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Final Report Abstract: 
The use of extended (deep) cut mining with remotely controlled continuous miners is 
commonly utilized across the u.s. coal industry. Operators adopt this method to maximize the 
productivity of their continuous miner sections. The accompanying higher advance rates 
introduce the problem that higher levels of methane are liberated at the lace during coal 
extraction. This requires an increase in the air supply to the face of the heading for adequate 
methane dilution. Higher air velocities are a consequence, which, in turn, lead to the 
entrainment of more dust generated during the coal extraction procedure. Frequently, the 
increased dust entrainment is countered by the use of large capacity scrubbers that recalculate 
and filter air in the immediate face area. These circumstances give rise to many concerns 
concerning miners' health and safety. 
The former u.s. Bureau of Mines ( currently NIOSH), Mine Safety and Health 
Administration, and the coal industry have conducted significant studies to evaluate the 
performances of face ventilation systems through the use of full scale tests 
(underground/surface) or scaled physical modeling. These studies have led to 
recommendations that tend to make these systems more effective. However, because of the 
aerodynamic complexity in the face area arising from the variety of ventilation arrangements 
amid limitations of the experimental methods, doubts still exist when evaluating the 
effectiveness of such a system. 
The design of a balanced ventilation system for the scenarios described above requires 
consideration of the system in a three-dimensional, rather than two-dimensional, manner. 
Traditional theoretical and experimental methods are available for obtaining useful results, 
but the former is limited /to simple geometries and experimental methods are often slow, and 
both approaches are limited in the completeness, accuracy and generality of the results that 
they provide. Computational Fluid Dynamics (CFD) is a promising design methodology by 
which many complicated fluid flow problems can be solved with numerical codes. CFD 
embraces a variety of technologies, including mathematics, computer science, engineering, 
and physics, and has potential to generate face ventilation designs without the previously 
mentioned disadvantages. 
The major objective of this proposed project was to investigate the feasibility of developing a 
tool that facilitates the design of face ventilation systems to provide healthier and safer 
working environments for underground miners. The potential ability of this approach to 
reliably, quickly, and inexpensively test alternative face ventilation configurations will 
reduce the time between the generation of a design concept and its implementation by 
minimizing the tedious and costly experimental work required with existing design 
methodologies. If feasible, much improved designs for face ventilation systems should result 



because it will be possible, for the first time, to screen a wide range of alternative 
configurations and quickly identify the most promising design concepts for a particular field 
application. 
To achieve these objectives mentioned above, the authors conducted the following studies: 
(1) Development of a scaled physical model for examination of various ventilation scenerios 
and measurement of the airflow patterns using PIV (particle image velocimetry). These will 
be compared with simulations using commercial CPD software packages (CFD-2000, 
FLUENT, and CFX) with the objective of validating the CPD approach; (2) To refine 
modeling (numerical and scaled-physical) approaches, and to confirm that mathematical 
models and numerical method (CFO) can be used for design purposes of the face ventilation 
systems the full scale laboratory (gallery) tests will be performed at the Pittsburgh Research 
Center by the authors in conjunction with the MOSH, Dust and Ventilation Group; (3) based 
on the study performed the authors will down select a CFD software package, which could 
be, in cooperation with the software development company, converted to the specialized 
design tool utilized by the industry . It was determined that at the present time, CPD is not 
mature enough to be reliably used for ventilation design, though it can be used during the 
design process should sufficient validation be available. 
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The maior purpose of this proposed project is to examine CFD (computational fluid dynamics) 

as a technique for evaluation of modem underground coal mine face ventilation systems. This 

requires construction of numerical models of these systems, establishment of procedures to 

reliably obtain their computational solution, and, especially, validation of the numerical results 

with experimental data of the airflow. 

The long-term obiective of this work is to develop a reliable procedure utilizing CFD for 

analysis and design of face ventilation systems that are capable of protecting the health and 

safety of underground miners, particularly for the demanding situation of deep cut continuous 

miner sections with developed and used enhanced systems as water sprays and scrubbers. 
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Abstract 

The use of extended (deep) cut mining with remotely controlled continuous miners is commonly 

utilized across the U.S. coal industry. Operators adopt this method to maximize the productivity 

of their continuous miner sections. The accompanying higher advance rates introduce the 

problem that higher levels of methane are liberated at the face during coal extraction. This 

requires an increase in the air supply to the face of the heading for adequate methane dilution. 

Higher air velocities are a consequence, which, in turn, lead to the entrainment of more dust 

generated during the coal extraction procedure. Frequently, the increased dust entrainment is 

countered by the use of large capacity scrubbers that recirculate and filter air in the immediate 

face area. These circumstances give rise to many concerns concerning miners' health and safety. 

The former U.S. Bureau of Mines (currently NIOSH), Mine Safety and Health Administration, 

and the coal industry have conducted significant studies to evaluate the performances of face 

ventilation systems through the use of full scale tests (underground/surface) or scaled physical 

modeling. These studies have led to recommendations that tend to make these systems more 

effective. However, because of the aerodynamic complexity in the face area arising from the 

variety of ventilation arrangements amid limitations of the experimental methods, doubts still 

exist when evaluating the effectiveness of such a system. 

The design of a balanced ventilation system for the scenarios described above requires 

consideration of the system in a three-dimensional, rather than two-dimensional, manner. 

Traditional theoretical and experimental methods are available for obtaining useful results, but 

the former is limited to simple geometries and experimental methods are often slow, and both 

approaches are limited in the completeness, accuracy and generality of the results that they 

provide. Computational Fluid Dynamics (CFD) is a promising design methodology by which 

many complicated fluid flow problems can be solved with numerical codes. CFD embraces a 
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variety of technologies, including mathematics, computer science, engineering, and physics, and 

has potential to generate face ventilation designs without the previously mentioned 

disadvantages. 

The major objective of this proposed project was to investigate the feasibility of developing a 

tool that facilitates the design of face ventilation systems to provide healthier and safer working 

environments for underground miners. The potential ability of this approach to reliably, quickly, 

and inexpensively test alternative face ventilation configurations will reduce the time between 

the generation of a design concept and its implementation by minimizing the tedious and costly 

experimental work required with existing design methodologies. If feasible, much improved 

designs for face ventilation systems should result because it will be possible, for the first time, to 

screen a wide range of alternative configurations and quickly identify the most promising design 

concepts for a particular field application. 

To achieve these objectives mentioned above, the authors conducted the following studies: (1) 

Development of a scaled physical model for examination of various ventilation scenerios and 

measurement of the airflow patterns using PIV (particle image velocimetry). These will be 

compared with simulations using commercial CFD software packages (CFD-2000, FLUENT, 

and CFX) with the objective of validating the CFD approach; (2) To refine modeling (numerical 

and scaled-physical) approaches, and to confirm that mathematical models and numerical 

method (CFD) can be used for design purposes of the face ventilation systems the full scale 

laboratory (gallery) tests will be performed at the Pittsburgh Research Center by the authors in 

conjunction with the NIOSH, Dust and Ventilation Group; (3) based ori the study performed the 

authors will down select a CFD software package, which could be, in cooperation with the 

software development company, converted to the specialized design tool utilized by the industry. 

It was determined that at the present time, CFD is not mature enough to be reliably used for 

ventilation design, though it can be used during the design process should sufficient validation be 

available. 
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Scientific Findings 
The scientific findings of the grant are summarized below. Detailed findings and supporting data 

are presented in the papers included with this report. 

1. The authors firmly proved that unsteady flow behavior (flow separation from the wall) is 

predominant during the box cut mining sequence, when a blowing curtain for face ventilation 

is used. This separation is driven by an adverse pressure gradient that builds up as the width 

of the entry decreases; a critical width of the entry of 16 feet was determined. This fact was 

first observed during the scaled physical model tests and next was verified during the full­

scale tests. In such a case single pass continuous miners with wide-head (head extension) 

could be considered as a solution to avoid the separation problem. 

The flow studies in the face area, performed in the 1980s and 1990s for full scale models, 

were not fully understood because of limited opportunity to monitor the flow patterns in 

detail. The only source of information concerning similar flow behaviors were described by 

Luxner (1969) and Taylor et.al., (1997). Most of the researchers, who followed the Luxner 

(1969) comments concerning the higher effectiveness of the blowing systems versus exhaust 

systems, recommended that the blowing system was a better suited ventilation system for 

scrubber applications, particularly since the free jet with high initial momentum leaving the 

end of the line curtain should penetrate into the immediate face area and sweep the face and 

flow into the return. According to these studies, this is true as long as the entry width is more 

than 16 foot. This means that only during the slab cutting stage does the advantage of the 

blowing curtain prevail. For the rest of the mining phases, the ventilation air does not tend to 

flow to the immediate face area where it is mostly needed in the gassy mines for methane 

dilution. The width of the entry during the Luxner test was 10 ft. The width of entry for most 

of the studies performed at the NIOSH testing gallery was 16.5 ft. 
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2. The flow separation from the wall is a complex fluid dynamic phenomenon, difficult for 

many CFD packages to simulate due to their treatment of wall boundary conditions. During 

the early stage of the project, the CFD-2000 simulation package was used to simulate some 

of the scenario tested using the scaled physical model. At this time it was observed that the 

CFD-2000 results did not predict similar flow patterns as measured and seen in the physical 

model. A lot of effort was expended trying to create the boundary layer grid in CFD-2000 to 

get efficient and effective solutions, however there was a deficiency in the mathematical 

model used in this software and separation was never predicted. Since one of the goals of the 

project was to determine a reliable CFD package to analyze the mine face ventilation 

systems, a different CFD package was chosen. At the time the Fluent CFD software package 

was chosen due to its credibility. However, a few months later another commercially 

available CFD program, CFX, was tested too. 

3. Fluent and CFX are both simulation software packages which were tested and have the 

ability to predict the flow within the face area of the continuous miner section. During these 

studies, four basic mining scenarios were explored to compare the CFD results with 

experimental data taken by PIV. Each used different mathematical models for boundary 

conditions and different size grids. Proper model generating procedures are described in the 

Annual Progress Report 2003, Brown (2003). This report will be a part of the Masters Thesis, 

which is still pending. Results of this study shows that both of these CFD software programs 

have difficulty predicting the flow separation. 

4. To the authors' knowledge, this is the first time that a flow pattern of this detail has ever been 

measured and visualized for a mine opening. The figure 8 recirculation pattern in the narrow 

opening scenario, while previously predicted but ignored, has been confirmed in scaled, full­

scale, and numerical tests, providing sufficient evidence that this geometry should be avoided 

during mine cut sequences. 
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5. The flow patterns measured for the exhaust ventilation ( at the face) provides detail and 

valuable information concerning the effectiveness of this system. Ventilation engineers 

designing face ventilation systems for exhaust arrangements can use the data collected during 

these studies to improve their designs. 

6. The study examined the effect of machine-mounted scrubbers on the performance of a face 

ventilation system for deep cut mining, partially proving the earlier results obtained by a 

study performed by the USBM, concerning the ratio between the scrubber flow Qs and the 

ventilation flow Qiu. According to the USBM studies this ratio should be equal to one. The 

authors demonstrated and discussed the flow behaviors in the face area for the different 

values of the QJQio ratio. 

