4.2, indicating that the thermal plume has a 672 

significant entrainment and vertical transport effect on the dust. By t=12.0s, the dust concentration 673 

distribution in the two sections shows significant differences. In the XOZ section, there are still 674 

localized high-concentration dust areas near the surface of the sand drop platform, but their 675 

distribution no longer forms a continuous vertical high-concentration channel; a larger area of 676 

lower-concentration dust appears in the upper part of the equipment, indicating that the dust has 677 
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spread to In the YOZ cross-section, the high-concentration dust band still extends continuously 678 

upward from the release area and bends significantly to the right side of the cross-section, forming 679 

a directional asymmetric distribution at the upper part of the equipment. The direction of this 680 

deflection is consistent with the changes in the temperature field and velocity field at the same 681 

moment in the YOZ cross-section, indicating that the dust migration path is directly influenced by 682 

the later deflection of the thermal plume. 683 

Overall, the falling sand dust under the influence of thermal plume exhibits distinct phased 684 

migration characteristics. In the early stages of the simulation, dust mainly accumulates near the 685 

release source; as the thermal plume forms, the dust gradually extends upward. After the thermal 686 

plume fully develops, a continuous vertical migration area of high-concentration dust forms above 687 

the heat source. In the later stages of the simulation, the dust The spatial correspondence between 688 

the temperature field, velocity field, and dust concentration field indicates that the upward airflow 689 

driven by thermal buoyancy is an important force for the vertical migration of dust, while the 690 

directional change of the thermal plume at the upper part of the equipment further affects the 691 

lateral diffusion path of the dust. 692 

While dust concentration contour maps provide a visual representation of the spatial 693 

distribution of particles within the computational domain, they do not readily allow for a 694 

quantitative description of particle migration along the thermal plume. Therefore, the geometric 695 

centerline on the YOZ plane was selected; data on dust concentration distribution were extracted 696 

along the positive Z-axis—extending upward from the bottom of the sand-shakeout zone—at 697 

various simulation time points, and dust concentration profiles were plotted, as shown in Fig. 13. 698 
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 699 

Fig. 13. Profiles of dust concentration along the YOZ cross-section centerline at different 700 

simulation times. 701 

As shown in Figure 13, the centerline dust concentration at different simulation times 702 

decreases with increasing height, indicating that the maximum dust concentration is always 703 

located near the sedimentation area. However, as the simulation time is extended, the dust 704 

concentration in the middle and upper regions gradually increases, and the rate of decrease in 705 

concentration with height slows down, indicating that the influence range of the dust continues to 706 

expand upward. At t = 1 s, the peak dust concentration is approximately 4.8×10-7 kg/m³ and 707 

occurs near Z = 0 m. The concentration decreases rapidly with height, falling to about 8.0×10-8 708 

kg/m³ at Z = 1.50 m. This distribution indicates that, during the initial stage, most dust remains 709 

close to the release source because the thermal plume has not yet established a clear vertical 710 

particle-transport pathway. By t = 5 s, the dust concentration near the source decreases slightly, 711 

while concentrations in the middle and upper regions increase noticeably.. For example, the 712 

concentration at Z=1.00 m increased from 1.9×10⁻⁷ kg/m³ at 1 s to 3.0×10⁻⁷ kg/m³, an increase of 713 

approximately 57.9%; at Z=2.00 m, it increased from 3.0×10⁻⁸ kg/m³ to 1.2×10⁻⁷ kg/m³, an 714 
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increase of approximately 300%. This indicates that as the updraft gradually forms, some particles 715 

begin to be transported from the near-source area to the center of the equipment. At 9 seconds, the 716 

dust concentration curve further extends into the higher altitude region. Although the 717 

concentration peak is still near the sedimentation area, the dust concentration within the range of 718 

Z=1.00-3.00 m continues to increase. Among them, the concentration at Z=1.50 m reached 719 

2.8×10⁻⁷ kg/m³, an increase of about 40% compared to 5 seconds; at Z=3.00 m, the concentration 720 

reached approximately 6.5×10⁻⁸ kg/m³. This indicates that the thermal plume has been able to 721 

transport more particles to the upper space of the equipment. By 12 seconds, the dust 722 

concentration in the near-source area continued to slightly decrease, while the concentration in the 723 

middle and upper areas maintained an increasing trend. For example, the concentration at Z=3.00 724 

m increased from 3.0×10⁻⁹ kg/m³ at 1 second to 1.2×10⁻⁷ kg/m³, reaching about 40 times the initial 725 

value; at Z=4.00 m, the concentration increased from nearly zero to approximately 3.0×10⁻⁸ kg/m³. 726 

