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Abstract

:

The exploitation of natural resources is associated with many natural hazards. Currently, the copper ore deposits exploited in Polish mines are located at a depth of about 1200 m below the surface. The primary temperature of the rocks in the exploited areas reaches 48    ∘  C, which constitutes a major source of heat flux to the mine air. However, another important source of heat is the machine plant, which mainly consists of machines powered by diesel engines. Following the results of in situ measurements, boundary conditions for a simulation were determined and a geometric model of the cabin was created. Furthermore, an average human model was created, whose radiative heat transfer was included in the analysis. Three cases were studied: the first covering the current state of thermal conditions, based on the measurement results, and two cases of forecast conditions. In the second case, the temperature of the conditioned air was determined, and in the third, the flow velocity required to ensure thermal comfort was found. The results of the simulation indicated that for the microclimatic conditions established based on the measurements (ambient air temperature in the excavation 35.0    ∘  C, air-conditioned airflow 2.4 × 10    − 2    m   3  /s, and temperature 10.0    ∘  C), the temperature of the air inside the air-conditioned operator’s cabin would be 20.4    ∘  C. Based on the personal mean vote (PMV) index, it was concluded that the thermal sensation would range from neutral to slightly cool, which confirmed the legitimacy of the actions taken to reduce the adverse impact of the microclimatic conditions on workers in the workplace. However, for the case of predicted conditions of enhanced heat flux from strata and machinery, resulting in an average ambient temperature increased to 38.0    ∘  C, it would be necessary to lower the temperature of air from the air conditioner to 8.00    ∘  C or increase the flow rate to 3.14 × 10    − 2    m   3  /s to maintain thermal comfort at the same level of PMV index.
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1. Introduction


Based on many years of experience in production activities in the area of the Polish copper basin, various procedures have been developed, which in general can be described as deposit mining technology. The individual elements of this process have been adapted based on various factors, such as the deposit mining conditions and natural hazards [1]. The method of mining the deposit in the mines belonging to KGHM Polska Miedź S.A. is exploitation with the use of explosives. The excavated material, initially detached from the rock mass, is loaded and transported using LHD’s (load, haul, dump) and HT’s (haul trucks) to transfer points, located at a certain distance from the mining front, called the unit discharge screen. In these places, the excavated material is cyclically unloaded from the machines [2], and the excavated material is reloaded onto a belt conveyor [3].



The multiplicity and complexity of the factors that influence the rock mining process with the use of explosives make production very diverse, in terms of the size of rock chunks. In the hauled material there are many chunks of a very large size. Their appearance not only causes problems from the point of view of ore processing, due to the additional energy expenditure incurred in the first stage of crushing the material, but can also cause failures of the technical infrastructure during reloading, in particular the belt conveyors [4,5,6] at unit transfer points [7].



To avoid damage to the components of the conveyor belt at the unit transfer points, preliminary crushing of oversized chunks is carried out with the use of a stationary rock breaker. Copper ore is unloaded by LHDs and HTs onto the so-called screen, which is designed to separate smaller pieces from those that are too large [8]. The operation principle is similar to a sieving process. When the size of the screen mesh is adjusted, the maximum size of fragments that can be loaded onto the conveyor belt without damaging it is defined. The remaining chunks on the screen are crushed into smaller pieces using hammers placed on manipulators that form the stationary rock breaker [9]. Preliminary crushing of oversized chunks with this method is also found in the exploitation of other minerals in Poland, such as gypsum and anhydrite or salt.



In many cases, the stationary rock breaker is controlled by an operator directly from a cab located at the unit transfer point. As a result of their proximity to the mining area, transfer points are often affected by many natural hazards [10,11] due to their closeness to the mining fronts and due to the current depth of exploitation of Polish copper ore deposits, especially thermal hazards [12]. Measurements carried out near a selected operator cabin showed that the average dry bulb temperature reached 35    ∘  C. The primary temperature of the rock mass, which locally exceeded 45    ∘  C, was responsible for the largest increase in air temperature in the operator’s workplace. It is worth mentioning that in underground mines there are also other heat sources, which have a significant impact on the increase in the temperature of the mine air. In the case under consideration, the machines and devices that periodically appear at the unit discharge screen, where the ore is being discharged, emit significant amounts of heat into the atmosphere. To protect the stationary rock breaker operator from significant exposure to high temperatures and humidity, and to improve the thermal conditions in the workplace, the cabin in which the operator works is air-conditioned.