7. In comparing the final numerical (CFD) results with the experimental (PIV) results, one will 

see good similarity in the flow behavior. However, some flow pattern discrepancies can be 

noticed. The experimental results show the location of the separation point to be more 

sensitive to smaller values of the scrubber flow ratio. This flow behavior could be explained 

by existence of the unsteady flow along the wall (rib). However, once the scrubber flow ratio 

reaches a level near 1.0 the separation is removed and the flow carries to the immediate face 

area. This is notable since most scrubbers in actual mining applications are required to have a 

flow ratio equivalent to 1.0. Also, it can be seen that as the flow ratio approaches one the 

recirculation (eddies) in the immediate face area increased. 

8. The numerical simulations for these scenarios with the scrubber were examined using CFX, a 

commercial CFD package. Based on the intensive validation studies performed as a part of 

the entire project, the CFX software package along with the SST (Shear Stress Transport) 

turbulence model was selected for its ability to accurately predict separation due to adverse 

pressure gradients, as opposed to the k-E model. 
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9. The scrubbers were shown to be very useful tools in moving air into the immediate face area 

where ventilation is poor, especially during the box cutting sequences. 

10. Scrubbers introduced as dust collection devices help bring the air to the immediate face area 

and should be termed face ventilation devices, as well. Without a dust scrubber, the blowing 

curtain is ineffective for controlling respirable dust and methane. 

11. With scrubbers, more efficient ventilation can be obtained in the face areas without the need 

for miners to extend ventilation controls inby permanent roof supports. 

12. The flow ratio between the intake and scrubber is an important factor, which could be 

controlled for optimization of the face ventilation system. 

13. The scrubber's performance was tested using the scaled physical model and simultaneously 

examined using developing CFD models of these scenarios; the CFD results very close to the 

experimental results because the separation process was eliminated. 

14. The authors designed and built the scaled physical model of the face ventilation systems and 

developed it\ operating procedure. This model is equipped with a PIV measuring system. 

The testing facility proved to be essential for validation studies, such as the ones performed 

for this project. It can also be used for assessment and approval of face ventilation plans 

submitted by a mining company to MSHA. Its usefulness was demonstrated multiple times 

by the authors (Wala et. al., 2003). 

15. The authors validated the scaled model results by using a full-scale testing gallery at the 

NIOSH Pittsburgh Research Center. The comparison of these experimental results proved 

that the scale physical model is a reliable tool to perform modeling studies for validation of 

CFD results. 
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16. Problems getting accurate CFD results and the experimental flow study talcing more time 

than anticipated both caused the third task of the project to not be completed. Development 

of a custom (specialized) and reliable simulation CFD software package, which could be 

used by industry, is still being questioned at this stage. 

17. The results of these studies uncovered a significant amount of knowledge about face 

ventilation in the case of extended ( deep cuts) mining. These findings will add to the safety 

and health of miners. 
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Scientific Report ,, 

Since the advent of remote controlled continuous miners and extended cuts for room and pillar 

mining operations in the last two decades, the efficiency and productivity of mining operations 

has increased significantly. However, this high production presents environmental problems in 

that, per unit time, more dust is generated and higher levels of methane are liberated at the face 

during coal extraction. These conditions require the supply of more air into the face of the 

excavation heading for methane dilution. This must be done with care since more air means 

higher air velocity, which typically leads to the entrainment of more dust. Increased dust 

entrainment has been, at many operations employing these technologies, countered by the use of 

large capacity scrubbers mounted on the continuous miners. These scrubbers have a significant 

influence on the airflow distribution (flow patterns) in the heading and the design of their air 

handling capacities as well as the location of their inlet and outlet ports must be done with great 

care if the quality of the face environment for mine personnel is to be satisfactory. Thus, these 

circumstances give rise to many questions concerning miner health and safety. 

The design of a balanced ventilation system for the scenarios described above requires 

consideration of the system in a three-dimensional, rather than in a two-dimensional, manner. 

Traditional theoretical and experimental methods are available for obtaining useful results; but 

the former is limited to simple geometries and experimental methods are often slow, and both 

approaches are limited in the completeness, accuracy and generality of the results that they 

provide. 

Computational Fluid Dynamics (CFD) is a prom1smg numerical technique by which many 

complicated fluid flow problems can be solved. CFD embraces a variety of technologies, 

including mathematics, computer science, engineering, and physics, and these discipline have to 

be brought together to provide the means of modeling fluid flows, and it possibly has potential to 
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generate face ventilation designs without the previously mentioned disadvantages of the 

theoretical and experimental methods. 

The objective of this project is to attempt to develop a reliable procedure for analyzing and 

designing mine face ventilation systems, including an ability to assess novel designs, using CFD. 

Due to the complexity of face ventilation systems and increased performance demands on such 

systems through practices such as deep cut mining, there is a need to apply sophisticated 

engineering tools to study and design these systems before mine implementation. 

A variety of face ventilation plans must be designed by the mine operators and evaluated by 

Mine Safety and Health Administration (MSHA) authorities, for critical factors such as an 

adequate air sweep of the face, compliance with health and safety regulations pertaining to 

acceptable methane concentration levels and worker exposure to dust. Existing theoretical and 

experimental approaches to this problem limit the ability of the mining engineers to design 

proper face ventilation plans and MSHA's authorities to evaluate these plans. 

Using CFD, a ventilation system can potentially be designed and assessed quickly and 

inexpensively, avoiding costly underground or laboratory trials to test the alternative 

arrangements. CFD would enable the designer to perform studies of a much wider range of 

configurations than could ever be considered through experimental means. CFD has been 

attempted in South Africa, England, Japan and the United States in order to study the flow of air 

and contaminants in underground mine openings; however, this work has not yet been developed 

to the extent that could really benefit the health and safety of miners. 

CFD could be used to predict flow fields and the dust and methane distributions on continuous 

miner faces. However, before such numerical modeling can be confidently used for the design of 

face ventilation systems, the results must be proven correct and effective. Thus, the following 

research was proposed by the authors: (1) construction of sufficiently detailed and realistic 
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numerical models of the face ventilation systems; (2) establishment of procedures to reliably 

obtain the numerical solution of these models, and, especially, (3) validate the numerical results 

with experimental data to ensure that the model assumptions and numerical results are accurate. 

To be able to achieve these objectives mentioned above, the authors proposed the following 

studies: (1) in cooperation with the Dust and Ventilation Group, NIOSH - Pittsburgh Research 

Center, review past data from experimental studies examining the performance of face 

ventilation systems and establish the baseline face ventilation scenarios to be tested. The 

numerical models for these basic scenarios will be developed and computer simulations, using 

commercially available CFD software packages (CFD2000, FLUENT, and CFX), would be 

performed. The simulation results, in the form of plots of air flow vectors, will be qualitatively 

and quantitatively compared with experimental data collected during the scaled-physical model 

tests with the objective of validating the CFD approach; (2) to refine modeling (numerical and 

scaled-physical) approaches, and to confirm that mathematical models and numerical methods 

such as CFD can be used for design purposes of the face ventilation systems, full scale 

laboratory (gallery) tests will be performed at the Pittsburgh Research Center by the authors in 

conjunction with the NIOSH, Dust and Ventilation Group; (3) based on the results of the study 

the authors will choose an effective and reliable CFD software package, which could be, in 

cooperation with software development company, converted to a specialized design tool for use 

by the mining industry. 

During the frrst year of the project, the authors concentrated on numerical model development 

for chosen face ventilation scenarios, using, at that time, the commercial CFD software package 

named CFD2000. In the same time, the authors designed and built a scaled physical model of the 

face ventilation system to study the flow using the PIV facility of the TSI Company, at St. Paul, 

Minnesota. In the mean time the opportunity for PIV testing developed at the University of 

Kentucky. The Mechanical Engineering Department arranged the laboratory for PIV testing. The 

first test of the scaled physical model of the face ventilation system was performed using this 
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facility. Results of these studies lead to the changes of the existing plan of the project. The 

modified plan for the project was submitted with the Progress Report (7/1/2000 to 4/16/2001). 

The preliminary results, obtained from the flow studies using the numerical and physical 

simulation of the flow behavior in the face area using a blowing curtain show significant 

discrepancies. Unexpected flow patterns were seen during the experimental studies of the flow 

distribution for the 30 ft box cut scenario using the blowing curtain. This was the first time that a 

flow pattern of this detail has ever been measured for a mine opening to the authors' knowledge. 

The flow in the study area has complicated features, including separation and recirculation, 

necessitating the need for a proper boundary model for the numerical simulations. However, the 

CFD simulation results, using CFD2000, did not show this flow behavior. At that time the 

decision was made that CFD2000 was not going to be used for any further testing. The important 

characteristic of the flow pattern are discussed by Wala et al. (2000 and 2001) specifically for the 

box cutting sequences. 

To be able to understand better the complex flow behaviors in the face area for varied mining 

scenarios and to see the effects of various parameters on the ventilation arrangements, the plan 

for the scaled physical modeling studies was expended and a custom designed Particle Image 

Velocimetry (PIV) measuring system (Turner et al., 2002) was added to the scaled · physical 

model. At the beginning series of studies concerning the effect of various geometric and flow 

parameters on the air flow behaviors were extensively examined (Wala et al. , 2002 and 2003). 

The important characteristic of the flow was that 70% to 80% of the air leaving the end of the 

blowing curtain almost immediately separates from the rib (wall) and a major part of the primary 

flow turns back towards the return and the rest of the curtains airflow, approximately 20% to 

30%, called the secondary flow, continues to flow towards the immediate face area in the 

opposite direction. As can be seen in general, the ventilation air delivered by the blowing curtain 

does not flow into the immediate face area. 
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The Graduate Student, Lavanya Rangubhotla, carried out the continuation of this parametric 

study as part of her Master Thesis. Most of these experimental data utilizing the scaled physical 

model were used for the validation of the CFD simulations. For the further studies of the flow 

behavior, the experiments were conducted for different scenarios with different combinations of 

parameters such as curtain setback, intake air quantity delivered by the curtain, tight-rib distance 

( curtain distance from the rib), and mining sequence. The data collected during these studies 

allows making conclusions concerning the flow behavior to assist the design process of the face 

ventilation system. The results for the above studies are presented and discussed in the Master 

Thesis included with this report (Rangubhotla, 2004). 

During these studies it was found that primarily for the box cutting sequences, a certain width of 

the face zone was unable to sustain ventilation air in the immediate face area. Therefore, the 

effect of a scrubber system on face ventilation was studied. In reverse, some situations exist 

when the miner machine is not equipped with the scrubber and the exhaust ventilation system is 

preferred. The results of these studies are presented and discussed by Wala et.al., (2003) and 

Rangubhotla (2004). 

As this unsteady flow behavior (flow separation from the wall) was predominant and 

unexpected, full-scale measurements were needed to validate this flow behavior. To ensure that 

scaled model test results interpret conditions reliably in the underground face area cooperative 

validation testing has been performed by the Mining Engineering Department, University of 

Kentucky and Pittsburgh Research Center NIOSH, using full-scale testing gallery at the NIOSH 

Research Center. These studies proved that a 1 : 15 scaled laboratory model used for the project is 

a valid tool and realistically simulated underground conditions for the face ventilation systems. 

