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Abstract 

 
Mine ventilation aircrossing is one of the most important equipments which is used in a mine ventilation system, 
especially in coal mining. When designing any mine ventilation system or network, it is important to estimate the 
local resistances of the ventilation system to plan for an effective and well-designed ventilation system. Currently, 
no mathematical models or empirical formulas are available to estimate the shock loss effect associated with the 
aircrossings. The aircrossing analysis performed in this study was done through numerical analysis using 
commercial software ANSYS Fluent 2019 R1. Shock loss factors on an aircrossing were investigated numerically 
on various geometries. The Computational Fluid Dynamics (CFD) model proposed, was validated using numerical 
results reported previously. The study indicates that the ANSYS numerical code is appropriate to evaluate shock 
losses in mine ventilation aircrossings. The research, therefore, has the potential to provide an important step 
towards, understanding flow patterns and shock losses effect at the aircrossing. This will assist in improving the 
design and selection of mine ventilation aircrossings, ventilation planning, and improve the working environment 
for underground mineworkers. 
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 1. Introduction 
 
One of the most important equipment which are used in a mine ventilation system, especially in coal mining or 
board and pillar and or tabular bodies, is a mine ventilation aircrossing. It is also known as mine ventilation 
overcast. Aircrossings are an essential ventilation control structure used to direct airflow to where it can be usefully 
employed in the mine. Ventilation components such as aircrossings, doors, airway with a regulator, moving or 
standing mine cars and trains, bends in the fan drift, and objects offer some local resistance to the airway 
(McPherson, 1993).  This local resistance results in shock losses to the mine airways. 
When the air flow rate is high, the shock loss can be significant in an airway, and the power cost in overcoming the 
local resistance will also be significant (Purushotham & Bandopadhyay, 2009). The effects of these shock losses are 
usually neglected when planning for ventilation or taken into account while estimating total energy loss in the 
system, by ventilation engineers, management, and in mine network ventilation simulation software. The effect of 
shock losses is less as compared to the frictional losses in mine ventilation network but these losses can be 
significant if too many intersections and abrupt area changes are present in the mine (Hartman, 1982). Therefore 
various shock losses should be investigated and quantified when attempting to reduce pressure losses and power 
requirements for a ventilation system. Losses due to bends, area changes can be reduced significantly by tactical 
planning or minor revision of the mining system.  
The losses due to friction are generally estimated using Atkinson’s equation, which gives accurate results (Hartman, 
1982). Ventilation engineers, however, encounter difficulty when estimating shock losses and they usually select 
these values randomly without relying on a rational basis and or based on past experiences. Shock losses do not fit 
into precise calculations because of their great range of variability in occurrence and because of a lack of 
understanding about their actual nature. Aircrossings are major sources of shock pressure losses in underground coal 
mines. Shock losses, in general, account for 40% of the total pressure losses in mine ventilation systems (Banerjee, 
2003). This consideration justifies the need for detailed understanding and quantification of these losses for the 
different flow geometries characteristically encountered in mine ventilation systems. 
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2. Aircrossings 
 
Aircrossing is a form of a bridge that allows two air currents to cross each other without mixing. Figure 1 shows a 
commonly used aircrossing. Blue arrows represent fresh or Intake and red arrows return or contaminated air which 
crosses over. It is one of the major sources of shock losses underground. However, money can be saved if the 
planning and construction of the aircrossings are done in such a way that they minimise the shock losses (Tien, 
1987). The errors that are commonly made in the construction of the aircrossing are that they cause rough and abrupt 
interruption of the ventilation current and provide an insufficient area for the required airflow (McPherson, 1987). 