This article presents an experimental study to determine the forced air flow and temperature distribution inside an air-conditioned operator’s cabin of a stationary rock breaker during a standard working shift and in conditions characteristic of unit transfer points in an underground copper ore mine. Based on technical design, a CAD model of the cabin was created, in which a human model based on the dimensions of the 50th percentile of the male population was placed. In situ measurements determined the microclimate parameters, both outside (dry and wet bulb temperatures) and inside (temperature and airflow velocity at the outlets of the air conditioning system), which were used as boundary conditions. The simulation was carried out using ANSYS FLUENT software, based on the results of which a thermal comfort assessment was made, utilizing a predicted mean vote (PMV) methodology. Due to a planned expansion of exploitation, the depth of exploitation and, thus, the climate threat are expected to intensify. Therefore, a second case was simulated, in which a higher air temperature was assumed for the excavation, and the values of the inlet air parameters (temperature and velocity) were determined, which are necessary for maintaining the thermal comfort of the operator following the PMV methodology. This article presents an innovative approach to determining environmental and microclimatic parameters in confined spaces, such as machinery cabins, particularly the difficult conditions encountered in underground mining, but also in other industries; the provision of which will allow creating acceptable working conditions.




2. State of the Art


Due to the often difficult environmental conditions in mining, work parameters such as temperature, humidity, gas concentrations, and dust levels are controlled in the workplace [13,14,15,16]. Mining machine operators generally work in conditions partially isolated from the direct impact of the environmental conditions. However, closed cabins equipped with filters and an air conditioning system only partially protect miners from these hazards, especially in extreme cases. For this reason, inspections include dust measurements outside and inside cabins to estimate the filtration efficiency in machines with different filters and intake configurations [17]. The contribution of diesel particle matter (DPM) from individual engine emissions to total emissions, cabin integrity, positive pressure, and air filtration systems is validated, to assess exposure to this factor [18], while quantitative levels of exposure to diesel exhaust expressed by elemental carbon (EC) are estimated, together with a description of the excess risk of lung cancer that can result from these levels [19]. Similarly, thermal comfort and the threshold range of airflow supply parameters are assessed for different types of work, including shearer drivers [20].



The exploitation of deposits located deep underground, which is increasing its share in the global mining industry, due to the exploitation of shallower deposits, is inextricably linked to the occurrence of climatic threats. This problem affects the mining of various mineral resources at different depths globally; for example, metal ores or coal mines in China [21,22,23], India [24], South Africa [25], and Poland [26,27], driving scientists to look for new solutions to combat this threat. A method for achieving this goal may be thermal insulation, the application of which was studied in [28,29].



The subbranch of fluid mechanics in which numerical methods are used to solve fluid description problems is called computational fluid dynamics (CFD). Through discretization and numerical determination of partial differential equations, it is possible to determine approximate distributions of physical quantities, such as velocity, pressure, temperature, and other characteristic flow parameters [30]. In the literature, many examples of successful CFD applications to solve flow-related problems in the mining industry [31] and in tunneling can be found. Ren and Balus [32] conducted a review of the literature in the field of solving health and safety problems in mining with the use of CFD. Solving ventilation problems with CFD at working faces and in mine tunnels was presented by Yi et al. [33], while an analysis of ventilation safety using CFD in hard coal mining was summarized in [34]. Roadway fire accidents, considering smoke diffusion, temperature distribution, and CO concentration and distribution in four working conditions, were numerically analyzed by Peng et al. [35].



The reduction of the dead zone with the definition of an appropriate ventilation system and the optimization of the relative airflow velocity inside a tunnel boring machine (TBM) utilizing CFD was presented in [36]. Based on numerical simulations, Liu et al. [37] studied the effect of dust control in TBM construction tunnels with different dust extraction configurations and flow rates. The influence of ventilation parameters on dust pollution in TBM tunnels under different air suction volumes was also investigated in [38], where different distances from the dust removal device ports from the mining face were considered, and where CFD analysis allowed the establishment of the optimal suction rate and distance.



Researchers have devoted a great deal of attention to the analysis of the diesel particle matter (DPM) distribution in mines. Xu et al. [39] conducted a numerical study of the DPM distribution in two different operational scenarios: when the machine worked in isolated zones upstream and downstream. The results allowed the upgrading of the auxiliary ventilation designs to achieve smaller concentrations. As proven in [40,41], optimizing auxiliary ventilation through the utilization of computational fluid dynamics allows minimizing human carcinogenic DPM intakes. One of the most interesting applications of CFD in mining developed recently is the analysis of mine airflow and its components, using data from laser scanning to create high-accuracy geometric models of excavations [42] and thanks to which the accuracy of the results obtained increases. An example from hard coal mining can be found in [43], where airflow analysis was conducted at the longwall and at the goafs, as well as in a section of a mine gallery in [44]. The results showed the great impact of the infrastructure elements present in the excavation on the turbulent airflow behavior, which should not be neglected.