Observations showed that the flow patterns for one of the scenarios tested using the laboratory 

scaled model and the full-scale model are similar. These discussions can be seen in Chapter 6 of 

the Master Thesis (Rangubhotla, 2004). 
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The Graduate Student, Justin Brown, performed the tasks dedicated to the numerical model 

development and analysis of the CFD results. The numerical models for four basic mining 

scenarios including (a) 30 foot box cut, (b) 30 foot slab cut, (c) 60 foot box cut and (d) 60 foot 

slab cut were developed. In all four scenarios the geometry of the mining equipment was 

excluded for the purpose of simplifying the modeling procedure. 

Because the solution of an analysis can be dependent on how the model is discretized, it is proper 

procedure to seek a grid-independent solution before accepting any results with confidence. As 

mentioned before, problems were encountered in obtaining a proper solution using simulation 

software CFD2000 in matching the experimental results from PIV. There are many different 

methods to model turbulence and some ways are more effective than others depending on the 

application. Also, some turbulence models are more easily converged than others. The Reynolds 

Average Numerical Solutions (RANS) models are usually faster but are only accurate in certain 

applications and geometries. Three RANS turbulence models including the Standard k - s, 

Spalart-Allmaras and Shear-Stress Transport k - co models were used and the results were 

compared to find the most robust and most accurate model. During this part of the study some 

problems with using the commercial software package Fluent were encountered in trying to 

predict the onset of separation that occurs for certain mining scenarios. This is one of the reasons 

that more studies are needed concerning the validation of the CFD simulation results before 

being used for of predicting the flow within the face area. 

Additional studies for different grids ( coarse, moderate and fine) using both Fluent and CFX 

were performed to find a grid-independent solution. From this series of simulations the k - co 

SST turbulence model was selected for its ability to accurately predict separation due to adverse 

pressure gradients. Some part of this work is documented in two Progress Reports from 2002 and 

2003. These two reports are included with this document. 
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The second part of the study concerning numerical model development and analysis of the 

CFO results was dedicated to the exploring the effects of the introduction of the scrubber at the 

face area. When the scrubbers were added to the face ventilation system of coal mines, the 

existing arrangements of the face ventilation system were altered to accommodate these 

machines. 

Many studies concerning face ventilation with scrubbers were carried out in United States in 

the last twenty years. Some of them which have contributed greatly to this topic include Gillies 

(1982), Volkwein and Thimons (1985). Jayaraman et al. , (1992), and Kissell (2003). Most of 

the researchers, followed the Luxner comments (1968) concerning the higher effectiveness of 

the blowing system versus the exhaust system, and thus recommended the blowing system as 

the "best" ventilation systems for scrubber applications, particularly because the free jet with 

high initial momentum leaving the end of the line curtain should penetrate into the immediate 

face area and sweep the face and flow into the return. This is true as long as the entry width is 

more than 16 foot, as was discovered during this study (Wala et al., 2001). This means that 

only during the slab cutting scenario does the advantage of the blowing curtain prevail. For the 

rest of the mining scenarios the ventilation air does not tend to flow to the immediate face area 

where it is mostly needed in gassy mines for methane dilution. The results showing these 

behaviors are presented in the attachments to this report. 

The effects of machine-mounted scrubber system on levels of methane and respirable dust were 

tested first by Ingersoll Rand Research Inc., (Clouse, 1982). These studies have shown that 

properly designed machine-mounted scrubber systems can allow curtain setbacks of 12.2m (40 

ft) , while still controlling respirable dust and methane levels. At that time, it was shown that the 

application of the machine-mounted scrubber primarily helped to collect respirable dust at the 

face (dust source location) and improved the visibility. The experiments were performed for 

different ventilation ratios (Qs/Qin), where Qs ·and Qin are the scrubber flow rate and curtain 

inlet flow rate, respectively. Based on the Ingersoll Rand studies, MSHA recommends a ratio 

16 



FINAL REPORT NIOSH Grant ROI/CCR 415822 

between the scrubber flow Qs and the intake flow Qin of close to one. A study performed by 

Jayaraman, 1992, supports these finding, however, latest studies performed by Taylor et al., 1997 

and by Thimons et al., 1999 show that the relations between face ventilation performance and 

scrubber/ventilation flow ratios are more complicated (due to recirculation, etc.) than was 

previously thought. From the experimental studies performed during this project it can be seen 

that different ratios between these two flows could be used to optimize the performance of the 

ventilation system for the extended cuts. The authors conclude that Qs/Qin could be optimized 

depending on miner location ( depth of the cut). The preliminary results concerning scrubbers 

performance were presented by Rangubhotla (2004) (experimental data) and by Brown (2003) 

(numerical data) and by Wala et.al., (2004) (combined). 

,;.,, 
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!'est Section 

lii make discrete ll1c p,1ni;li Li1 rt l'1<..:11l1 al cqu <1I H111 s 
u ,·er <1 n• lllJHll:1l1lrnal Jnm,1111. thL 10 111 :1 111 111w,1 he 
~nddell. IC!! ill'dk',S 11[ thL di , ' IL' lll:lllllll ,cl1c 111 i..: 11sed. 
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Validation study at the University of Kentucky 
J'he va ii d;1t11 >n '>lull\ l\',ls lun ded b, \J:1ll t>11al lnst, ­
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,mafe ve l1 lCtmetrv (!) IV). to dctLTl11lll 1.. lhL· vc ltlL'II\ 
11 1.; lcl s 111 the mudc l 
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dat a Im the pu rpu~e tit C J•!) C1llk \; tl 1datl() fl . 

Dc1>criptio11 of the scaled ph_\·~ical model. ,\ l : I::, 
-c;tlc nrnJc l ol a 2.1- m- '7- lt-J l11gh. h.l -111 - (21)-ll - ) 1v1dc 
mine lace a ri..:a "as de'-H.!.llL'd an u built (lll l ul tr,1 11 ,p,trL·n t 
Plc:-.1g las ( Fi.!!. I). Scalin g ol thc gc 11 111 c tr v w.i s p<..:rlo n nL·d 
u-;11 1~ dun e nsion,tl ,1n,tlys1.., ha,ed <>11 lh l' Rc\'11olds \J u111 -
her. N.l' =UL.111 . where l and/. ,l fL' tlw \l'loc1 ly al t he 
hrat t1cc line mo uth anu v1d th ol the 111 rl(m· ( d i, 1;111 cc 
hc 1,, i..:c n lhc hra tt1cc lt11c ;rn d c ntn nhl. re~peclt\'e lv. l'h · 
nwdl'i co ns ist ~ t>l three "'!!- 111 i 1c;1nt p;1rl s. 

• T l1L· middle sccl 1un . \\ h1 ch rcp1c:--c 111 s d ll 11d 111 an 
m 111 1ng c nt, _v \\'tl h a p,1rt111on (h1 ;1tt 1ce li ne, . d iv ide, 
the e nt ry 11110 .1 n,1rn>,,· 0.(,- 111 - (...'. lt-l \\' ilk 1n t;1 kL 
.rnd an :'i .:'i- m- (!.'>-It -I wide ll't l\ 111 .111\\<1\. 

• The w1>rk111/!- scct1,H1. \\'h1ch l'L' j>rL'sL' lll s ~1 L1eL ,1rea. 
where mov:i b lc Plt.::-1g.l;1s \\'all , can hl' 11 ,ed to I cp li 
·;1t c n1;rn\ J il lcrc nl vc n ttla 11011 co11i't!! L11 at1t 111s , uch 

,1, c1 hol--ettl ur a sl;ib-c ut a rrn ngc1n c 11t w111l br;it t1 cc 
scthacJ;: d i~t ;incL'S v;1 rv 111 g 1!01111c rn to P·U Ill (h!I rt ). 

• The mtak cncturn ,cclH1n . w h Tl' lhL· ve11 1tl,111011 sv'>­
tcm can he a rranged c1s eit her hlm\ 111g ill c:-d1a w,ti11g 
hy ch.tll ).! lllg th e f;in locallon . 

D un n!! this .-1ud_\·. the mode l ,,·,1., ,ct u p ;i s ;i hlow, nc' 
ve nl ilattt>ll vstl' lll ,,·,1h a -.ct l1;ick d,..,urncc nl Hl. !1 ;1ml 
J.'C\ m (35 a nd 60 It). Jk , cr1p l11>11 o l tile p;1rt 1c!c 1111al..'.t' 
vc luc1111 c t1 v sys1c 11 1. 



FIGURE 4 
::: .. ~!_- . .:-r;: • . ···!= • . :~,~ • . 

Velocity vectors fro m 
PIV measurements, 
Sc enario 1. 

!"he Pl\; techn iqu e 
11.· ;i-.. propo:-:.e d \c, m easure 
111~lantancou.., vcloc1 11 
tie lcl s of th e t im e dcpc n­
d c n t flows 111 t h e sca led 
nll>dcl. Due tn th e rcla­
t1vcl~ high ,m 1.·elocitv in 
1 IH.: 1111Kicl. a p ul sed l;iscr 
..,, q ern was req ui re d . To 
rc r lorm these measun.: ­
rucnts, t rnce r p:1rticl es 
must he adclt;d to lhc rlow 
fi eld: hig. hi y rctlcc t1vc 
- I 0-µ rn { l.25fJ-me"h) 
d1;i m 1alc pc1rt1clcs were 

u"cd 111 lhL· experi m ents disc ussed hc rc m. T he laser-light 
shccl illum111;11 cs th ese part1cks twice w11h111 ;i short. 
L0 <H1tr,1llcd l1111c: 1ntcrv:1l. ' I he relkcred (scattcrc d ) light 
lr"111 cc1ch la~cr puJ ..,c 1\ cqucn t1al ly 1nwged by <I ('('0 
c·;1111L· ra .111d ru.:" rdcd d1g1talh to a co rnpu l ·1. using a 

rnme g rabbe r. lo cn:c1lc 
nnL 1·c: locn y f ield. ap­
pro,1matcly 51J pans ot 
1nstant;incous im ages of 
1 c loc11.1 fiel ds arc re­
co rded for dig11,1 1 a na lv­
,; 1,. 

l'hc: sc hc111a l1c c1 nd 
01Trnll picture of the in­
tcg. ratcd PI V -.,y,acrn u ed 
111 this s tudv ;ire s lhlwn 111 

Fi)!.s. 2 a nd 3. respective ly. 
Thi s svste m i!> co mpri:cd 
ul 1 he fullowi n~ co mpo -
11cnts: 

• La:,cr an J li ght ..,nce1 
op1ic:,,. 
• Image ca p ture . 
• Sy 11 chron1, .e1. 
• Snw kc parti cle 
e rato r and 

uc n­::-

• l 111 ,1gc a na lys 1~ <1nu tlis­
p la_1 . 

FIGURE 6 
: .. . . ,· :... ... . . . ·-· .... 

. . 

Velocity vec­
t ors from PIV 
measurements, 
Scenario 3. 

FIGURE 5 

Velocity vectors from 
PIV measurements, Sce­
nario 2. 