 
Figure 1. Typical commonly used Aircrossing design 

Sufficient ventilation is required for safe production in any underground colliery. There is a continuous development 
of technology in mine ventilation to achieve sufficient air quality and at appropriate temperatures, pressures, and 
quantity to dilute contaminants in a working area and all parts of a mine as well as to reduce costs of mine 
ventilation. Aircrossings make up a substantial proportion of mine operational costs, with mines spending money on 
materials (consumables) and ongoing cost of labour and construction as well as the cost of overcoming the 
additional resistance and shock losses. When designing any mine ventilation system or network it is important to 
estimate the local resistances of the ventilation system to plan for an effective and well-designed ventilation system. 
The investigation of airflow efficiency (shock loss) of different configurations of aircrossings is proposed in this 
study to identify well-planned and well-designed aircrossings with minimum shock losses and to reduce to power 
cost and fan size and to create a database of design parameters to assist with future mine aircrossing construction or 
development. 
 
3. Aim and objectives of the research 
 
The research aims to evaluate the effects of shock losses on different configurations of mine ventilation aircrossings. 
This will provide clarity on the effect of the geometrical changes of mine ventilation aircrossings on the generation 
of vortices, which causes the occurrence of shock losses.  The main objectives of the work are: 

• To conduct a comprehensive study to quantify the shock losses at aircrossings;  
• To model different aircrossing design configurations models using ANSYS Fluent 2019 R1;  
• To study the airflow pattern to identify, aircrossings with minimum shock losses; 
• To investigate, to understand, and to assess the potential of computational fluid dynamics techniques (CFD) 

for the modelling of shock loss of real air-crossing configurations. 
 
4. Methodology 
 
The ANSYS Fluent 2019 R1 computational fluid dynamics software was used in this study, to investigate shock 
losses. Three dimensional (3D) models are developed of various mine ventilation aircrossing configurations. Four 
different configurations models at angles of 30o, 45o, 60o, and 90o aircrossings are simulated. The results of these 
simulations will be used to calculate shock loss values for each aircrossing configurations. The shock loss estimation 
will be stressed where the is a change in airflow direction and velocity, where shock loss at an aircrossing is likely to 
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happen, at sharp bend or intersection, abrupt contraction, abrupt expansion, gradual expansion, and a section with 
area change, etc. From many existing turbulence models that are available from the software, the Shear Stress 
Transport model (SST  ) was used in this study, which is a combination of  and  turbulence models 
(Menter,1994). This model provides the best solution for flow separation. Though   the Turbulence model is 
the most widely used in mining ventilation problems by Xu et al. (2017), it is not suitable to predict the flow 
separation.  
To understand the flow characteristics, governing equations are solved using Computational fluid dynamics 
techniques. The finite volume method is used to solve turbulence models of the flow domain of various 
configurations of the aircrossings. FVM provides quantitative and qualitative information of fluid flow domains 
which are analysed.  
Velocity streamlines and pressure contours are used to visualize the flow behaviour and the graphics that shows 
pressure distribution in the aircrossing configurations. The changes in the total pressure (transition) as a result of 
shock loss source (upstream change in angle or corners) through the length of the aircrossings are represented 
graphically. The results obtained have been validated with the experimental results of Tien (1987) and numerical 
results of Purushotham & Bandopadhyay (2009). 
All CFD analysis follows the same steps from planning to the analysis of the results. It begins with fluid domain 
(geometry), which is imported in fluent to be meshed, creates volume mesh, and check or measure the mesh quality 
for the workflow (mesh resolution). This step is followed by setting up the boundary condition and physics for 
simulation of the aircrossing model and computation of the solution using Fluent solver which is based on the finite 
volume method, and monitoring of the convergence model. The parameters and steps are described in the following 
section. 
The dimensions of a 60o aircrossing which are similar for all the aircrossings, with the variable being only the 
change in angles are shown in Figure 2. The fluid domain is divided into upstream, airstream, and downstream air. 
The upstream of 5D inlet and downstream of 50D outlet over the length of all the aircrossings is used for the fluid to 
be fully developed. This inlet 5D and outlet 50D are found in a fluid guide for fully developed flow for a turbulent 
fluid (ESDU Best Practice Guidelines for Internal Flow, 2007). Since the size of the model is larger and the student 
version ANSYS Fluent 2019 R1 is limited to 510 000 elements, the mesh refinement is done at the airstream section 
(area interest) of the geometry, where there is likely to be separation and shock losses.  Once the geometry is 
correctly defined and understood, the next step was meshing of the fluid domain into fine elements and the boundary 
conditions are specified. 