Taking into account the application of CFD in the literature, one can find many examples of its use to predict and analyze the air distribution inside closed spaces, such as aircraft cabins. In the last century, Aboosaidi [45] proved the validity and role of this tool in application, by performing experimental and analytical tests using the example of two three-dimensional cabin airflow configurations. Zhang et al. [46] analyzed the air velocity, air temperature, and CO   2   concentration distributions in a Boeing 767 aircraft cabin using a validated CFD tool, selecting the optimal air distribution system to counteract draft risk. The global transport process of contaminated air within a cabin was investigated in [47] using experiments and CFD simulations to understand the mechanism of the spread of diseases. Li [48] studied airflow and contaminant concentration fields in a cabin section, applying two turbulence models and three types of air supply model. In their review of the literature, Liu et al. [49] indicated that due to developments in the performance and affordability of computing, numerical simulations for studying airflow and contaminant distributions in aircraft cabins have become very practical.



A closer relation to the topic discussed in this paper can be found in the automotive industry, where CFD is very often used to model the distribution of air and its components in vehicle interiors. The size and distribution of volatile carcinogens inside a vehicle were analyzed in [50], while the concentrations of volatile organic compounds were analyzed in [51,52]. Exposure of the driver to the spread of toxic compounds, such as the hydrocarbons emitted by the engine was investigated in [53]. Taking heat transfer as a factor, Hadi et al. [54] analyzed variations in temperature and airflow in the interior of a parked car, considering different solar intensities at various angles, while Mao et al. did the same for a parked and an electric car driven in summer and winter conditions [55]. Analysis using CFD tools often covers the temperature distribution and energy efficiency analysis of air conditioning systems in electric vehicles, in which, especially in winter, energy consumption has a key impact on range, as shown by Basciotti et al. [56].



Limiting the internal space of a cabin to the case where only one person is inside, one can mention examples of the use of CFD to model airflow in the cabins of agricultural and industrial machinery. Singh and Abbassi [57] created a thermal model of a combine-harvester air-conditioning system, to investigate the instantaneous thermal state of cabin air, combining a 3D CFD model with a neural network and updating the thermal state of the air based on data on the performance of the refrigeration cycle. A similar work presented by Oh et al. [58] studied and analyzed the dependence of thermal comfort on airflow and the location of the air conditioner in a tractor. The temperature and airflow distribution in a tractor cabin was also modeled using CFD by Akdemir et al., considering summer [59] and winter [60] conditions. The issue of thermal comfort in the cabin of construction equipment was raised in [61], where the authors proposed a thermal comfort performance index for the position of the excavator operator, evaluating the location of the air conditioning vents using CFD modeling. Ghorpade et al. [62] dealt with the design, selection, and fabrication of the components of air-conditioning systems by calculating the heat load of operation under hot conditions and using CFD analysis of the heat and airflow distribution in manipulator cabins.




3. Materials and Methods


The following section presents the methodology applied for the simulation of forced air and temperature distribution in the cabin. Section 3.1 presents the governing equations, while Section 3.2 presents the applied turbulence model and its description. In Section 3.3, the description and dimensions of the created geometry are presented. The type and quality of the mesh developed is described in Section 3.4, and the boundary conditions applied for the model and their determination method are given in Section 3.5.



3.1. Governing Equations


For the steady compressible laminar flow of a Newtonian fluid, the equations of motion in Cartesian coordinates can be written as follows [63]:


    ∂ ( ρ u )   ∂ x   +   ∂ ( ρ v )   ∂ y   +   ∂ ( ρ z )   ∂ z   = 0  P = ρ R T  



(1)






     ρ  u   ∂ u   ∂ x   + v   ∂ u   ∂ y   + w   ∂ u   ∂ y    = ρ  g x  −   ∂ P   ∂ x   +  ∂  ∂ x    2 μ   ∂ u   ∂ x   + λ  ∇ →  ·  V →   +  ∂  ∂ y    μ    ∂ u   ∂ y   +   ∂ v   ∂ x           +  ∂  ∂ z    μ    ∂ w   ∂ z   +   ∂ u   ∂ z         



