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Abstract 

Purpose. The purpose of this paper is to explore the influence of factors such as humidity and wind speed on the change in 

air flow temperature in a mine thermal environment. 

Methods. The mine heat and humidity exchange experiment is combined with numerical simulation. Using ANSYS Fluent, 

the influence of airflow humidity on the temperature field is simulated and analyzed at different temperatures and wind speeds. 

A similar experiment was conducted in an experimental mine and measured under different temperature and wind speed condi-

tions. Change in heat exchange between the air inlet and the surrounding rock of the roadway with different humidity. 

Findings. Numerical simulation and experimental results show that as the relative humidity in the airflow increases, the 

rate of rise in airflow temperature increases gradually. The maximum is 0.038℃/m. Higher wind speed shortens the time for 

heat exchange, reducing the rate of temperature increase. An empirical model was developed to describe the relationships 

among wind speed, temperature, humidity, and the rate of temperature rise. 

Originality. This paper incorporates humidity as a key factor and establishes an empirical model for airflow temperature 

change in humid mine conditions. 

Practical implications. The findings provide a scientific basis for predicting and controlling airflow temperature in high-

temperature mines, improving thermal comfort and safety for underground workers and guiding mine ventilation system  

design and thermal hazard mitigation. 
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1. Introduction 

With the continuous increase in global energy demand, 

the depth and scale of underground mining are expanding, 

and the thermal environment in mines is becoming increa-

singly severe [1]. Mine heat damage is mainly caused by 

underground temperature rise, heat release from mechanical 

equipment, and the mine ventilation system [2]-[4]. The 

high-temperature environment not only affects miners’ work 

efficiency and health but can also lead to the failure of mine 

equipment and even increase the risk of accidents, such as 

mine fires. Therefore, it is important to study the changing 

laws of the mine thermal environment [5]-[7]. 

Guo et al. [8] proposed a wind flow temperature predic-

tion model for the tunneling face that accounts for the cou-

pling effects of multiple heat sources and conducted numeri-

cal simulations and verifications, providing a theoretical 

basis for the design of wind flow temperature control in 

high-temperature environments in coal mines. Reference [9] 

compared the heat exchange characteristics between the air 

flow and the surrounding rock under two ventilation methods 

in deep mines through numerical simulation and found that 

the “parallel ventilation” had a higher heat exchange effi-

ciency. Li et al. [10] systematically analyzed the influence of 

multiple parameters on heat exchange performance, provi-

ding an important basis for the design of mine ventilation 

systems. Ghoreishi et al. [11] proposed a new performance 

analysis model for a mine tail air waste heat recovery system 

that considered a coupled heat exchanger. The new model 

can increase thermal energy recovery efficiency by approxi-

mately 20%, significantly reduce the airflow temperature at 

the working face, and this has been verified through case 

studies. Bao et al. [12] systematically identified the familiar 

sources of waste heat in mines and the technologies for their 

recovery and utilization. Li et al. [13] developed a model for 

coupling water transfer between air flow and heat transfer in 

the surrounding rock. They analyzed the influence of the 

latent heat of evaporation on the prediction of air-flow tem-

perature. Reference [14] explored the control effect of col-

laborative geothermal resource development on heat hazards 

in deep mines through numerical simulation. Wang et al. [15] 

conducted a numerical simulation of the roadway in a high-

temperature coal seam working face. They studied the in-

fluence of ventilation parameters on the airflow temperature 

field and the cooling effect. Li et al. [16] analyzed the in-

fluence of a movable insulation layer on heat transfer during 

high-temperature tunnel excavation through numerical simu-
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lation. The results show that installing an insulation layer can 

effectively reduce the tunnel’s internal temperature and im-

prove construction safety. Wang et al. [17] studied the distri-

bution characteristics of the airflow temperature field in a 

roadway through on-site measurements and CFD simula-

tions. Jia et al. [18] proposed a dynamic ventilation control 

model that couples airflow and heat flow. Zhao et al. [19] 

revealed the laws and critical conditions of the airflow tem-

perature field in ultra-deep shafts, which vary with the con-

veying height. Kang et al. [20] compared airflow temperature 

evolution and effective ventilation distance under different 

cooling strategies in high-temperature tunnels. The results 

show that the surrounding rock pre-cooling scheme can ex-

tend the effective ventilation distance by 30% and is suitable 

for a continuous tunneling environment in deep coal mines. 