This result indicates that in the later stages of the simulation, the newly added particles did not 727 

continue to concentrate near the release source, but instead moved more with the rising airflow 728 

into the upper space of the equipment. 729 

Overall, the peak dust concentration in the center line is always located in the near source 730 

area, but the middle and upper dust concentration continues to increase over time, and the 731 

concentration decay gradient gradually decreases. This shows that the development of thermal 732 

plume increases the vertical transport altitude of dust, so that the dust distribution gradually 733 

changes from near-source concentration to the middle and upper space along the rising air flow. 734 

The change has a good spatial and temporal correspondence with the evolutionary characteristics 735 

of the temperature field and velocity field. 736 
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4.4 Discussion 737 

In this study, the temperature field, velocity field and dust concentration field showed a 738 

relatively consistent vertical development trend over time, but there are certain differences in the 739 

distribution characteristics of the three along the altitude direction. The highest temperature of the 740 

center line is always near the heat source, and the speed peak appears at a certain distance above 741 

the heat source. This is because the density of the air near the heat source decreases after being 742 

heated and moves upwards under the action of buoyancy. In the process of rising, the airflow 743 

continues to suck the surrounding air and gradually accelerates, so the maximum speed is not at 744 

the same height as the maximum temperature. After reaching the peak, the velocity of the center 745 

line gradually decreases with the lateral diffusion and momentum dissipation of the plume. The 746 

difference in the spatial position of the temperature peak and the speed peak reflects the 747 

evolutionary process of the thermal plume from the near source to the accelerated development to 748 

the upward diffusion. 749 

There is an obvious time and space correspondence between the dust concentration profile 750 

and the development of hot plumer flow. In the early stage of the simulation, the ascending airflow 751 

has not been fully developed. The dust is mainly concentrated near the falling sand platform, and 752 

the concentration decreases rapidly with altitude. As the speed of the middle and upper regions 753 

increases, the dust concentration at the same altitude gradually increases, and the concentration 754 

decay deceleration rate decreases accordingly along the altitude direction. It should be noted that 755 

the peak dust concentration at different simulation moments is always near the release source and 756 

does not move up as a whole; the main function of the hot plume is to expand the vertical impact 757 

range of dust and continue to transport some particles to the upper space of the equipment. 758 
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Therefore, it is difficult to fully reflect the dust migration process based on the maximum 759 

concentration position alone. It should also be judged in combination with the concentration 760 

changes at different altitudes and the impact range of dust. 761 

In the later stages of the simulation, the temperature field, velocity field, and dust 762 

concentration field all exhibited an asymmetric characteristic of deflection to the right on the YOZ 763 

section, while the distribution on the XOZ section was relatively symmetrical. Due to the absence 764 

of other external airflow drives during the calculation process, this directional difference is mainly 765 

related to the semi-enclosed spatial structure and boundary conditions of the sand drop equipment. 766 

The enclosure structures on both sides of the equipment, as well as the openings at the top and 767 

sides, restrict the free diffusion of the thermal plume and alter the local flow path at the upper part 768 

of the equipment, causing the upward airflow and the dust particles it carries to deflect laterally 769 

within the YOZ This indicates that the spatial distribution of the falling dust is not only influenced 770 

by thermal buoyancy but is also closely related to the enclosure structure and the position of the 771 

openings of the equipment. 772 

From the perspective of dust control, the area near the sand drop platform remains the region 773 

with the highest dust concentration and should be the focus of near-source dust control. 774 