(2)






     ρ  u   ∂ v   ∂ x   + v   ∂ v   ∂ y   + w   ∂ v   ∂ z    = ρ  g y  −   ∂ P   ∂ y   +  ∂  ∂ x    μ    ∂ v   ∂ x   +   ∂ u   ∂ y     +  ∂  ∂ y    2 μ   ∂ v   ∂ y   + λ  ∇ →  ·  V →         +  ∂  ∂ z    μ    ∂ v   ∂ z   +   ∂ w   ∂ y         



(3)






     ρ  u   ∂ w   ∂ x   + v   ∂ w   ∂ y   + w   ∂ w   ∂ z    = ρ  g z  −   ∂ P   ∂ z   +  ∂  ∂ x    μ    ∂ w   ∂ x   +   ∂ u   ∂ z     +  ∂  ∂ y    μ    ∂ v   ∂ z   +   ∂ w   ∂ y           +  ∂  ∂ z    2 μ   ∂ w   ∂ z   + λ  ∇ →  ·  V →       



(4)






  ρ  c p   u   ∂ T   ∂ x   + v   ∂ T   ∂ y   + w   ∂ T   ∂ z    = β T  u   ∂ P   ∂ x   + v   ∂ P   ∂ y   + w   ∂ P   ∂ z    +  ∇ →  ·  ( k  ∇ →  T )  + Φ  



(5)




where u, v, and w—the velocity components in the x, y, z directions; P—the pressure;  ρ —the mass density; R—the specific ideal-gas constant; T—the temperature; g—the gravitational acceleration;  μ —the viscosity;  λ —the second coefficient of viscosity;   ∇ →  —divergence;   V →  —velocity of the fluid;   c p  —specific heat at constant pressure;  β —the thermal expansion coefficient of air; k—thermal conductivity; and  Φ —dissipation function.



The given equations are partial differentials of conservation of mass Equation (5), momentum in three directions Equations (2)–(4), and continuity Equation (1) left, while the algebraic equation is the ideal-gas law Equation (1) right true for laminar flow. Considering high flow speeds, the flow would be treated as turbulent and the equations should be modified to include a turbulence model.




3.2. Turbulence Model Applied and Its Description


The turbulent flow inside the cabin was modeled using the realizable k- ϵ model. As in the standard k- ϵ  model, two partial differential (transport) equations were solved: the turbulent kinetic energy k and the turbulence eddy dissipation  ϵ . The difference with the standard k- ϵ  model is that it contains an improved formulation for turbulent viscosity, and the transport equation for the dissipation rate  ϵ  was derived from an exact equation for the transport of the mean-square vorticity fluctuation [64]. Realizable means satisfying certain mathematical constraints on Reynolds stresses following the physics of turbulent flows. The model used allows an increased accuracy in predicting the distribution of the dissipation rate of flat and round streams. Better prediction is also provided for the characterization of the boundary layer with large pressure gradients and separated and recirculating flow [65]. The transport Equations (6) and (7) in the realizable k- ϵ  model may be written as follows:


    ∂ k   ∂ t   +   ∂ k  u i    ∂  x i    =  ∂  ∂  x i     D  k  e f f     ∂ k   ∂  x i     +  G k  − ϵ  



(6)






    ∂ ϵ   ∂ t   +   ∂ ϵ  u i    ∂  x i    =  ∂  ∂  x i     D  ϵ  e f f     ∂ ϵ   ∂  x i      2   C  1 ϵ   S i j ϵ −  C  2 ϵ     ϵ 2   k +   v ϵ      



(7)




where   G k  —generation of turbulent kinetic energy due to mean velocity gradients; D  k  e f f    and D  ϵ  e f f   —effective diffusivity for k and  ϵ  (8):


  D  k  e f f   = v +   v t   σ k    D  ϵ  e f f   = v +   v t   σ ϵ    



(8)




where   σ k   and   σ ϵ  —turbulent Prandtl number for k and  ϵ  equals 1.0 and 1.2 [57].



Turbulent viscosity (9):


   v t  =  C μ    k 2  ϵ   



(9)






   C μ  =  1   A 0  +  A s    k U *  ϵ     



(10)






  U * =    S  i j    S  i j   +   Ω ˜   i j     Ω ˜   i j      



(11)






    Ω ˜   i j   =   Ω ¯   i j   −  ϵ  i j k    ω k  − 2  ϵ  i j k    ω k   



(12)




where    Ω ¯   i j   —mean rate of rotation tensor;   ω k  —angular velocity.