Che et al. [21] systematically studied the depth-dependent 

thermal permeability of the surrounding rock of deeply buried 

high-temperature tunnels through theoretical analysis and on-

site and laboratory temperature measurement experiments. 
Scholars have made significant contributions and 

achieved excellent results. However, previous studies have 
mainly simulated the thermal environment of dry roadways, 
rather than that of a humid environment. At the same time, 
an influence model for my airflow temperature change has 
not yet been established. Therefore, ANSYS Fluent software 
is used in this study to simulate airflow temperature changes 
for different humidity and airflow speeds through roadways 
at different temperatures, and similar simulations are carried 
out. An empirical model of wind speed, temperature, and 
humidity influencing factors and the rate of air temperature 
rise is established to provide a powerful reference for the 
treatment of mine thermal damage. 

2. Numerical simulation 

2.1. Basic theory 

The dynamic control equation used in the simulation of the mi-
ne thermal environment is shown in Equations (1) ~ (5) [22]-[24]. 

2.1. Continuity equation 

Based on the conservation of mass, the continuity equa-
tion is derived from the theory that the fluid mass remains 
constant during normal motion. 

( ) ( ) ( )
0

u v w

t x y z

     
+ + + =

   
 ,         (1) 

where: 
ρ – density, kg/m3; 
t – time, s; 
u, v, w – the velocity vector referring to the component of 

the velocity on the x, y, and z axes, respectively. 

2.2. Equation of motion 

The momentum conservation equation is a natural law 
that must be observed in the actual fluid flow. Momentum 
conservation considers the fluid to be composed of one mi-
croelement, and the ratio of momentum to time of the micro-
element is the rate of change in momentum, which is the sum 
of the forces acting on the microelement. According to this 
calculation method, the momentum conservation law is de-
rived as follows: 
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where: 

p – the pressure on the fluid element, Pa; 

τxx, τyx, τzx – the component of the micromolecular viscous 

resistance on the x, y, and z axes, s; 

Fx, Fy, Fz – are the forces acting on the element, N. 

2.3. Energy equation 

This paper mainly studies the thermal environment of 

mines, and uses the energy conservation equation with the 

temperature field as the primary research object, ignoring the 

mutual conversion between internal energy and heat energy 

of air flow in the process of fluid flow, and obtains the rele-

vant energy conservation equation: 

( ) ( ) ( )
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P P P
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      (5) 

where: 

cP – the specific heat capacity of the fluid, kg/(kg·℃); 

T – the temperature,℃; 

K – the thermal conductivity; 

ST – is the viscous dissipation term, J. 

2.2. Model building 

2.2.1. Simulation hypothesis 

In practice, applying numerical simulation software to 

model heat transfer between the surrounding rock and air 

flow in an experimental mine is highly complex and in-

fluenced by many factors. It is almost impossible to build a 

numerical model based entirely on the actual conditions in 

the tunnel. Therefore, to simplify the calculation, the follo-

wing simplifying assumptions are made [25]-[27]: 

1. Through the measurement of the initial data, this study 

assumes that the temperature of the four wall surfaces of the 

rock is constant, and the temperature of each surface of the 

rock is evenly distributed. 

2. Assuming that the gas in the roadway is ideal and in-

compressible, the viscous resistance of the air flow is ig-

nored, and the dissipative heat caused by the work of the air 

itself and the self-compression heat of the air are simplified. 

3. Ignoring the heat dissipation of other heat sources and 

assuming that the air flow is stable, turbulence will not occur 

because the roadway is too long. 

2.2.2. Geometric model and meshing 

To ensure the simulation’s authenticity, a geometric 

model is established from measured data from the experi-

mental mine. Owing to the instability of the wind speed in 

the experimental mine, detailed wind speed measurements 

are carried out at the selected experimental points, and the 

section with relatively stable wind flow is selected. The tun-

nel is 30 m long, 2.5 m high, and 3 m wide, as shown in 

Figure 1a, to establish a geometric model. 
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(a) 

 

(b) 

 

Figure 1. Geometry and mesh of the numerical model: (a) geo-

metric representation of the experimental tunnel; 

(b) computational grid generated in ICEM 

 

The ICEM software with good mesh quality is selected, a 

structural division is performed to generate the geometric 

model’s mesh, and a tetrahedral mesh is generated. The 

model’s mesh step is 0.1 m; a total of 312500 mesh elements 

are used, and the mesh quality is concentrated between 0.95 

and 1. The geometric mesh division is shown in Figure 1b. 