 
Figure 2. Geometry of an Aircrossing 

 

The dimensions of the Aircrossing are shown in Table 1. Figure 3 shows, a fluid flow domain meshing was finer 
meshing is concentrated at the airstream part of the Aircrossing. The steps and parameters used by CFD to solve 
fluid flow patterns and pressure contours are discussed in the following section. 

Table 1. Dimensions of an Aircrossing 

Parameters Dimensions 
Height 2.8m 
length 5m 
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width 5m 
Angle 30,45,60 and 90 degrees 

Hydraulic diameter 3.525m 
 

 
 

Figure 3. 3D model and tetrahedral meshing of a full fluid domain of an Aircrossing 
 
The following section describes the CFD steps: 
Step 1: Pre-processing 

• Modelling 
Aircrossings are modelled using Autodesk Inventor Professional and imported to ANSYS Fluent workbench design 
Modeller to set the problem domain. Three-dimensional simulations are performed on these numerical models using 
Ansys workbench which replicates the real-life situation, to understand the flow characteristics.  

• Meshing or Grid generation  
Mesh of the aircrossing model geometry is created with fluent mesher. The mesh defines the locations at which the 
governing equations are solved for the given flow domain. The mesh will be refined to a maximum of 510 000 
elements (the limit of the student version) since the accuracy of the calculation depends on the mesh refinement, size 
of the model, and the solution time for the computer. The aircrossing numerical model is sliced to define upstream, 
airstream, and downstream, so the meshed refinement will be done in critical areas where shock loss sources occur. 
Mesh independence studies are conducted around the aircrossing to ensure that the results reported are accurate 
enough. The commonly used mesh elements (hexahedral, tetrahedral prism, wedges) for three-dimensional 
modelling in a CFD Fluent solver that model downstream and upstream separations reasonably well has been 
selected for mesh refinement (ANSYS Fluent Theory Guide, 2015). Alternatively, to investigate the proper meshing 
of an aircrossing model, the model is cut into a new plane section to observe internal mesh. Sensitivity analysis is 
performed to analyse the mesh.  

• Specification of the boundary conditions  
CFD boundary conditions are applied at the wall, inlet, and outlet of an aircrossing. After meshing (or grid 
generation), the boundary conditions are applied at the different locations of the problem domain. In the case of 
aircrossing for mine ventilation systems, the relevant parameters and boundary conditions are inlet velocity, walls, 
outlet velocities, etc. (Xu et al.2017). To ensure a fully developed flow condition, an inlet boundary of 5D and outlet 
boundary 50D is defined.  

• Selection of solution model or physical modelling 
A turbulence model is selected from models available in an ANSYS Fluent Workbench. In underground mine 
ventilation, most flow conditions are turbulent because it can effectively disperse and remove contaminants in 
workplaces. The SST model with AUTOMATIC near-wall treatment (Low –Reynolds number method) will be used 
to solve turbulent flow in the aircrossing considered in this study. Shear Stress Transport model (SST  is used 
rather than other methods like  model. 
Step 2: Solution 
The solution to the problem is an iterative procedure that solves the governing equation for the nonlinear system. For 
the solution to converge, adequate time is adopted. 
Step 3: Post-processing  

Proceedings of the 2nd African International Conference on Industrial Engineering and Operations Management 
Harare, Zimbabwe, December 7-10, 2020

© IEOM Society International 876



The results are analysed both numerically and graphically at the aircrossing. The results are in the form of graphs, 
including contour, vector, line plots, streamlines, data curves, animations, etc. Streamlines and Contour plots are 
presented to visualize the flow behaviour in the aircrossing configurations. The visual presentation of the results is 
useful for the interpretation of data and assist with the understanding of the flow mechanism. Furthermore, 
visualizations of the results facilitate the understanding of the system response under a variety of operating 
conditions. 
Air density and viscosity are considered to be 1.225 and 1.7894×10-5 respectively. The inlet airflow velocity for all 
the models is set at 3 m/s which is the recommended airspeed for coal mining. High speeds carry dust and other 
contaminants (The Mine Ventilation Society of South Africa Databook Volume 2). The modelling parameters and 
the indicators used are summarized in Table 2. 
 