Constants   A 0   and   A s   are determined as follows:


   A 0  = 4 ,   A s  =  6  cos φ .  



(13)






  φ =  1 3  arccos  ( m i n  ( m a x  (  6  W , − 1 )  , 1 )  )   



(14)






  W =    S i  j  S j  k  S k  i    S ˜  2    



(15)







   C 1  ϵ   is defined as:


   C 1  ϵ = m a x   η  5 + η   , 0.43   



(16)






  η = S   k ϵ    



(17)







Constant   C 2   equals 1.9 [57].




3.3. Geometry


The air flow and temperature distribution in the operator’s cabin, which is an integral part of the stationary rock breaker, were analyzed. A technical drawing of this device is shown in Figure 1.



The geometric model of the operator cabin is 1.8 m high, 1.4 m long (by the floor), and 1.3 m wide. The front wall of the cabin at a height of 0.940 m bends at an angle of approximately 162   ∘  , so that its length at the ceiling is approximately 1.676 m. Above the bend, there is a window through which the operator controls the hammer. In the symmetrical side walls, there are also windows secured with a lattice, as well as doors. In turn, there are a total of five openings in the rear wall: in the upper part, at a height of 1.580 m, at a distance of 0.250 m from the side edge and 0.400 m apart (center of the openings) three air intake holes with a diameter of 0.100 m each, while in the lower part, at a height of 0.255 m, at a distance of 0.400 m from the center of symmetry of the wall, two outlet holes with a diameter of 0.159 m. Inside the cabin, there is the necessary equipment in the form of a cabin frame made of steel profiles with dimensions of 0.120 × 0.120 m, diffusers that direct air through the inlet openings (preventing the inflow of cooled air directly to the operator), a control panel with dimensions of 0.860 × 0.305 × 0.175 m, as well as the necessary wiring and lighting. In the central part of the cabin, there is the operator’s seat, on which the human model is placed. There is also a fire extinguisher in the lower corner of the cab, behind the operator’s seat. A simplified CAD model created based on the technical sheet of the cabin dimensions is presented in Figure 2a (exterior) and Figure 2b (interior).



Following the guidelines described in [67], a model of the 50th percentile of the male population was made. The model was simplified as much as possible to shorten and maintain the stability of numerical calculations. The dimensions based on which the model used for numerical calculations was created are shown in Table 1.




3.4. Mesh


The geometry of the model was simplified to improve the stability of the numerical calculations. For this purpose, the control panel was simplified and unnecessary equipment elements that do not much affect air flow in the operator cabin were removed. Due to the fact that the model is symmetrical in relation to the vertical plane passing through the center of the operator’s cabin, only half of the model was meshed, to shorten the calculation time. A discrete model was made with a poly-hexcore mesh. This type of mesh provides a reduced calculation time with adequate precision [68]. The mesh consists of 2.1 million elements, of which 200 thousand and 1.9 million are hexa- and poly-elements, respectively (Figure 3). A skewness value of 0.80 was achieved and orthogonal quality—0.18.




3.5. Boundary Conditions Applied and Their Determination


Measurement of the airflow velocity and temperature in the air-conditioning vents (inlet air supply holes) was difficult, due to the presence of air-directing diffusers. For this reason, measurements were made using a special nozzle with a narrowed outlet (Ø10 cm) relative to the inlet (Ø30 cm) (Figure 4).



Airflow measurements were conducted with a TSI Airflow Instruments LCA301 anemometer. Following the calibration certificate, the device was verified by the TSI manufacturer, certified to ISO 9001:2015 and accredited to 17025:2017. The measurement range of this device is 0.25–30 m/s in terms of velocity and 0.01–3000 m   3  /s in terms of volumetric, the accuracy of the measurements is +/−1% reading (+/−0.02 m/s) in terms of velocity. The test results showed that the airflow rates at the discharge ports were 2.30 × t 10    − 2   , 2.50 × 10    − 2   , and 2.40 × 10    − 2    m   3  /s, while the vents area was 7.85 × 10    − 3    m   2  . Thus, the air velocity at the vent was calculated as 2.93, 3.18, and 3.13 m/s, and the average values of 3.06 m/s and 3.00 m/s were applied as the boundary condition.