The !rise r ,~ a J ouh!t: ­
pulst.:d ) IJ m.J '-JJ:Y/\C; la­
ser. !"h e rracer parti cle 
mol 1on.., ar..: reco rJ ed u, ­
ing. a Kodak Tvkgaplus JO­
bit mnnuch rornc charge 
co upkcl d ev ice c.i mera. 
Images are "tored to a per­
s.onal com p u te r ( PC) U'>l ll );!. 

a n Ep1x PIXCI -D d1 g. 1t ;d 
t rame 1!rabhc:r. f he fram e 
grn hhcrlcamera co m binatJun ha: a Joubl,: -t r1 gger fc;i ­
tun.: that a llows 1wo 1nrngv, to be acq uHed b ack-to- ln 1ck 
w1thi11 a n cx trcnicly s mall t1111c { - IO pm ,ir 1.2.'iO rn esh ). 
Ti ming 1s co n trt)lled by .i lai tcch 0(1-l OO timing control 
unit. 11.dll ch 1s monlltired using a n oscil loscope. 

Results 
Experimental data from scale modeling. By u ~lll!.!. 

the physica l mo de l ul the lace vcnt ila t 1on "Y"lem (Jc ­
sc rihcJ ahm,c J. live 111111 

111g :,,cenanos wc re Lcs te u. 
l'h q rcprc~cmcd po . -
s ib k coal m1 11 1r1g ~c ­
q uenccs tor IK~- 111 (hlJ-lu 
depth exte nded cuh. 
lkcp cut s of t hi s le ng th 
u in he taken"" two IK.3-
m (Ml- fl) cu l~. four ).15-m 
( 30-i-t l cul. or s1)!llc other 
cu lling. sequ e nce comb1 -
nat1on . fo r th l" '> tud y. a 
lour-cul :-cquc ncc opcrn­
t iun wa.., adopted: 

• ::,cc 11 ;.1r10 I: First 111111 -

,n~ ,equence 
cumpkt1on ol t he 
9.1 :'i-m- t_,U-ll - ) decr 
10:,,: C ll l. 

• Scenario 2: :-iecllnd 
111111 1n.~ ,equenu· 
·1 ,m ple 11011 \ll t he 
J. 15-rn- t:-;1J- lt -l deq, 
,; l:ih cut 

FIGURE 7 

Vel ocity vec ­
tors from PIV 
measurements, 
Scenario 4. 
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FIGURES 8 A AND 88 

8A, left: Velocity vectors from PIV 
measurements, Scenario 5, mid­
plane of miner.8 B, right: Velocity 
vectors from PIV measurements, 
Scenario 5, above miner. 

• ~CL' ll ,11"1 \\ 3: Th, rd 111 111 ,ngscquence - compk ll()n or 
lhL' sn:01 1d \/.15-111- (.l ll-ll-) deep hP \ CUI. 

• Sc...:na ri <> ..+: hrnnh m111 111g seq uence: Ct> mpk tion 
,,r the sccu!lLI (J.15- m- (30-ft-) decp slab cul. 

l"herL' ,~ ,11:--\l Scenario 5. It was iJcn tical to Scenario 
2 c:-;.:cp t Iha! the n.:ctangul;ir bu>. s im ulatin!! L'qu 1prne11l 
(con t111Ul1tl ;. 111111e r) w,h placed m !he f;1c c are,1. 

h1r the m111al s tud\' pr...:se nt cd he re, the a ulh ur.s de­
cided It> m ves1 1ga tc th~· fl<>\\" p;illcrn 111 the e m pty f.ice 
.1re:1 t no m 1111 11 ~ cq ui pincn l present ). !'hi s \.va;. done t o 
prll\ ,de flnw field rnudels \\'i i hnut d is1urh,1nce:-- ca used 
h\ eq ll 'll lllL" ll l 

FIGURE 9 

Velocity profi les in direction of 
face, Scenario 1. 

I ,- JO fet-t from f<'lct' j 
-f' • 5 teC"I from face 

• 3 f ce1 from fa ce . 

.. o 5 1---···-·-----c G, 0: 1)3 

-·· .. 
"· 

05 06 07 
Vl/id:h Across Face 10 10 l ) 

28 MARCH 2003 .. MINING EN G IN EERING 

0.6 0 9 

l· ut un: inves ll !!.aLions will ta k1: into accou nt the prc"­
ence Dl u111.JcrgrtH(n d equ ipment 111 Ilk' '- l udv ,m.:;1. Hm1 -
L'Vcr. c1s men ti oned ;1 hove. 111 tile l"il"t h :--n: narw tes ti:d 
d ur111g thi s s tudy. a ~11 11pk recU1ngular ht>\ w;1, pl;i ced 111 
th..: f;icc an.:;1. T hi s rccl.tll!J. l!lar hox w;1;. con~tructcd ul 
tr;1nspar~nr Pl ex1gl;1s wi lh ~li111e11sll>lls Ill 7.°/\ x 3.2-+ >- UH"' 
rn (2'.'i.b X 10.(1 X 3.1 fl), C\llTl'"pn ndi ng to the dJI Jl Cll Sll lll S 
l)f a .lov 1-K'M cn n11nu1 ,us 111 1ncr. 

Quan 1i fica11011 of the pcrlorm,1nce of the lace vc n1 1-
Jat1011 for a ll [ive cxtemh:d cut mining. ,cenanu;. \vas t ill' 

•>ua l for lh 1s valiJauon stu d v. The !!_eomctrv or the e ntrv 
being tested was 2. 1-m- (7 -"rt - J hi gh a nd 11·. l -rn -- (2P-lt -·l 
wide . Th · 1ntnke a ir 111 vo lurnL: pf 2 .. "i 111 ·isl.!c t5.31H l el m ) 
wa~ p rovided to the lii cc ;irea hv a hlnw1n)!_ hra1 11cc lin e 
(curtain ). 

fi12- urcs -+. 5. l1 a nd 7 show the vcloul v vcc t,>r;. lron1 
PIV m~asuremc nts ;11 the h(l rl:t.u ntal midtilc pl,1nc ,11" the 
model to r tile f1 rs1 lour sccnarnis, rcspeu1vely. 1-'ip1rc" K; 1 
and Kh . how the VL'lt1c1t y vec to rs me;isun.: rne nl s .it Ilic 
hnr1zontal midd le pl;inl.! of th ' mine r ( hox J a nd above 
th e mi ner. rcs11L·nivcly. T his vent ilal1011 ;1rra11g.crne nt 
shown in Fills. i'>a and Kb wa" Jc;.c rihe<l as ~cenami 5. 

Figure ~l) show" the ve loc1l y profiles lnr th ree.: luc.1-
t ions alo ng !ht.' box cul al the rn1 dcll c pl:111 L! (:---.cc nano I) . 
These I hree lo ·a tl( )IJ;. were L/ . l Ill (3() fl l.-1 . .'i 11 1 ( I .'i rt ) :111d 
l m (3 rt l l rum the L.ice. 

Simulation data from CFD. T he CFD ;.1111 ul a11u11 s 
prese nt ed here a rc f\lr the fi h ' scc n;mol> descr ibed 
ahuvc. To perlurm I h1;. dna ly~1s. tile co mm 'rc1a l C(l(k 

1:1 uc nt <1.fl . a fin ite vu lu mc -ba,ed sullw.i re p;ic l,.:1gc. was 
run usmg the 111ul11pk JJr oce~sor 111 1crl:1c111g ( \ 1l PI ) n l the 
HP Su perclo me Complex at th e lJ 111 vc rs i ty ot k c 111 uck~·­
T h is syste m consis t~ llf '.?24 HP PA-RISC proccs~ors al 
7:'iO MHz each. They alltiw lhe user lll use up l o I\Jur s1 -
multancous cornpu tat1on~ each u1i li1.111 g e ight pn1ccssurs. 
By allO\ving l··luent lo a utomau cally pm11 tinn ;1 gml ct111 -
sisli ng of tJOLUJOO elc1m:n1s. tilt.: ti me require d per 1tc r;1-
t1o n was d<.:crcascd to fivt: seconds or 15% t>f thL' tifllL' 
requ ired while using o nlv o ne proccs~or. 1-!llwc vcr. t hL· 
co111pk 1i un (cunvergcncc) ol the ealcula t1uns req uirL·tl. 
u n avcrn!lc. trnm 10.000 to 2 ().(l!H) iter:1t 1ons. l'h1s 111ea 11 1 
th c1t the total run times to r c::1ch ~ccnann was <1pprnxi --
1rn1tc lv 25 llnurs. 

rill' tlHec-dime n::. ion,il num e ri cal llll)deb ;in,dyzetl 
a rc t ull-sca k represcn tat ions \)fa 2.1-111- {7- t t- ) h 11,! h . 1. I -
111- (W-f t-} \l' tde rn1ne race .irca a l va riuus stages dunn )! 
it s mining cycle. Scali ng was performed usin g dimc n­
s1onal a nalysis based Pll the Reynolds Nu mbe r ( 125 .fHJO 
based o n the in let rlow parameters). 

f7 irsL the ;iuthors pl.'. d\ 1r111cd a grnl ~ens 111 v1ty ~1.udy 
on Sce nario 1 usmg Fluent along wi th tht.: k+ turbulence 
nwde l. ror pract1eal ity, a ·'<;tc111d ard w,111 lunct1011 ·· wa, 
used to resolve the 1va ll hnu 11 dary b1yer tor all sirnu la -
11011 ~. Wall tunc11011s approxim,t!l' lhl' hou nd.irv l.ivcr 
prn ri lc l>ascd u n th e Log- Law \ll the \\:a ll. 

Sccnar1u I was chost·n to tlcnH 111 s1rn tc !he sc ns1l1\·1lv 
,ii' the solu tion~ to gnds. code:-; 111 odcls m the n u111 L-r1ca l 
sim u l;1t1 011s heca tt SL' of the tll1 SL'l o l ~cpMal ion 111 Ili c 
fl ow loca ted J l1 Sl pas! t h<.: e nd ol the cu n,1111 ( hra ttice 
!Ille ) a11 d alo ng the right-side wall. Such a 11 ,1hrupt lurn ­
m g ul the flow ma ke::, it d itTi cull lt1 rc,-nh·c u nless ad ­
cq ua t ..: gncl density ,1 11 d lurhu lc ncc m ,d t.:ls ;ire u~cd. 
In1cres 1i 11g.ly e nough . the auth() rs also tound that the 
variat ion uf different com 111 crc1:il code~ caused d ifkr-



FIGURES 1 OA, 1 OB 
AND 10C 

10A, left: CFO results 
using CFO 2000 and k + 
model, Scenario 1. 10B, 
center: CFO results us­
ing Fluent and l<-F 
mode l. Scenario 1. 10C, 
right: CFO results using 
Fluent and S-A mode l. 
Scenario 1. 

A. 

c1 1<.:c "> in -.,u lu1111n hch,1,·im. J"h i~ mav he cau:-,ed hv differ­
L'lll 1lllll1el"IC;t l pr:lClil'c:S Us ed h\' the Cllde l) f"l ~lll,iWrS . 