Table 3. Modelling Parameters 
 

Parameters Measurements 
Grid 
 

25 Tetrahedral  prismatic layers 
Minimum expansion factor for a prismatic layer of 1.4 
Element size of  0.5m 
A grid size of 9mm 

Convergence 
Criterion 
 

RMS residuals to ensure mass, pressure, and velocity residuals are less than the threshold of  
 

Asymptote  at wall 
Scale  :  
Scheme: 
Simple, spatial discretization, gradient: least-squares cell, based. Pressure: Second order, 
Momentum: second-order upwind, Turbulent kinetic energy: second-order upwind, specific 
dissipating rate: second-order upwind. 

Boundary 
conditions 

Wall motion-stationery wall: No-slip condition. 
5%  Turbulence at an inlet 
turbulent viscosity of ratio = 10 
Inlet boundary: upstream length of the aircrossing is set at 5D 
Power law of interpolation: Inlet velocity profile is 1/7th 
Outlet boundary: downstream of the aircrossing is set at 50D 
Outlet Pressure: 0 Pascal 
Operating  Pressure: 101325 Pascal’s 

Turbulence  
modelling 
Time 
Dependence 

Shear Stress Transport (SST) model, with automatic near-wall treatment 
Number of iterations:6000 
Steady ,captures  boundary layer(flow separation) 

 
• Grid 

CFD results are dependent on the grid size. Mesh is varied until the acceptable level of tolerance is reached by mesh 
independence study. This is achieved by varying mesh sizes from coarser mesh to finer mesh and checking the 
output simulation results. To capture boundary layers for low Reynolds viscous flow that is dominant at the 
boundaries of the model, prismatic grids are generated at the walls of the model. Structured grids are for the entire 
fluid domain, to avoid a sudden change in density of the mesh. 

• Convergence Criterion 
A CFD code computes the values at the cell centroid. Uses a cell-centred based approach for their schemes. 
Information stored at the centroid such as velocity, pressure, and density is stored and computed at the geometric 
centre. The second-order upwind simple scheme is used. For computational efficiency which is accurate for 
diffusion term, in Navier stokes equation where there is viscosity, mixing, etc. The convergence criterion is reached 
at the residual of    at 6000 iterations. 

• Time dependence and turbulence modelling 
SST  model was adopted for near-wall treatment in the viscous models where flow separation needs to be 
resolved. It should be noted that convergence is generally difficult to achieve with a limited number of cells. For 
convergence   6000 iteration had to run. 
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• Boundary conditions  
Boundary conditions are given to turbulence model variables, so the model could be properly constrained and 
converged. To specify boundary conditions, 5% turbulence intensity and turbulent viscosity of ratio of 10 is good 
through the inlet and is a good estimate in the absence of experimental data (ANSYS Fluent Getting Started 
Guidelines Release R1, 2019). For fully developed flow, the hydraulic diameter is used which is applicable for 
turbulent internal flow, of 5D at the upstream length and 50D at the downstream length of the aircrossing. The outlet 
gauge pressure of zero Pascal is used by default. In Fluent, the gauge pressure of zero is corresponding absolute 
pressure is zero plus 101325 pascal which is a common practice. 
 
5. Results and discussions 
 
A comprehensive analysis has been undertaken to investigate the shock loss coefficient of various configurations of 
an aircrossing numerically and get some insight into the airflow circulation. Shock loss due to obstruction to airflow 
in underground mining is a major concern. There is a need to analyse shock losses at different angles of an 
aircrossing to assess the performance of mine air flows through different aircrossings. This will give ventilation 
practitioners a more accurate estimation and quantification of shock losses.  This study is conducted to provide 
clarity on the relationship between the geometrical configuration of aircrossing and shock losses. Ultimately, the 
finding from this study will be useful to identify the configuration with minimum shock losses. 
 