The ambient air temperature in the excavation was defined using an Assman psychrometer. The dry thermometer reads were 35.0    ∘  C in the first measurement, 35.2    ∘  C in the second measurement, and 34.8    ∘  C in the third measurement, in 5 min periods; thus, the value of 35.0    ∘  C was adopted as a radiative temperature boundary condition for all external boundary surfaces of the cabin. Furthermore, the calculations took into account the generation of heat from the human body, and the temperature of 36.6    ∘  C was applied as the radiative temperature on its surfaces. The radiative heat transfer model used assumed an internal emissivity value of 1 at the boundaries. The applied boundary conditions are shown in Table 2.





4. Results


Figure 5 shows the inner airflow streamlines following the velocity variable, while Figure 6a,b show the velocity magnitude field and vectors in the cross section. Figure 7 shows the temperature field in the same cross-section. In turn, Figure 8 shows the results of cabin cooling as the decrease in temperature as a function of time.



Following the trajectory of the conditioned air flowing out of the intake ports, based on airflow streamlines and air velocity magnitude vectors, we can see that there is a secondary vortex around the operator’s head and chest. Another smaller vortex can be seen above and below the control panel, as well as behind the seat. Following the results presented above, the average air velocity in the operator cabin was 0.35 m/s, while the average air temperature was 20.40    ∘  C. Considering the air velocity, it can be seen that its distribution is constant in the entire cabin, except for the area near the inlets and air diffusers. On the other hand, the air temperature distribution changes in the cross-section. Cooler temperatures of about 10    ∘  C are observed around the diffusers and air-conditioned intakes of the cabin, as expected. In the immediate vicinity of the face and chest, the temperature is slightly warmer, about 18.3    ∘  C, than in the greater part of the cabin toward the front window and the control panel (about 17.6    ∘  C). This is a direct result of the path of the airflow that comes out of the inlets and circulates in the cabin when an obstacle, in the form of the seat and the operator, appears. In addition, a lower air temperature is noted in the further trajectory of the air-conditioned stream from the inlets under the operator’s panel near his feet, where in the floor area the air stream is refracted and directed toward the outlets. In the remaining parts of the cabin, that is, under and behind the seat and above the control panel, the temperature was relatively constant and reached 21.9    ∘  C. The results obtained were consistent with three verification measurements carried out after 15 min of starting the air conditioning and closing the door by the operator at three points in the cabin: above the control panel at the level of the inlets (average 22.7    ∘  C), in front of the operator at head/chest height (average 19.5    ∘  C), and below the control panel at leg height (average 17.4    ∘  C).



Since the 1970s, the methodology for assessing thermal comfort based on the thermal comfort equation created by Fanger has been used globally [69]. In 1970, Fanger [70] defined PMV as an index to predict or represent the mean vote on a standard scale for thermal sensation for a large group of people for any given combination of thermal environmental variables, activities, and clothing levels. It allows predicting the optimum temperature that should be provided for a group in closed spaces. Based on PMV, the predicted percentage of dissatisfaction (PPD) can also be determined. The predicted mean vote (PMV) model has become the internationally accepted model for describing predicted mean thermal perceptions. Furthermore, based on this methodology, the International Organization for Standardization created a standard for the analytical determination of thermal comfort using the calculation of the PMV and PPD indices [71].



For a given parameters, the PMV value can be obtained in two ways. One way relies on calculating the value using the equation developed by Fanger and presented in [70]. However, following the guidelines that can be found there, the mathematical form of PMV is quite complicated and impractical; thus, its author suggests using a more practical method; that is, utilization of prepared tables. The authors used the suggested method to determine the PMV value, focusing primarily on the determination of the parameters needed.



Due to the climatic conditions that prevail in mines, employees are usually equipped with light clothing selected according to personal preferences: a flannel shirt or thermoactive shirt, trousers or thermoactive shorts, work shoes or rubber boots, underwear, and socks. Based on the values defined in [71], it was determined that the thermal insulation of the combination of workwear used by operators is 1 clo (0.115 m   2  K/W), which corresponds to the average value for the set of underwear, overalls, socks, shoes, and for the set of underwear, shirt, overalls, socks, and shoes from the workwear group. Similarly, taking into account the metabolic rate, this value was determined to be 1.2 met (70 W/m   2  ), which corresponds to activity in a sitting position. Based on the results of this calculation, for further estimations, it was assumed that the average airflow velocity inside the cabin was 0.35 m/s, and the air temperature was 20    ∘  C.



Considering the above, it was established that the value of the PMV index for the conditions defined in this way ranged from −0.67 to −0.76. This means that the operator’s thermal sensation would range from neutral to slightly cool. The graph in Figure 8 suggests that the conditions referred to above would prevail inside the cab after about 180 s, assuming that the operator enters the cab and closes the door and that the air-conditioning system immediately starts working at full capacity.