2.2.3. Geometric model and meshing 

2.2.3.1. Analysis of humidity on temperature field  

variation at different wind speeds 

The section is set as the test point for the actual measure-

ment data in the experiment. To make the observation clear, 

the tunnel section where the airflow is fully preheated is se-

lected. Figure 2 shows the cloud map of the Y = 24 m cross 

section at 60, 70 and 80% relative humidity under different 

wind speeds, at the same time and temperature conditions. 

(a) (b) (c) 

   

(d) (e) (f) 

   

Figure 2. Cloud diagram of Y = 24 m cross section at T = 35℃ and different wind speeds and humidity: (a) V = 0.5 m/s, RH = 60%; 

(b) V = 2m/s, RH = 60%; (c) V = 0.5 m/s, RH = 70%; (d) V = 2m/s, RH = 70%; (e) V = 0.5 m/s, RH = 80%; (f) V = 2m/s, RH = 80% 

 

It can be seen from Figure 2 that the air flow temperature 

in the tunnel is low inside and high outside, and a large num-

ber of blue or blue-green low-temperature areas are concen-

trated in the lower part of the tunnel’s center. This is mainly 

because the temperature of the roadway wall is much higher 

than that of the airflow, and the airflow near the wall can 

conduct sufficient convective heat transfer and absorb radia-

tion heat, resulting in a faster temperature rise and forming a 

high-temperature circle around the wall. Under the action of 

gravity, it is evident that a low-temperature area sinks in the 

roadway, and as humidity decreases, the blue low-

temperature air gradually increases. Changes in humidity 

clearly influence the temperature field. When the humidity is 

higher, the blue low-temperature region is smaller. When 

relative humidity is constant, an increase in wind speed in-

creases the evaporation rate of water, and the rate of rise in 

air temperature slows. When the radiation model is applied, 

increased relative humidity results in a higher concentration 

of water vapor in the air. As the concentration of water mole-

cules increases, the wind’s capacity to absorb radiation in-

creases. Consequently, water molecules absorb more radiant 

heat, causing the wind flow to warm faster. 

2.2.3.2. Analysis of humidity on temperature field 

variation at different temperatures 

Figure 3 shows the cloud map of the cross section at 

Y = 24 m with relative humidity of 60, 70 and 80% at different 

temperatures, at the same time, and at the same wind speed. 

As shown in Figure 3, the influence of humidity on the 

temperature field is relatively similar. When the temperature 

in the roadway is 30℃, it is relatively close to the wind 

speed temperature, resulting in a large blue area of low tem-

perature. As temperature increases, relative humidity in-

creases, which has a positive effect on radiation heat dissipa-

tion. According to the heat transfer formula, the higher the 

temperature, the higher the internal energy of the gas mole-

cules and the more intense the molecular heat transfer.  
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(a) (b) (c) 

   

(d) (e) (f) 

   

Figure 3. Cloud diagram of Y = 24 m cross section at V = 2m/s and different temperature and humidity: (a) T = 30℃; RH = 60%; 

(b) T = 35℃; RH = 60%; (c) T = 30℃; RH = 70%; (d) T = 35℃; RH = 70%; (e) T = 30℃; RH = 80%; (f) T = 35℃; RH = 80% 

 

When heat exchange occurs, the degree of heat exchange 

in the low-temperature air flow is greater, and the speed 

decay becomes too rapid. However, due to the significant 

temperature difference in the roadway, the effect of humidity 

on water evaporation and heat absorption is minimized. It is 

verified from the side that the influence of temperature on the 

mine thermal environment is greater than that of humidity. 

Using the numerical simulation software Fluent to model 

heat and moisture transfer between the surrounding rock and 

wind flow yields some preliminary results. As the humidity 

increased, the temperature increased more rapidly. To further 

discuss the accuracy of the simulation law, similar experi-

ments are carried out in Section 3. 

3. Simulated tunnel experiment 

In the case of different wall temperatures, different inlet air 

speeds, and different tunnel supply air temperatures, the tunnel 

supply air parameters, such as inlet air humidity, were varied. 

The surrounding rock of the experimental roadway exchanged 

heat and humidity with the airflow under different air-supply 

parameters. Changes in the temperature and humidity fields 

under different working conditions were obtained. The meas-

urement observation points are shown in Figure 4. 