5.1 Convergence test 
 
When performing CFD analysis, the accuracy of the solution is related to the residuals which must drop below the 
tolerance value. The residuals are monitored for aggregate mass imbalance and momentum. Residuals are 
continuously monitored in the simulation of the aircrossing which is set to drop to an order of 10-6. Once the desired 
level specified is achieved, the iteration is stopped with an assumption that the solution has converged. Figure 4 
shows the residuals values after each iteration. 
 

 
Figure 4. Value of residual after each iteration 

 
5.2 Model validation 
 
Physical correctness of the CFD is conducted by validating simulated data against Tien’s results (Xu et al.2017). For 
the sake of validating the simulated CFD results and to increase the confidence level, the shock loss coefficients 
values as per Tien study are plotted in excel against simulated results. The shock loss factors obtained from this 
study are expressed in terms of a ratio between the static pressure drops on the account of a shock to the upstream 
velocity pressure. Four points are used for different shock loss coefficients of different aircrossing configurations. 
Shock losses coefficient values are shown in tabulated format (Table 4) and are presented graphically in Figure 5. 
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The trends shown in Figure 5 indicate that shock losses increase as the configuration angle increases which is 
expected. The discrepancies between the results are approximately 25%, 23.5%, 35%, and 19% corresponding to 
90o, 60o, 45o, and 30o respectively. Although the highest magnitude of the discrepancy is approximately 35%, the 
trend shown in Figure 5 indicates that the approach used is reliable. 
 

Table 4. Data for shock loss coefficient values 

 
Deflection angle X -Tien X-CFD prediction 

30 1.08 0.809 
45 2.08 1.59 
60 2.16 1.395 
90 10 8.073 

 

.  
 

Figure 5. Comparison of shock loss numerical CFD simulated results and Tien's published data 
 
Shock losses are obtained using Equation 1  

 
(1 ) 

Where 
 Is a Shock loss coefficient 

 Is a change in static pressure 
 is Velocity pressure 

Shock loss coefficient change in static pressure is obtained from upstream and downstream values. Upstream 
velocity is considered for velocity pressure.  
 
5.2 Shock loss analysis of an aircrossing 
 
The pressure contours and streamlines are shown in Figure 6 to Figure 13. To measure and extract useful 
information about shock losses, flow separation and overall flow patterns of each aircrossing have been analysed. 
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Figure 6. Pressure distribution along the length of 90  aircrossing. 

 

Figure 7. Velocity streamlines of a 90  aircrossing before full development. 

 

Figure 8. Pressure distribution throughout the length of 60  aircrossing. 
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Figure 9. Velocity streamlines of a 60  aircrossing 

 
 

 
Figure 10. Pressure distribution throughout the length of a 45o aircrossing. 

 
 

 
Figure 11. Velocity streamlines of a 45o aircrossing before redevelopment. 

 

 
Figure 12. Colour contours that show pressure distribution throughout the length of  a 30o aircrossing 
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Figure 13. Colour contours that show velocity streamlines throughout a 30o aircrossing. 

 
5.3 Pressure contours  
 
The analysis of the airflow pattern pressure contours revealed the following:  

• There is a sudden pressure drop at the entrance of the airstream (restriction the beginning of the airstream) 
or at a sharp angle change of 90  turn which is a source of shock loss. 

• At the airstream region away from the shock loss source, the pressure drops even further after the exit 
plane(airflow restriction at the end of airstream region ) at the downstream 

• There is a high sudden pressure drop of air flowing over an aircrossing at an obstruction or sharp 90  angle 
change. This sudden change in the ventilation path causes high-pressure losses. 

• The pressure distribution throughout the length of 60  aircrossing shows an improved effective distribution 
of airflow as compared to a 90 . At the entry and exit plane of the airstream region, there is less pressure 
differential and slightly less shock is expected as a result of disturbances to airflow due to obstructions. 

• The pressure distribution of a 45o shows low local resistance to airflow as compared to 90  and 60  
aircrossing. At the entry and exit plane at the airstream region, there is less pressure required to overcome 
this local resistance and slight less shock is expected as a result of disturbances to airflow. 