Due to the planned development of the mine, the depth of exploitation will increase, and higher ambient air temperatures should be expected in the operator’s workplace. By changing the boundary condition of the external boundary surface radiative temperature to 38    ∘  C (which is the predicted dry bulb temperature of the mine air at the planned depths of exploitation of the mining areas currently being prepared) and the air-conditioned air temperature at the inlets, an attempt was made to obtain conditions similar to those that in the previous case gave the same result for the PMV index. This goal was achieved for the air temperature boundary condition at the inlets of 8    ∘  C (Figure 9). These conditions, as in the first case and with the same assumptions, would be obtained by the operator after about 180 s (Figure 10). The temperature distribution obtained in the cabin in this case is very similar to the conditions simulated on the basis of the measurement data in the previous case. As the air velocity parameters did not change, the average air velocity remained at 0.35 m/s, while the average air temperature changed slightly to 20.35    ∘  C. In the vicinity of the face and chest, the temperature decreased to 17.9    ∘  C, while it increased to 17    ∘  C in the further part of the cabin toward the front window and the controls. In the remaining parts of the cabin, the temperature remained constant, but increased to 22.2    ∘  C. For these thermal conditions, the PMV index remained at the same level, and thus so did the operator’s thermal sensation.



In the case of increased heat flux from the rock mass and intensified extraction, resulting in an increase in the average air temperature at the unit discharge point, it may turn out that the cooling power of the device will not allow for such a significant reduction in the temperature of the conditioned air at the inlets to the cabin. In such a case, an increase in the air temperature inside the cabin and a reduced thermal comfort of the operator should be expected. With limited possibilities for reducing the air temperature at the inlet, in order to maintain satisfactory thermal conditions of work at the station, its speed should be changed. In case 3, the climatic conditions within the cabin were simulated by changing the boundary conditions in the form of increasing the radiative temperature of the external boundary surface to 38    ∘  C and the air-conditioned air velocity at the inlets to 4 m/s, while maintaining the temperature at the same level as in case 1 (10    ∘  C). The temperature distribution in the cabin in this case is shown in Figure 11. The operator would obtain these conditions in a shorter period of about 150 s (Figure 12).



Furthermore, in this case the temperature distribution obtained in the cabin was similar to that simulated in Case 1 for the conditions that currently prevail in the mine. The average air velocity increased to 0.47 m/s, while the average air temperature decreased to 20.20    ∘  C. In the vicinity of the face and chest, the temperature decreased to 17.9    ∘  C, while in further part of the cabin toward the front window and the control panel it increased to 17.3    ∘  C. In the remaining parts of the cabin, the temperature remained constant and reached 21.5    ∘  C. The ultimate goal of maintaining thermal comfort at a similar level, as assessed by the PMV index, was achieved.




5. Conclusions


In this study, in situ measurements of environmental parameters were performed to determine the boundary conditions, based on which CFD simulations were carried out to analyze the thermal conditions in the operator’s workplace for a stationary rock breaker in an underground mine. Based on the simulation results, a thermal comfort assessment was performed using the PMV methodology.



However, taking into account a future planned expansion of exploitation, which would result in an increase in the depth of the works carried out and the intensification of the excavation, two additional cases were also analyzed. Assuming an increase in the average air temperature in the mine, an attempt was made to determine the temperature and velocity of the air-conditioned air flow at the outlet of the air-conditioning device required to maintain the climatic conditions at the same level of PMV.



The PMV value obtained suggests that the thermal sensation in the operator cabin for the microclimate conditions considered in case 1 (currently prevalent in the mine) would range from neutral (PMV = 0) to slightly cool (PMV = −1). On this basis, it can be concluded that the actions taken to reduce the negative impact of microclimatic conditions on the human body in the workplace of the stationary rock breaker operator had the intended effect. Thus, this PMV value was treated as a reference for further investigation of the inlet air parameters that should be ensured to maintain the thermal comfort of the operator.



The results of the CFD simulation showed that similar climatic conditions could be obtained within the operator’s cabin, with a projected increase in the average air temperature to 38    ∘  C. In the first of the cases considered, this effect was obtained by lowering the temperature of the air conditioning to 8    ∘  C. However, taking into account the limitations in the cooling power of the devices, with a higher temperature in the second case, this effect was achieved by maintaining the current temperature value of 10    ∘  C and by increasing the air flow velocity at the inlet to the cabins to 4 m/s.