 

 

Figure 4. Experimental site layout of the experimental roadway 

3.1. Analysis of mine air flow temperature change 

During the experiment, the roof temperature in the tunnel 

is 38℃, the two sides are at 35℃, the bottom is at 30℃, and 

the initial air inlet temperature is approximately 25.9℃. The 

experiment starts 30 m before the experimental point; meas-

urements are taken every 6m, and the average of the three 

measurements is taken. The data graph was drawn using 

Origin software. Figure 5 shows the trend in airflow tem-

perature at 50, 60, 70 and 80% relative humidity, 30 and 

35°C inside the tunnel, and 0.5, 1 and 2 m/s wind speed. 

As shown in Figure 5, with increasing humidity, the air 

temperature rise rate gradually increases, reaching a maxi-

mum of 0.038℃/m. This is mainly because increased hu-

midity reduces the rate of water evaporation. At the same 

time, the concentration of water molecules in the air also 

enhances the rock’s capacity for heat radiation exchange. 

The inlet air flows continuously through the roadway, and 

the roadway wall raises the air’s temperature. The tempera-

ture gradually increases, reducing the temperature differ-

ence between the airflow and the wall. According to the 

heat transfer formula, as the temperature difference be-

tween the air flow and the surrounding rock decreases, the 

heat absorbed by the air flow from the wall also decreases, 

the temperature rise rate of the air flow decreases, and the 

temperature rise becomes slow. Moreover, with the increase 

in the wind speed, the heat exchange time between the air 

flow and the surrounding rock becomes shorter, which 

affects the intensity of convective heat transfer and leads to 

the slow rise of the air flow temperature, making the tem-

perature difference between the outlet temperature and the 

inlet temperature smaller and smaller. 

To explore the relationship between the wind speed and 

initial temperature in the tunnel, and the exponential function 

coefficient. With A in y = AeBx as the first coefficient and B 

as the second coefficient, multiple fitting is performed using 

the cftool toolbox in MATLAB software.  
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Figure 5. Trend of air flow temperature change with different humidity under six working conditions: (a)-(f) experimental points 1-6 

 

To compare the correlation coefficients, the wind speed is 

fitted to the first coefficient A, and the temperature is fitted 

to coefficient B. The fitting equations of the three most suit-

able influencing factors of wind speed, temperature, humidi-

ty, and temperature rise rate are obtained. 

Fitting equation between wind speed and the first coefficient: 

R2 = 0.9972, y = 1.28 – 9.32x +27.23x2.         (6) 

Fitting equation between temperature and the second  

coefficient: 

R2 = 0.9847, y = 49.18 – 121.71x +188.99x2.        (7) 

According to the fitting of the above two equations into 

the exponential function, the three equations are combined to 

obtain the fitting equation of wind speed, humidity and tem-

perature to the temperature rise rate: 

t1 = (1.28 – 9.32v + 27.23v2)e(49.2 – 121.7T + 188.9T²),        (8) 

where:  

t1 – the rate of temperature rise,℃/m; 

v – is the wind speed, m/s; 

T – the surrounding rock temperature,℃; 

R – the humidity,%, 

3.2. Verification of simulation results 

The experimental data are compared with numerical simu-

lation results obtained using ANSYS Fluent. The coordinates 

of the corresponding points are selected in the Cartesian 

coordinate system based on the position parameters of each 

measurement point during the experimental measurement. 

The simulation results for each measurement point are ex-

tracted. In this study, wind speeds of 0.5 m/s, temperatures of 

35°C, and relative humidities of 60, 70 and 80% are selected 

for comparison to verify the simulation results. The default 

temperature scale in the simulation software is the thermody-

namic absolute temperature scale. We unified the tempera-

ture scale into the Celsius scale to compare the measured 

data and calculate the relative error. The measured and simu-

lated temperature changes are shown in Figure 6. 

Figure 6 shows an error between the simulated and mea-

sured temperatures. The maximum absolute error is 0.14℃, 

the minimum is 0.03℃, and the average value is 0.053℃. 

The maximum relative error between the simulated and 

measured temperature is 0.52%, the minimum is 0.07%, and 

the average is 0.30%. The simulation results indicate that the 

error at each measurement point does not change significant-

ly relative to the measured temperature. Within the allowable 

range, the variation curves of the simulated and measured 

temperatures interweave. The overall trend of the curves is 

consistent. However, at 60% relative humidity, the measured 

temperature curve shows a significant discrepancy compared 

to the simulated curve. The main reasons for this phenome-

non are as follows: when the relative humidity is 60%, the 

water evaporation rate in the simulation increased signifi-

cantly compared to the actual rate. This led to a relatively 

large temperature error. In the experiment, because a person 

holds the temperature-measuring instrument, it will also 

affect the temperature. 