.- \lthu ugh ,v 11huu1 "hnw111~ 11 he re. i t wa~ fuu nd tha 1 
ll1 L ,u lu tH>ns \\ e re ,c n~ll l\·L' ln. lhc !.! r id mc!sh ust.:d. I l ow­

c, L'I". til e auth<>r!s \\ere· abk lo c·sl i~hlish ,t g rid-111dcpc11 -
dc111 '- l1lu11 , ,,1 ll'- 111!}. t he lollow1ng p ract ice . l "iHL' L' 

structun:d gm ! dc11s111c">. ll1 cluding {)(lt).( l(lll . 900.tl(J(l and 
I. ::. 111 1ll 1n11 celb. werL' '- l>lved w !"ind any depende ncy nl 

FIGURE 1 1 

CFD resu lts using Flu­
ent and S-A,model , 
Scenario 2. 

the sol u l1011 un the grid 
S IZL. All o1 tile g.nd ch.: ns1-
11e:-, \IC ldcd ! h t: ~.1 111 c ">O ­
lul ion . l'lm; mean l t ha l 
the solu l ion wa:-- g. r id- 111 -
dcpc nden l. Several ,ithcr 
case" wc rc ,.ulvt:d us in g 
1 llL' f... -1:' ( two-e qu ,11 ion l 
nwdel ,i nd th e ~pa lar1 -
1\ l lma1 as (S -- i\ ) ll lle · 

cq ual 1011 model ( Sp,il mt 
.1 11d 1\ llm arn:-,. I LJ92) lo 

cu111p,1rt: these r,,·u mocl ­
c ls No chan~e~ were 
made ,,the r th an tht.: t ur­
bul ence model. Th e rL 
suit :- arc: -;lwwn beln\\ . 

1'Igure~ l(Ja and ](lb 
show the s1111u lat1 0 11 re­
,; ul t" obta ined uslllg ( 'FD 
201)11 cud c wi th t he f... -t · 
nllJdel ,rn d J-'lu en t w1 Lh 
Lhe /, -f mudel . corn.:­

sponding Lo tile Scenario 
l c xperi111en1 ~lH >Wll Ill 
Fi g. -4. respect ive ly. lT l) 
rc,ults lo r th e \H ill e sce ­
na r io us 111 t: Fl w.: n t and 
t he S- A mudcl .irL· .ilsu 
-.; hown In Fig. I De. As ca n 
he -;ce ll ln n11 th is l1 gure. 

u ni v Fluen t with !he S-.· mulkl \\";t:-, 111 ·lo'-<.: ;1l.! recn1en1 
wi th lhc experimen t.ii da la . 11 ">h\lulJ be 1H11 eJ Ilia! the S­
r\ mu k l h,I"> hcc n de n11>11:--1ratcd It> pruv1dc c:\L·e ll c n l 
heh a v1P r for ll<nv wit h , c para1 1011. i\lll111 ul.!h the ;1ut lH>r,, 
tound s im ilar cu nclu, ,\l ll s 111 other L' \pcr1111L·n 1:il :--ce ­
narH1', u nl y the ·om11c1r 1. un"> u~111 ~· re :--uJ\ ,- u h l:1111 11 llll l 
Flue11 l w11 h the , ' - 1\ model aJL' prc:--c 111 cd. 

1-ig.urc :-, Ill. 11. l ::'.. I., ,lll d 1-i ,lww tile a1rf10\, p;i1 
te rn s found in the hu r1 
znn tal. m1 dd k p lan e u f 
the lace .1 rea tu r the . ·c 
11 a n us I . 2. :'i. 3 ,md -4. rL·­

"PL'Cl I vc h. Figure 12 
lrnw :-, t he rcsu It n t a 

, 1mulat1u 11 tha t mclud eci 
the addi! ilHI of ;1 CUllllll ll­
{)U!-. m1 11cr ne a r the lacL' 
Altho ugh no t pc rlL:Cl. 11 

.w;1:-, c1 111 cl udcd tlw t t ltc 
curren t t1 ppr11 ach p ro­
vides the bL·st agreemeu 1:­
w1t h the e, pc r1m e 11 1. il 
dat a. 

[I sho u ld be c mptw ­
:-. 1zc: d th ,1t 1he a utlwr :-­
lrn, e not lu ll y ex lI:i us led 
1.>tht·1 co111h in a1 1un-;. :su ch 
.1~ using mure advanced 
model a nd te -.; tin _g llf .i11 
other pupu im (TD cm iL . 
c 1:x::; . T he e u 1-re111 <; l Uth 
u n i\· serve "> lo de m u11 
s t ra le the need ln r ;i c11m ­
prehc ns1 vL· valid.il1l1ll 
wo rk nf the cur rent ( 'Ff) 
tool, ,qp 1111 s1 1111 n1 11,"-re ­
ial L'U hc nchnw rk expe ri ­
m en t,-. Th i" will hecurnc 
c1 11 1rnpnrt a nt ,.,:,,ue 111 1he 

FIGURE 12 

CFO results using Flu­
ent and S-A mode l, 
Scenario 5, mid -plane 
of miner. 
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FIGURE 13 

CFO results using 
Fluent and S-A 
model , Scenario 3. 

l rn nslt: r of I he CFO tcch­
n 1q uc in Jes ign 111 g mine 
race-vent il ati o n svstc ms. 

Conclus ions 
1'11csc' ,-,t uJ1cs rnJ i­

c;itc that t ins new way nf 
us rn g. C f-< 1) TU eva lua te 
t he mrne face venLila lto n 
is vc· ry pro m is ing. l [ ow­
ever. many 1uesrio ns s t ill 
need lo be an swered lo 
dncl l>p l u l l confidence in 
us111 g CF O as a t,>u l for 
desig n an d u pum 1zn tio n 
o l the min e face vc n tila­
l1()J1 lo r CX l C JH.JeJ CUlS. 

Resul ts I rom these 
s tu dic.:~ (k munstra te d an 
increased unde rsta ndi ng 
ur the flow bdrn v1or 111 

cases u i llllll 1ng Lhc c.\­
l c n dcd c u t. !'li e a u thors 
presumed tha t. unt il now. 
no one has rull v unc.l cr­
s tU1>d the flo w patterns in 
thi s n11111 ng. sce1iann. ['his 
k nowledge wi ll c hange 
the 1Nay the la ce vc 11t il a­
uon 1s appr,rnched. Th e 
·t udy als() shows lh,11 fl ow 
-,c parat1p 11 is the !u nc tion 
nl the geomd ry n l the en-
1 rv (V il .. wid th nr thc ho;,; 
c ul). The vol ume or th e 
1 cn ti lii lt:d Llt:ad-cnd art:a 
,111 J ;1111tJ unt \ ) r a i r used 
ru r 1·L:n ll lat1011 pro bab ly 
L' l i'cct ll ll.: fl ow scparn t1 u n 
a:- well . Res ult ~ trum 
the,e s tud ies alsu demon­
st rated I ha ! wl1L·n C f.D is 
cu11s1dcn:d as a too l ftir 
11J1 11 t: lau.:-vc n rilat H1 n 
,:\'alua t1 011 .i nd de~1gn . ex­
pe r tise 111 p ruper u~e of 

thL n1de:-. ;ind turhulence models 1s ver~ import a nt. 
P IV and ( 'FD rl n11. pat te rn s ML' s i111il a 1. !lowe1·c r . 

11111rL· n.:sca rch 1s l l L'CL cd !o r \·alid,1l 10 11 o l th e CFO rc­
,-, ult .. I his :-.lU d\ wil l C() 11 l111Ue. with N JO SH sup p1)rl. [or 
l h l· nex t ve,1 r. • 

Acknowledgment 
I his st udy \1·a:-. su ppurtcd hy til t: N,1li u n ;i l lnqi lu tt: 

111 Occ up,ll Hlll ,il Safe t\· a nd Heal t h under ( i rant No. 
RO I ' l ·c R-i J :'>:-C2. T he ,1 u1hms wmil d l ikc lo L' 'q, rcss l heir 
~ralt!udc tP .Ill\' ['vlt n, n~ i\lt1ch1 11 e r ~' l<1 r provid in g the 

30 MARCH 2 003 MINING EN GINEERING 

-.ca lc model l)I the cun­
rin uou. mi ner use d d u r­
lllg tlllS S!U Jy. 
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EVALUATION OF AN EXHAUST 
FACE VENTILATION SYSTEM 
FOR 20-FOOT EXTENDED CUT 
USING PHYSICAL SCALED 
MODEL 

A.M. Wala, J.D. Jacob, T. Watkins, and 
L. Rangubhotla 

1 

ABSTRACT 

The face ventilation plans for extended cut must be submit 
by the Coal Mining Company to the Mine Safety and Health 
Administration (MSHA) for evaluation and approval. This 



evaluation process could be enhanced by having the 
opportunity to perform an experimental and a numerical 
study of the proposed ventilation arrangements. These 
studies could provide a clear determination and adequateness 
of the ventilation in the face area. 

In this paper, the authors will present and discuss the data 
collected during the experimental study of face ventilation 
scenarios using a scaled physical model (I: I 5), equipped 
with in-house designed and developed Particle Image 
Velocimetry (PIV) system. The face ventilation 
arrangements evaluated in this paper are typical of the plans 
submitted to MSHA for approval by Eastern Kentucky coal 
companies that utilize continuous mining machines not 
equipped with scrubbers or mechanical face ventilation 
enhancing devices. 

INTRODUCTION 

Coal mine face ventilation plans, submitted to the Mine 
Safety and Health Administration by the Coal Mining 
Company for approval, must be evaluated prior to 
implementation. Critical factors such as the sweep of the 
face, workers exposure to dust, and compliance with health 
and safety regulations pertaining to acceptable methane 
concentration levels must be determined. To be able to 
evaluate these factors properly, new sophisticated 
engineering tools (methods) are needed. First is an 
experimental method using full or scaled physical modeling. 
However, a full scale modeling is very expensive. Second is 
a Computational Fluid Dynamics (CFD) technique, which 
can be potentially applied. This method still required more 
validations to be able to be utilized with confidence [5], [8], 
and [9]. 

The CFD is a new and rapidly developing numerical 
technique by which complex fluid flow problems can be 
solved on a digital computer. This technique can be an 
attractive approach to predict, evaluate, and design proper 
mine face ventilation systems. However, to develop 
confidence in the accuracy of CFD the verification between 
numerical and experimental results are required for 
validation purposes. During the last two and half years such 
a validation study, funded by NIOSH Grant #ROI 
CCR4 l 5822, are being carried out in the Department of 
Mining Engineering, University of Kentucky [ 8 ], [ 9 ]. 

As the part of this project the authors designed and 
developed a scaled physical model of the face ventilation 
systems (see Figure I). This model has been shown to be 
valid/acceptable tool for a scaled study of the face 
ventilation systems, by validation test performed in the full­
scale testing facilities at the NIOSH Pittsburgh Research 
Center, in June 2002. 

2 

Figure I. The physical model of the mine face area. 

Figure 2 shows measured two-dimensional flow 
distribution (velocity vectors) in scaled and full size testing 
gallery, for comparison purposes. After this encouraging 
result the authors are confident that scaled physical models 
could be used for validation of the face ventilation plans and 
help in the approval process. 
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Figure 2. Comparison between scaled (model on left) and 
full-scale (NIOSH on right) flows. 

NEED FOR FACE VENTILATION PLANS 
VALIDATION TOOLS 

Blowing face ventilation systems with scrubber-equipped 
continuous mining machine are commonly used in the U.S. 
underground coal-mines for extended cuts. This type of the 
face ventilation system has shown be the most efficient if all 
components of the system are working properly. However, 
in cases of scrubber failure, continuous mining machine not 
being equipped with scrubber or with other mechanical face 
ventilation enhancing devices, the recommended blowing 



ventilation system must be replaced by the exhaust system. 