Meanwhile, the vertical migration area above the heat source and the lateral deflection area at the 775 

top of the equipment may also form continuous dust transport and Therefore, the identification of 776 

dust control areas should not be based solely on near-source concentrations, but should also 777 

consider the vertical transport channels formed by the development of thermal plumes and their 778 

directional changes at the top of the equipment. The results of this study can provide a theoretical 779 

basis for the subsequent identification of key dust control areas at the sand drop station. 780 
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Based on the on-site layout shown in Fig. 2, the sand dropping station currently has exhaust 781 

vents on both sides, an exhaust vent on the top, and an air curtain. According to the dust migration 782 

patterns obtained in this paper, the area near the sand falling platform is a high-concentration 783 

near-source area, while the area above the heat source and the upper part of the equipment are the 784 

main areas for vertical transport and deflection diffusion of dust. Therefore, the on-site ventilation 785 

system should balance the near-source control near the sand settling platform and the collection of 786 

dust above the equipment, while also paying attention to the coordination between the left and 787 

right exhaust volumes and the air curtain with the exhaust airflow, to avoid airflow disturbances 788 

that could cause dust to spread to the Since this paper does not simulate the mechanical ventilation 789 

operating conditions, the actual control effect of the existing system still needs to be further 790 

evaluated in conjunction with on-site wind speed tests or numerical simulations of ventilation 791 

conditions. 792 

In order to highlight the relationship between hot plume and dust migration under the action 793 

of temperature difference buoyancy, this paper appropriately simplifies the actual operation 794 

process on the basis of retaining key geometric features such as the main body of the sand dropper, 795 

the sand drop platform, the enclosure structure and the main opening. In the actual process of 796 

falling sand, the temperature of the casting and mold sand will decay with time, and the dust 797 

release also has obvious intermittent and non-uniformity. At the same time, factors such as 798 

mechanical vibration, sand block drop, equipment gaps, local environmental airflow, particle 799 

deposition and secondary dust may have an impact on the local airflow structure and dust 800 

distribution. In addition, dust particles have certain differences in shape, particle size and surface 801 

properties, and their actual movement behavior may be more complex than ideal spherical 802 
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particles. Therefore, the results obtained in this paper are mainly used to reveal the basic laws of 803 

thermal plume formation, vertical development and dust migration under typical conditions. The 804 

follow-up research can further introduce the heat source and dust release conditions that change 805 

over time, and incorporate the actual operating parameters of the exhaust, top exhaust and jet air 806 

curtain on the left and right sides of the site into the model, and carry out multi-factor coupling 807 

analysis in combination with mechanical disturbance, particle deposition and local structure of the 808 

equipment to evaluate the dust capture of the existing ventilation system. Set the matching 809 

relationship between the effect and the air delivery and exhaust parameters. 810 

5 Conclusions 811 

This paper combines on-site dust detection and numerical simulation to study the thermal 812 

plume induced by temperature difference buoyancy in a semi-enclosed sand drop station under 813 

non-mechanical ventilation conditions and its impact on dust migration. By analyzing the changes 814 

in the temperature field, velocity field, and dust concentration field at different simulation times, 815 

the following main conclusions are drawn: 816 

(1) The total dust concentration around the sand drop machine is 8.0-11.0 mg/m³, with the 817 

peak concentration at the operating position being 10.7 mg/m³ and the concentration at the 818 

forward detection point in the work area being 9.2 mg/m³. This indicates a significant dust 819 

pollution in the sand drop operation area, with certain concentration differences between different 820 

detection locations. 821 

(2) Under the conditions of a heat source surface temperature of 180 ℃ and an initial 822 

ambient temperature of 25 ℃, the airflow above the heat source gradually develops from localized 823 

buoyancy to a continuous vertical thermal plume. The centerline velocity exhibits a distribution 824 



 44

characteristic of first increasing and then decreasing with height, with the peak velocity rising 825 

from approximately 0.33 m/s at 1 second to about 0.49 m/s at 9 seconds, and the peak value 826 

remaining relatively constant at 12 seconds. Meanwhile, the velocity in the middle and upper 827 

regions continues to increase, indicating that the later stage of the thermal plume is primarily 828 

characterized by the high-speed region extending toward the upper part of the equipment. 829 

(3) The peak dust concentration has always been near the falling sand platform, but with the 830 

development of hot plume, the dust concentration in the middle and upper regions gradually 831 

increases, the concentration decay deceleration rate along the altitude direction decreases, and the 832 

dust influence range continues to expand upwards. At 9 s, the dust forms a relatively continuous 833 

vertical distribution above the heat source; at 12 s, more particles enter the upper space of the 834 

equipment and show an asymmetric feature of deflecting to the right in the YOZ cross-section. 835 

Therefore, the near-source area near the falling sand platform, the vertical migration area above 836 

the heat source and the deflection diffusion area on the upper part of the equipment should be the 837 

focus of the coordinated control of the on-site ventilation and dust removal system. 838 
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