Presentation of the simulation results in the form of the temperature distribution inside the cabin in the section passing through its center could be used to determine the location of the air temperature measurement points used in the mine to determine the operator’s comfort using PMV, or another indicator determining the level of thermal comfort. Although the velocity distribution was constant in most of the cabin, except for the area near the inlets and air diffusers, the temperature distribution implied that several measurement points should be taken into account to obtain a reliable average cabin temperature. The extreme values found around the inlets and diffusers should not be considered.



Based on the analysis of the results, it was found that, with regard to the PMV index and URB operator cabin, it was reasonable to take measurements at six points. From the point of view of operator comfort, the temperature should be measured in the immediate vicinity of the face/chest. The second point should be located at the same height, in the path of the airflow that comes out of the inlets; and the third, also at the same height, should be located in the vicinity of the front glass. The fourth measurement point should be placed in the path of airflow directed from the inlets to the lower part of the cabin, at the level of the tibias. The last two points should be placed behind the seat, again at the height of the tibia and at the height of the center of the back. Similar temperature values were obtained in the area of the front window and seat (directly below and behind). Due to the difficulties in taking measurements around the seat, they were omitted; however, they should be included in the calculations, taking the value registered at the front window.



The created model of the operator’s cabin allows the prospect of further analyses and simulations aimed at ensuring and maintaining optimal working conditions; especially taking into account other hazards, i.e., the adverse impact of harmful substances contained in mine air in gaseous or solid form, in particular harmful and dangerous gases, dust, and DPM. Future work by the authors will focus on determining the operating parameters of devices and the measurement characteristics needed to counteract these threats, to maintain comfort and comply with regulations in the workplace.
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Figure 1. Stationary Rock Breaker Type URB/K (1—manipulator; 2—generator; 3—control panel in the operator’s cabin [66]). 
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Figure 2. Simplified CAD model of the cabin with the human model. (a) Front, side, and rear view of the cabin exterior; (b) side view for the cabin interior. 
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Figure 3. Poly-hexcore mesh elements. (a) Isotropic poly-prisms in the boundary layer; (b) hexahedron elements in the bulk region. 
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Figure 4. Airflow measurements with the nozzle. 
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Figure 5. Airflow streamlines colored by the velocity variable. 
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Figure 6. Air velocity distribution inside the operator’s cabin. (a) Air velocity magnitude field; (b) Air velocity magnitude vectors. 
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Figure 7. Temperature field inside the cabin. 
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Figure 8. Decrease in average air temperature over time inside the cabin.   f  ( x )  = 0.2711  e  − 2.323 x   + 293.5  e  1.297 ×  10  − 5   x    ,    R 2  = 1  , RMSE < 1%. 
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Figure 9. Temperature field inside the cabin—case 2. 
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Figure 10. Decrease in average air temperature over time inside the cabin—case 2.   f  ( x )  = 0.3226  e  − 2.33 x   + 293.5  e  1.378 ×  10  − 5   x    ,    R 2  = 1  , RMSE < 1%. 
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Figure 11. Temperature field inside the cabin—case 3. 
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Figure 12. Decrease in average air temperature over time inside the cabin—case 3.   f  ( x )  = 18.76  e  − 0.04994 x   + 293.4  e  − 2.469 ×  10  − 7   x    ,    R 2  = 1  , RMSE < 1%. 
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Table 1. Dimensions for creation of the 50th percentile of the male population model (based on [67]).
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	Description
	Dimensions (mm)





	Total Sitting Height
	884



	Shoulder Pivot Height
	513



	H-Point Height—ref.
	88.5



	H-Point from seat Back—ref.
	137



	Shoulder Pivot from Backline
	89



	Thigh Clearance
	147



	Elbow to Wrist Pivot
	297



	Shoulder to Elbow
	338



	Elbow Rest Height
	201



	Buttock to Knee
	592



	Popliteal Height
	442



	Knee Pivot to Floor
	493



	Buttock Popliteal Length
	465



	Chest Depth
	221



	Foot Length
	259



	Foot Width
	99



	Shoulder Width
	429



	Chest Circumference
	965.5



	Waist Circumference
	851
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Table 2. Boundary Conditions Applied.
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	Name
	Boundary Condition





	Inlets
	Velocity—3 m/s; Temperature—10    ∘  C



	Outlets
	Pressure—0 Pa



	Human
	Temperature—36.6    ∘  C, Radiation (internal emissivity—1)



	Cabin
	Temperature—35.0    ∘  C, Radiation (internal emissivity—1)
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