Usually, when circumstances like those described above 
occur, the typical plans for exhaust face ventilation are 
submitted to MSHA for approval, see Figure 3. The 
characteristics parameters of these plans are as follows: (1) 
exhausting face ventilation systems; (2) cut depths of 20 
feet; (3) the number of box (sump) cuts and slab cuts 
(cutting sequences) range from 2 to 4, (4) a line curtain air 
quantity of 2.1 m3/s (4,300 cfm), and (5) the cut one will 
always be on the curtain side. 

Plan A '" 
3 4 

' 
~ -----------·-------
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PlanB 
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Plan C 
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Figure 3. Three typical exhaust face ventilation 
arrangements for 6.1 m (20 ft) deep cuts. 

Applying Plan "A" the authors have attempted to 
demonstrate how the experimental study, using scaled model 
equipped with the Particle Image Velocimetry system, can 
be useful to determine the flow distribution and evaluate 
control devices used for ventilation enhancements in the face 
area. 

SCALED PHYSICAL MODEL FOR FACE 
VENTILATION PLANS VALIDATION 
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Description of the Scaled Physical Model 
A 1: 15 scaled model of a 2.1 m (7 ft) high, 6.1 m (20 ft) 

wide mine face area was designed and built out of 
transparent Plexiglas (see Figure I). Scaling of the geometry 
was performed using dimensional analysis based on the 
Reynolds Number, Re=UL/v, where U and Lare the velocity 
at the brattice line mouth and width of the inflow ( distance 
between the brattice line and entry rib), respectively. The 
model consists of three significant parts. First, the middle 
section, which represents an ordinary mining entry with a 
partition (brattice line), divides the entry into a narrow 2 feet 
wide intake and an 18 feet wide return airways. Second is 
the working section, which represents a face area, where 
movable Plexiglas walls can be used to replicate many 
different ventilation configurations such as box cut or slab 
cut arrangements with brattice setback distances varying 
from zero to 18.3 m (60 ft). Third is the intake/return 
section, where the ventilation system can be arranged as 
either blowing or exhausting by changing the fan location. 
During this particular study, the model was setup as an 
exhaust ventilation system with a setback distance of 6.1 m 
(20 ft), see Figure 3. 

Description of the Particle Image Velocimetry System 
The PIV technique was proposed for measurement of 

instantaneous velocity fields of the time dependent flows in 
the scaled model. PIV is an optical technique for measuring 
two velocity components over an extended two-dimensional 
area. Due to relatively high air velocity in the model, a pulse 
laser system was required. To perform these measurements, 
tracer particles must be added to the flow field; highly 
reflective -5 µm talc particles were used in the experiments 
discussed herein. The laser-light sheet illuminates these 
particles twice within a short time-interval. The reflected 
(scattered) light from each laser pulse is sequentially imaged 
by a CCD camera, and recorded digitally to a computer 
using a frame grabber. To create one averaged velocity field 
for a particular scenario, approximately fifty pairs of 
instantaneous images of velocity fields are recorded for 
digital analysis. 

The schematic of the integrated PIV system used in this 
study, seen in Figure 4, is comprised of the following 
components: (1) laser and light sheet optics, (2) image 
capture system, (3) synchronizer, (4) smoke particle 
generator, and (5) image analysis and display. The laser is a 
double pulsed 50 mJ Nd:Y AG laser and talc serves the tracer 
particles whose motions are recorded using a Kodak 
Megaplus 10-bit CCD camera. Images are stored to a PC 
using an Epix PIXCI-D digital frame grabber. The frame 
grabber/camera combination has a double trigger feature that 



allows two images to be acquired back-to-back within an 
extremely small time (-10 µs). Timing is controlled via a 
Taitech DG-100 timing control unit, which is monitored 
using an oscilloscope. This system is discussed in more in 
Turner, Wala, and Jacob paper [ 7]. 
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Figure 4. Schematic of the integrated PIV system. 

Experimental Data from Scale Modeling 
By utilizing the physical model of the face ventilation 

system (described above) numbers of different mining 
scenarios, representing coal mining process, using 
continuous miners with exhaust face ventilation system for 
6.1 m (20 ft) depth extended cuts, were tested. For this 
particular study, as mentioned before, the 4 cut sequence 
mining operation was adopted. 

• SCENARIO #1 - "NO EQUIPMENT IN THE 
FACE AREA" 
To be able to show the general flow behavior (distribution) 
in the face area for the exhaust ventilation system, flow 
measurements were taken at the middle plane of the entry 
with no equipment. Figure 5a and 5b shows the velocity 
vectors in the face area just after the first cut and third cut 
were completed, respectively. As can be seen from these 
figures, most of the air is turning immediately back behind 
the curtain and only a limited amount is flowing toward the 
face. Nonetheless, whatever is getting into the face area 
creates large vorticity. 

• SCENARIO #2- "EQUIPMENT IN THE FACE 
AREA" 
A scaled model of a continuous miner, simulating Joy Model 
14 CM/10, was placed in the face area. Four different 
locations for the continuous miner, depending on cutting 
sequence, were investigated. These locations were as 
follows: 

• 
• 
• 
• 

halfway of the number 3 cut, 
end of the number 3 cut, 
beginning of the number 4 cut, and 
an end of the number 4 cut. 

For all four arrangements the line curtain setback was 6.1 m 

4 

(20 ft) and carries quantity ofair equal 2.Im3/s (4,300 cfm). 
Figures 6, 7, 8, and 9 shows the velocity vectors measured 

at the plane above the continuous miner, respectively, to the 
list above. Again, as can be see from all these figures, only a 
limited amount of air reach the location were is needed for 
gas dilution and dust removal. This means that at the face 
where the cutting head of the continuous miner is located 
there is a lack of air. Therefore, in such a case there is a 
question what can be done or what is being done to improve 
these situations. In the last fifteen years the National Institute 
of Occupational Safety and Health (NIOSH), and previously 
by the US Bureau of Mines (USBM) [I], [3], and [6], has 
conducted extensive research to determine and develop the 
most effective ventilation schemes for extended cut mining 
methods. Several ventilation enhancing devices including; 
(1) continuous miners with machine-mounted scrubbers, (2) 
extendable line curtains/flexible tubings, (3) jet fans, (4) 
sprayfans, and (5) a combination of these devices have been 
designed, tested and implemented [ 2 ], [ 3 ]. 

• SCENARIO #3 "EQUIPMENT WITH 
VENTILATION EN CHANCING CONTROL DEVICE" 
To be able to show changes/enhancement in the flow 
distribution in the face area for above tested scenarios, the 
authors applied the well known practice of extendable 
curtain, see Figure 10. The mining arrangements for this 
scenario are almost identical as for Scenario #2, with 
exception that simple extendable curtain forces more air to 
cross the cutting head of the continuous miner. The 
following four figures 11, 12, 13, and 14 shows the velocity 
vectors (flow distribution) for arrangements as described in 
Scenario #2 with the extendable curtain in place. 
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Figure 10. Schematic of the miner model with extendable 
curtain. 

CONCLUSIONS 

1. According to the objective of this paper, the authors using 
the existing scaled model of the face ventilation systems 
were able to demonstrate how useful this model can be for 
validation of the face ventilation plans and help in 
approval process. 

2. Based on this study the performance of the exhaust face 



ventilation system under Plan "A", (see Figure 3), for 4 
cut sequence scenario with 20-foot exhaust curtain setback 
is not very promising. Some mines have obtained 
MSHA approval for such scenario . None of these mines 
have significant methane gas to be controlled. 

3. The last part of the study shows how using relatively 
simple and inexpensive type of ventilation enhancement, 
by applying IO feet extendable curtain, the ventilation in 
the face area could be improved. 
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Figure 5. Velocity field with no miner. (a) I st cut (b) 3rd 

cut. 

Figure 6: Halfway of the number 3 cut. 
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Figure 7: End of the number 3 cut. 

Figure 8: Start of the number 4 cut. 

Figure 9: End of the number 4 cut. 
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Figure 11 : Start of the number 3 cut with extendable 
curtatin. 
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Figure 12: End of the number 3 cut with extendable 
curtain. 
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Figure 13: Start of number 4 cut with extendable curtain. 
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How Scrubbers Help Ventilate the Face During Deep Cut Mining with a 
Blowing Curtain 

A.M. Wala 
Department of Mining Engineering, University of Kentucky, Lexington, KY, US.A. 

J.D. Jacob, G. Huang, J. Brown and L. Rangubhotla 
Department of Mechanical Engineering, University of Kentucky, Lexington, KY, US.A. 

ABSTRACT: In the Department of Mining Engineering at the University of Kentucky a comprehensive 
validation study of current Computational Fluid Dynamics (CPD) tools against mining-related benchmark 
experiments has been conducted. A wide array of ventilation schemes and mining configurations has been 
considered. In this paper, the authors will present, compare, and discuss the experimental and numerical data 
collected during the part of the study dedicated to the effect of machine-mounted dust scrubber on the 
performance of a face ventilation system for deep cut mining. These scrubbers, whose primary purpose is dust 
collection, have been shown to be very useful ventilation devices in directing air into the immediate face area 
where ventilation is poor during the box cut mining sequence. Based on studies carried out by the former U.S. 
Bureau of Mines, NIOSH, MSHA and industry, the recommended ratio between the scrubber airflow Qs and 
the ventilation airflow Qin, should be equal to one. The authors will demonstrate and discuss the flow 
behaviors in the face area for the different values of the QsfQin ratios. 

I BACKGROUND 

During the past twenty years, since the advent of 
remote controlled · continuous miners and deep cut 
( extended advance) for room and pillar mining 
operations (Wellman, 1981 ), the safety and 
productivity of mining operations has increased 
significantly. However, this high production 
presents environmental problems in that, per unit 
time, more dust is generated and higher levels of 
methane are liberated at the face during coal 
extraction. These conditions require the supply of 
more air into the face of the excavated entry for safe 
dilution. One of the ventilation techniques being 
used in conjunction with this modem mining method 
(Goodman et al., 1990) is the blowing curtain in 
conjunction with a machine-mounted dust scrubber. 
Implementation of this technique has a significant 
influence on the airflow patterns in the entry 
working area and the design of their air handling 
capacities. 

The former U.S. Bureau of Mines (currently 
NIOSH), Mine Safety and Health Administration, 
and the coal industry have conducted significant 

studies to evaluate the performance of face 
ventilation systems through the use of full scale tests 
(underground/surface) or scaled physical modeling. 
These studies led to recommendations that make 
these systems more effective. However, because of 
the aerodynamic complexity in the face area due to 
the variety of ventilation arrangements and the 
limitations of the experimental methods, some 
doubts still exist when evaluating the effectiveness 
of such a system. 

The design of a balanced ventilation system for the 
above-described scenarios requires considering the 
system in three rather than two dimensions. With 
Computational Fluid Dynamics (CPD) many design 
alternatives can be explored in a relatively short 
period, and detailed three-dimensional results can be 
viewed graphically. This graphical type of 
information concerning airflow, gas, and dust 
distribution established by CPD are readily 
rationalized, and could lead to confidence in the 
final design of a mine face ventilation system. 
However, to develop this confidence, extensive 
validation studies are required involving 
comparisons between physical and numerical (CPD) 
modeling (Hargreaves and Lownsdes, 2001 ). 