Based on the measured and simulated data, SPSS is used 

to conduct a significance test of differences in the three pri-

mary influences of humidity on temperature mentioned 

above, as shown in Table 1. 

 
Table 1. Significance analysis of data difference 

Relative humidity F P-value F crit 

RH = 80% 0.074074 0.798966 6.388233 

RH = 70% 0.947368 0.730059 9.473684 

RH = 60% 0.023324 0.886013 7.708647 

 

If the F value is less than the F critical value and the  

P-value is higher than 0.05, this indicates that there is no 

significant difference between the two groups of data.  
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Figure 6. Trend map of measured temperature and simulated temperature 

 

Table 1 shows that there is no significant difference between 

the simulated and measured data, indicating that the two are 

relatively close and that the numerical simulation is successful. 

The experiments and simulations in this paper mainly fo-

cused on the temperature rise of the airflow over a 30-meter 

length. However, in long-distance ventilation systems, the 

heat and moisture exchange between the airflow and the 

surrounding rock is a continuous, dynamic process. Future 

research will extend the lengths of the simulated and experi-

mental tunnels, examine the pattern of airflow temperature 

rise rate as the ventilation distance increases, and investigate 

the dynamic evolution of the rock temperature field over 

time during ventilation. Provide differentiated technical solu-

tions for the prevention of mine thermal hazards under dif-

ferent geological conditions. 

4. Conclusions 

Fluent numerical simulation and experimental results show 

that, with increasing relative humidity in the airflow, the rate of 

rise in airflow temperature gradually increases. The maximum 

temperature is 0.038℃/m. As the wind speed increases, the heat 

exchange time between the airflow and the surrounding rock 

decreases. The intensity of convective heat transfer is affected, 

and the airflow temperature increases relatively slowly. 

The fitting procedure was performed using the cftool 

toolbox in MATLAB. The corresponding mathematical rela-

tionship describing the temperature rise was obtained. The 

significance analysis of data differences indicates that the 

simulated data are in good agreement with the measured 

data. Therefore, the simulation results demonstrate reliable 

predictive capability. 
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Дослідження впливу закономірностей формування теплового середовища 

шахти на зміну температури повітряного потоку 

Ч. Шень, І. Лі, Ц. Ван 

Мета. Метою роботи є дослідження впливу таких чинників як вологість і швидкість руху повітря на зміну температури повіт-

ряного потоку в тепловому середовищі шахти. 

Методика. Експеримент із тепло- та вологообміну в шахті поєднано з чисельним моделюванням. За допомогою програмного 

комплексу ANSYS Fluent змодельовано та проаналізовано вплив вологості повітряного потоку на температурне поле за різних 

температур і швидкостей руху повітря. Аналогічний експеримент проведено в експериментальній шахті з вимірюваннями за різних 

температурних режимів і швидкостей повітря. Досліджено зміну теплообміну між повітрям і навколишніми породами виробки  

за різної вологості. 

Результати. Результати чисельного моделювання та експериментальних досліджень показали, що зі збільшенням відносної во-

логості повітряного потоку швидкість підвищення його температури поступово зростає. Максимальне значення становить 

0.038°C/м. Збільшення швидкості повітря скорочує час теплообміну, що призводить до зменшення темпу зростання температури. 

Розроблено емпіричну модель, яка описує взаємозв’язки між швидкістю повітря, температурою, вологістю та швидкістю  

підвищення температури. 

Наукова новизна. У роботі вологість ураховано як ключовий фактор та запропоновано емпіричну модель зміни температури 

повітряного потоку в умовах підвищеної вологості шахтного середовища. 

Практична значимість. Отримані результати створюють наукове підґрунтя для прогнозування та регулювання температури 

повітря в шахтах із підвищеною температурою, сприяють покращенню теплового комфорту та безпеки праці підземного персоналу, 

а також можуть бути використані під час проєктування систем вентиляції та розроблення заходів щодо зниження теплової небезпеки. 

Ключові слова: шахта; теплове середовище; ANSYS Fluent; чисельне моделювання; зміна температури; теплообмін 
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