• The pressure distribution throughout the length of a 30o aircrossing shows a low resistance to airflow which 
is characterized by low pressures drops to overcome resistances in sections of the aircrossing. There is less 
shock to be overcome as a result of the change in the direction of the aircrossing. The pressure drop and or 
shock losses decrease significantly from 90o to 30o aircrossing. There is less conversion of inefficient 
pressure conversions. 

• At the source of shock loss at the airstream region, first, there is a contraction in the area which increases 
velocity, then expansion in the area which decreases airflow velocity. This energy conversion results in 
pressure losses. Aircrossings of 30o and 60o configurations have high resistance to airflow as compared to 
the 45o and 30o configurations. This is because aircrossing of minimum angle generates the least velocity 
fluctuation, which has little effect in causing disturbance resulting in less pressure drop with little shock 
losses. Shock losses are primarily generated as a result of configuration angle the severity of shock loss 
depends on how large is the angle, with minimum angles giving minimum interference to airflow. 

 
5.4 Velocity streamlines  
 
Velocity streamlines provide a visual expression of movement information for all four configurations of the 
aircrossings. The trend of the airflow streamlines shows similar behaviour along the length of the aircrossing. The 
analysis of the velocity magnitude and velocity angle distribution of the aircrossings shows the following: 

• The velocity streamlines of a 90° aircrossing shows that the airflow squeezes into a smaller area at the 
entire airstream region and expands some distance away downstream. High velocities are experienced in 
this region where area airflow contracts while low velocities are experienced where the airflow expands to 
occupy a full cross-sectional area.  
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• This contraction and expansion of airflow results in some form of change in the cross-sectional area which 
results in shock losses. These velocity streamlines show that after the sharp turn, the cross-sectional area of 
the airflow changes. The area change results in an increase and a decrease in the velocity of the model 
depending on expansion or contraction.  

• The velocity streamlines of a 60° aircrossing shows that there is less formation of eddies at the corners and 
the walls. The cross-section area of the airflow in the airstream region is slightly larger than in the case of 
90   aircrossing.  

• The reduction area in the airflow movement is improved with less formation of vena contracta. The airflow 
velocity is lowered at the airstream as a result of increased air passage area.  

• This analysis shows that lower velocities, result in fewer energy losses in the system and minimum 
disturbance of the airflow. 

• The velocity streamlines of a 45o aircrossing show that fewer shock losses will be experienced at the source 
due to low sudden velocities changes, low angle obstructions resulting in less formation of vena contracta.  

• There is less interruption in airflow along the 45o aircrossing which results in less velocity variation at an 
aircrossing as compared to 60o and 90o configuration. 

• Fewer shock losses are achieved as a result of the change in configuration from 45o to 30o. Therefore shock 
losses at aircrossing are primarily caused by a sudden change in angle, which also causes a change of the 
cross-section of the airflow (due to the vena contracta formation). 

• Streamlines show there is a positive influence on resulting airflow properties. Therefore, from the 
interpretation of the flow characteristics using pressure contour and streamlines, it is apparent that the best 
design is the 30o option. 

 
6. Conclusion  
 
In conclusion, this study shows that shock losses are primarily generated as a result of the configuration angle. The 
severity of shock loss depends on this angle, with minimum angles giving minimum energy losses to airflow. These 
pressure losses are used to calculate shock loss coefficients of aircrossings. To assist in the assessment of each case, 
the values of the shock loss coefficient of each aircrossing are determined. These variations and range of shock loss 
will limit and assist the design ventilation engineers in selecting an aircrossing that is effective and efficient with 
minimum flow separation and fewer shock losses. This can be achieved by selecting an aircrossing which gives a 
low shock loss coefficient.  
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	One of the most important equipment which are used in a mine ventilation system, especially in coal mining or board and pillar and or tabular bodies, is a mine ventilation aircrossing. It is also known as mine ventilation overcast. Aircrossings are an...
	Acknowledgments
	References
	Biographies