2 INTRODUCTION 

During t~e last three years a validation study, funded 
by NIOSH Grant # ROI CCR415822, has been 
carried out in the Department of Mining Engineering 
at the University of Kentucky. The goal ofthis study 
was to prove a CPD code's ability to predict, 
evaluate, and design effective face ventilation 
systems. To achieve this goal the authors performed 
the following tasks: 

Designed and built a scaled physical model of 
selected face ventilation systems (see Wala et 
al., 2003), 
Performed a series of measurements using 
Particle Image Velocimetry (PIV) (Turner et al., 
2002), to determine the velocity fields in the 
model, 
Developed three-dimensional numerical models 
of the tested systems and performed computer 
simulations using numerous CPD codes, and 
Compared experimental and numerical data for 
the purpose of CPD code validation. 

One of the scenarios being tested for validation 
purposes was to ventilate equipment-free entry for 
cutting depth of approximately 18.3 m (60 ft) . 
According to the mining plane this 18.3 m (60 ft) 
deep cut should be completed in a four 9.2 m (30 ft) 
cuts (passes), using blowing curtain ventilation 
system, see Figure 1. The results from the simulation 
study, using a scaled physical model, are shown in 
Figures 2, 3, 4 and 5 (Wala et al., 2000, 2002 and 
2003). These figures increased an understanding of 
the flow behavior in cases of mining a deep cut 
using a blowing curtain for ventilation. 

·-------·······-- Oft deep 30 ft deep 60 ft deep --.--~=--... --.-

Figure 1. Test section geometry and the scenarios examined. 

The major characteristic of the flow pattern, 
specifically for the box cutting sequence, is that 70 
to 80% of the air leaving the end of the blowing 
curtain almost immediately separates from the rib 
and as a primary flow turns back toward the return. 
This separation is driven by an adverse pressure 
gradient which builds up as the width of the entry 
decreases. The rest of the curtain's airflow, 

approximately 20 to 30%, called the secondary flow, 
continues to flow toward the immediate face area in 
the opposite direction. As can be seen in general, the 
ventilation air delivered by the blowing curtain does 
not flow into the immediate face area. 

Figure 2. PIV velocity magnitude and vectors for a 30 ft deep 
cut with a slab. 

Figure 3. PIV velocity magnitude and vectors for a 30 ft deep 
cut without a slab. 

During the validation studies the authors tested over 
a hundred scenarios for different combinations of 



such parameters as curtain setback, intake air 
quantity delivered by the curtain, tight-rib distance 
( curtain distance from the rib), and mining sequence. 
The data collected during these studies allows direct 
conclusions concerning the flow behavior. 

The authors presumed that, until that time, the flow 
patterns for these mining scenarios had not been 
fully understood because of limited opportunity to 
monitor the flow patterns during full-scale 
experimental studies performed underground or on 
the surface. The only sources of information found 
by authors concerning the similar flow behavior as 
shown in Figures 2-5 were recognized and described 
by Luxner (1969) and Taylor et al., (1997). 

Figure 4. PIV velocity magnitude and vectors for a 60 ft deep 
cut with a slab. 

productivity. However, the presence of airborne coal 
dust in the face area was a major obstruction. This 
coal dust can cause poor visibility around the cutting 
head and can expose the miners to high levels of 
respirable dust. A practical means of removing this 
dust is with a dust-collecting scrubber mounted 
directly on the mining machine (U.S. Bureau of 
Mines, 1983). When the scrubbers were added to the 
face ventilation system of coal mines, the existing 
arrangements of the face ventilation systems were 
altered to accommodate these scrubbers. 

Many studies concerning face ventilation with 
scrubbers were carried out in the United States in the 
last twenty years. The authors would like to mention 
some of them, which have contributed greatly to this 
topic; Gillies (1982), Clouse (1982), Volkwein and 
Thimons (1985), Jayaraman et al. (1992), Taylor et 
al. (1997), Thimons et al. (1999), Kissell (2003). 
Most of the researchers, followed the Luxner 
comments concerning higher effectiveness of the 
blowing system versus the exhaust system, 
recommended the blowing curtain as the best suited 
ventilation system for scrubber applications, 
particularly because the free jet of high initial 
momentum leaving the end of the line curtain should 
penetrate into the immediate face area sweep the 
face and flow into the return. 

~- This is true, according to Figures 2-5, as long as the 
e entry width is more than 16 foot, as was discovered 
· :,,.:::. during this study (Wala et al., 2003). This means 

Figure 5. PIV velocity magnitude and vectors for a 60 ft deep 
cut without a slab. 

To ensure that scaled model test results interpret 
conditions reliably in the underground face area the 
cooperative validation testing has been performed by 
the Mining Engineering Department, University of 
Kentucky and NIOSH, using full-scale testing 
gallery at the NIOSH Pittsburgh Research Center. 
These studies proved that a 1: 15 scaled laboratory 
model used for the project is a valid tool and 
realistically simulated underground conditions for 
the face ventilation systems. Observation showed 
the flow patterns for one of the scenario tested using 
laboratory scaled model and at the full-scale model 
as very similar, inc_luding recirculation. 

As mentioned before, since remote controlled 
continuous miners were introduced, deep cut mining 
was an opportunity for mine operators to increase 

that only during the slab cutting scenario does the 
advantage of the blowing curtain prevail. For the 
rest of the mining scenarios the ventilation air does 
not like to flow to the immediate face area where it 
is mostly needed in the gassy mines for methane 
dilution. 

The effects of the machine-mounted scrubber system 
on levels of methane and respirable dust were tested 
first by Ingersoll Rand Research Inc., (Clouse, 
1982). These studies have shown that properly 
designed machine-mounted scrubber systems can 
allow curtain setbacks of 12.2 m ( 40 ft), while still 
controlling respirable dust and methane levels. At 
the same time, the machine-mounted scrubber, 
whose primary role was to collect respirable dust at 
the face ( dust source location), was found to be also 
an air-moving device (ventilation device). 

Based on the Ingersoll Rand studies, MSHA 



recommended a ratio between the scrubber flow Qs 
and the intake flow Qin of close to one. A study 
performed by J ayaraman, 1992, supports these 
finding, however, latest studies performed by Taylor 
at el., 1997 and by Thimons at el., 1999 show that 
the relations between face ventilation performance 
and scrubber/ventilation flow ratios are more 
complicated than was previously thought. 

The authors, based on the results from the 
experimental studies using physical and numerical 
modeling, will demonstrate and discuss the flow 
behavior in the face area for the varied QJQin ratios. 

3 EXPERIMENTAL STUDIES 

In order to study the effect of the scrubber on the 
face ventilation system, a scaled physical model of 
such a system was constructed in the Ventilation 
Laboratory at the Mining Engineering Department, 
University of Kentucky. 

Figure 6. Simplified scrubber model in test section. 

Figure 7. Machine mounted scrubber model in test section. 

3.1 Description of the Physical Model 

3.1.1 Entry Model with Fans 
The analysis of face airflow patterns was undertaken 
using 1: 15 physically scaled model. This scaled 
model of a typical underground room and pillar coal 
mine with an entry of 2.1 m (7 ft) high and 6.1 m 

(20 ft) wide was designed and built out of 
transparent Plexiglas. Scaling of the entry flow rate 
was performed using dimensional analysis based on 
the Reynolds Number, Re=UL/v, where U and Lare 
the velocity at the brattice line mouth and width of 
the inflow ( distance between the brattice line and 
entry rib), respectively. The model consists of three 
significant parts: 

• The working section, which represents a 
face area, where movable Plexiglas walls 
can be used to replicate many different 
ventilation configurations such as box-cut or 
slab-cut arrangements with brattice setback 
distances varying from zero to 18.3 m (60 
ft). 

• The middle section, which represents an 
ordinary mining entry with a partition 
(brattice line/curtain), divides the entry into 
a narrow 0.6 m (2 ft) wide intake and an 5.5 
m (18 ft) wide return airways. 

• The intake/return section, where the 
ventilation system can be arranged as either 
blowing or exhausting by changing the fan 
location. 

The primary airflow through the entry was drawn 
by a main fan in series with a smaller axial speed 
controllable auxiliary fan. The maximum available 
airflow induced through the model corresponds to 
the 3.0 m3/s (6,500 CFM) for the underground 
conditions. 

3.1.2 Scrubber Model 
The scrubber system for this modeling study did not 
exactly simulate the underground scrubber 
arrangements. Since the scrubber system . could not 
be modeled exactly as it appears in a mine due to 
limited space, a simplified model of the scrubber 
was simulated using open ended 2 inch diameter 
PVC pipe. The airflow though this pipe was drawn 
by a suction system. The maximum airflow induced 
by the scrubber system corresponds to 1.4 m3/s 
(3,000 CFM) for the underground conditions. 

For validation purposes two different arrangements 
with the scrubber were tested. First, as shown in 
Figure 6, a cylindrical "scrubber" was simulated by 
the straight PVC pipe placed in the middle on the 
entry floor, 1.5 m (5 ft) from the face. Second, as 
shown in Figure 7, the same PVC pipe was placed 
on the top of a continuous miner model, 



corresponding to the Joy Model 14CM Continuous 
Miner, located in the face area. 

The model was arranged to simulate two critical 
ventilation scenarios as follows: 

• SCENARIO #1 
The end of the box cut during the first 
mining pass (sequence), with a setback 
distance being 10.6 m (35 ft) (see Figure 1). 

• SCENARIO #2 
The end of the box cut during the third 
mining pass (sequence), with a setback 
distance being 18.3 m (60 ft) (see Figure 1). 

3.2 Particle Image Velocimetry (PIV) 
PIV was used to measure instantaneous velocity 
fields of the time dependent flows in this scaled 
model. PIV is a non-intrusive, optical technique for 
the measurement of planar flow velocities. The 
technique measures the velocity of a fluid indirectly 
by means of the measurement of the velocity of 
tracer particles within the flow. A plane of the flow 
is illuminated twice within a short time interval, and 
the images of the illuminated particles are digitally 
recorded on two separate image frames of a CCD 
camera (Turner et al., 2002). Fourier analysis is 
used to extract the planar particle velocity 
information from the image pairs. The experimental 
set-up of the PIV measurement system consists of 
four sub-systems: (1) Seeding, (2) Illumination, (3) 
Recording, and (4) Evaluation. The integrated PIV 
system used in this study is comprised of the 
following components: (1) laser and light sheet 
optics, (2) image recording system, (3) synchronizer, 
( 4) particle generator, and (5) image analysis and 
display, (Turner et at., 2002). 

4 RESULTS AND DISCUSSION 

4.1 Experimental Data from Scale Modeling 

Based on the results collected during the flow 
distribution study in the equipment-free entry, 
shown in Figures 2-5, it was found that the worst 
ventilation conditions occur during the box cutting 
sequences (see Figures 2 and 4). Using the physical 
model of the face ventilation system, these two 
critical ventilation scenarios, described above, 
represent possible mining arrangements for a 18.3 m 
(60 ft) deep cut in four passes. 

The performance of the face ventilation for theses 
two extended cut mining scenarios was a goal for 
this validation study. The geometry of the entry 

examined was 2.lm (7 ft) high and 6.1 m (20 ft) 
wide. The maximum intake air in volume of3.0 m3/s 
(6,500 CFM) was provided to the face area by 
means of a blowing curtain. 

Figures 10 and 11 show the flow streamlines from 
PIV measurements at the horizontal middle plane of 
the model for SCENARIO #1 and SCENARIO #2, 
with and without the scrubber, respectively. As 
previously mentioned, the scrubber for this 
particular case was simulated as a simple pipe 
located on the floor of the empty entry. The general 
observation from these two tests are that scrubbers 
help to bring the air into the immediate face area 
during the box cut mining sequences, whereas it 
would not penetrate to the face otherwise. This 
makes the 18.8 m (60 ft) deep cut mining possible. 

We were also interested in determining the 
relationship between the performance of the face 
ventilation system and the flow ratio between the 
intake and scrubber flows. Figures 8a, 8b, and 8c 
show the flow streamlines at the horizontal middle 
plane of the entry for three different flows ratios 
QslQin of 0.14, 0.34, and 0.53, respectively. From a 
methane removal point of view for this equipment 
empty entry scenario, the eddies indicate poor 
ventilation of the face due to excessive recirculation. 

Figures 9a, and 9b shows similar flow streamlines as 
shown i1_1 Figure 8b and 8c, except during these tests 
the continuous miner model was present in the face 
area. The measurements were taken at the horizontal 
plane above the miner. By comparing these figures 
it can be seen that equipment present in the face 
creates additional obstructions to the flow and 
decreases the effectiveness of the ventilation system. 

4.2 Numerical Modeling 

The numerical simulation for these two scenarios 
described above was performed using CFX 
commercial CFD (Computational Fluid Dynamics) 
software package. Based on the intensive validation 
studies performed as a part of the entire project, the 
CFX software package along with the SST (Shear 
Stress Transport) turbulence model was selected for 
its ability to accurately predict separation due to 
adverse pressure gradients, as opposed to the k-£ 
model. 



PIV results from the experimental studies of 
SCENARIO #1 with the cylindrical scrubber 
(Figures 6) and continuous miner with on-board 
mounted scrubber (Figure 7), served as a baseline 
for the numerical simulation validation. In these 
studies, the scrubber mass flow ratio was normalized 
by the mass flow at the intake flow (behind the 
curtain). Thus, the results presented in Figures 14 
illustrate predicted flow fields for the cylindrical 
scrubber at the scrubber flow ratios of 0.2, 0.3, 0.4, 
0.7 and 1.0, respectively. The boundary condition 
for the scrubber is set as a constant velocity outlet 
which is released outside the original geometry. 
These boundary conditions were set on the scaled 
model during the experimentations. The grid density 
was based on the coarse grids tested for the previous 
simulation exercises. 

4. 3 Discussion 

In comparing the numerical (CFO) results with the 
experimental (PIV) results, one will see good 
similarity in the flow behavior in the face area. 
However, some flow pattern discrepancies can be 
noticed. The experimental results show the location 
of the separation point to be more sensitive to 
smaller values of the scrubber mass flow ratio. This 
flow behavior could be explained by existence of the 
unsteady flow along the wall (rib). However, once 
the scrubber mass flow ratio reaches a level near 1.0 
the separation is removed and the flow carries to the 
immediate face area. This is notable since most 
scrubbers in actual mining applications are required 
to have a mass flow ratio equivalent to 1.0. Also, it 
can be seen that as the flow ratio approaches one the 
recirculation (eddies) in the immediate face area 
increased. 

Figure 11 show simulated 3-D flow streamlines in 
the face area when a simplified virtual continuous 
miner with scrubber was inserted into the entry for 
the 9.1 m (30 ft) box cut scenario. The miner was 
equipped with a virtual scrubber which is 
incorporated into the geometry of the mine such that 
the scrubber's inlets are placed on each side of the 
miner and the exhaust is placed at its rear. Unlike 
the previous scrubber, this scrubber was modeled 
with the "fan" UDF (User Defined Function). This 
method of modeling allows the user to put a pressure 
gradient condition on a plane within the scrubber's 
duct essentially modeling a blower mounted to the 
miner. The main difference between this method and 

the previously used method is that the scrubber's 
exhaust is released within the mine as opposed to 
outside. This better represents the scenario of a 
miner with on-board scrubber and would be very 
difficult for an experimentalist to implement into a 
scaled model due to flow restrictions on fans small 
enough to fit these scaled geometries. Figure XX 
illustrates the resulting flow over the miner without 
the use of a scrubber. The effect of the scrubber can 
clearly be seen by comparing Figures 2-5 with 
Figures 8-11. 

5 CONCLUSIONS 

• These scrubbers were shown to be very 
useful tools in moving air into the immediate 
face area where ventilation is poor, 
especially during the box cutting sequences. 

• Scrubbers introduced as dust collection 
devices help to bring the air to the immediate 
face area and should be termed face 
ventilation devices, as well. Without a dust 
scrubber, the blowing curtain is ineffective 
for controlling respirable dust and methane 
as can be seen from Figures 2, 3, and 4. 

• With scrubbers, more efficient ventilation 
can be obtained in the face areas without the 
need for miners to extend ventilation controls 
inby permanent roof supports. 

• The flow ratio between intake and scrubber 
is an .extremely important factor, which 
could be controlled for optimization of the 
face ventilation system. 
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Figure 8a. Streamlines from PIV measurements with the 
simplified scrubber model for a 35 ft setback with a slab. 
(a) QJQ;n of0.14. 

Figure 8b. Streamlines from PIV measurements with the 
simplified scrubber model for a 35 ft setback with a slab; 
QJQ;n=0.34. 

Figure 8c. Streamlines from PIV measurements with the 
simplified scrubber model for a 35 ft setback with a slab.; 
QJQ;n= 0.53. 
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Figure 9a. Streamlines from PIV measurements with the 
machine mounted scrubber model for a 35 ft setback with a 
slab; QJQin= 0.30. 

Figure 9b. Streamlines from PIV measurements with the 
machine mounted scrubber model for a 35 ft setback with a 
slab; QJQin= 0.53 . 

(a) (b) 

(c) (d) 

Figure I0a, 10b, I0c, IOd. CFD results for a 30ft deep cut with 
a simplified scrubber model for a 35 ft setback; (a) QJQin= 
0.20; (b) QJQin= 0.40; (c) QJQin= 0.70; (d) QJQin= 1.0. 

Q , I Q in = 40% Q , IQ in = 70% 

-: 

Q , I Q in = 100% 

Figure 11 a, 11 b, 11 c. CFD results for a 30ft deep cut with a 
machine mounted scrubber model; (a) QJQin= 0.40; (b) QJQin= 

0.70; (c) QJQin= 1.0. 
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This report includes results from analyses performed using CFD (Computational Fluid Dynamics) for the 
purpose of predicting the flow within an open face mine. Several scenarios are explored to compare the 
CFD results to experimental data taken with PIV (Particle Image Velocimetry). Up to this point, only one 
commercial CFD program, Fluent, has been utilized but other commercial and non-commercial codes should 
be tested. If a CFD program is found to effectively predict the flow in the mine face, then the program can 
be used to make advancements in mine ventilation technology. New products could be developed faster and 
cheaper by minimizing the amount of required experimentation. 

There were four major scenarios examined with PIV by Wala and Jacob at the University of Kentucky. 
These scenarios were then analyzed using the commercial CFD software package, Fluent. The objective was 
to fully utilize the software's many features to obtain an accurate prediction of the onset separation that 
occurs during three of the four scenarios. This separation of the flow prevents proper ventilation near the 
face and allows for methane build-up at cutting face. The build-up of methane at the cutting face increases 
the probability that an explosion will occur and should be prevented by proper ventilation. If CFD can 
predict the onset separation that occurs, new ways of preventing the separation can be developed on the 
computer instead of making expensive prototypes and using expensive test equipment. 

1 Background 

1.1 Four Mining Scenarios 

Four scenarios were examined to simulated the process of coal extraction from a mine face. In all scenarios 
the geometry of the mining vehicle was excluded for the purpose of simplifying the modeling procedure. The 
path by which the remote control miners take during normal operation was broken into four main geometries 
including (a) 30 foot box cut, (b) 30 foot slab cut, (c) 60 foot box cut and (d) 60 foot slab cut. Illustrated 
in figurel are the geometries along with the dimensio,ns for the full scale mine face. 

1.2 Experimental Data (PIV) 

Experiments were performed using PIV to generate two-dimensional plots of velocity-vectors, velocity con­
tours, vorticity contours, etc. These two-dimensional plots were taken in the horizontal plane that is offset 
from the bottom at a distance equivalent to half of the total height. This plane will be referred to as the 
mid-plane throughout this report. For more details on the experimental data see the report by Wala[l]. 
Figure 2 are the velocity-vector plots yielded by PIV for the previously mentioned scenarios. 
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2 Setup 

2.1 Grid Generation 

Grid generation for CFD simulations is a very important component of the analysis setup. Two main points 
were considered while generating grids for each case including the shape of cells and the size of cell near the 
walls. First, a non-uniform structured grid, composed only of quadrilateral cells, was used for all simulations 
presented in this report. Second, the size of the grid cell near the wall is calculated based on the value of 
y+ recommended for the turbulence model being used. For details on this calculation, see the Fluent User's 
Guide[2]. 

2.2 Grid Sensitivity Study 

Because the solution of an analysis can be dependent on how the model is discretized, it is proper procedure 
to seek a grid-independent solution before accepting any results with confidence. A grid-independent solution 
is achieved by performing a grid-sensitivity study which ensures that mesh, or grid, will no longer affect the 
solution. A grid-sensitivity study is performed by comparing the results of three differently sized grids. The 
original grid should be modified by increasing the total number of points while conserving the ratios of the 
points in each direction. For example, brick A contains 1000 grid cells, or points, with 10 points in the 
x-direction, 5 in the y-direction and 20 in the z-direction. To create brick B by doubling the total number of 
cells while conserving the ratios of the cells in each direction, the number of cells in each direction must be 
multiplied by 3y2 or 1.25992105 ~ 1.26. If the results from the three grids compare well, then the solution 
is considered to be grid-independent. 

Note that a grid-independent solution has been reached for some of the following results but not 
for all. 

2.3 Boundary Conditions 

Because we were attempting to match our results with PIV results, the boundary conditions of the model 
were very important. All scaling is done by keep the Reynold's number constant and adjusting the velocity to 
compensate for the smaller geometry. An inlet velocity of 28 m/ sis used to simulate the velocity generated 
by the seeded fan system on the PIV setup[l]. Next, the density and viscosity are those found for air at 
room temperature in BASIC FLUID MECHANICS[3], which are 1.20 kg/m3 and l.51 · 10-5 m2 / s, respectively. 
Also, the roughness on the walls was assumed to be 1 · 10-5 to represent the plexiglas that was used in the 
PIV model. Finally, other parameters are specific to the turbulence model used. 

There are many different methods to model the ·turbulence and some ways are more effective than others 
depending on the application. Also, some turbulence models are more easily converged than others. The 
Reynolds Average Numerical Simulation (RANS) models are usually faster but are only accurate in certain 
applications and geometries. Three RANS turbulence models including the Standard k-c, Spalart-Allmaras 
and Shear-Stress Transport k - w models were used and the results were compared to find the most robust 
and most accurate model. 

Because the k - c model allows the use of a standard wall function, it is possible to decrease the total number 
of grid points by assuming the boundary layer can be predicted with one equation. Fluent recommends a 
y+ ~ 30 while using the standard wall function, thus the calculated grid size for the cells near the wall is a 
dimensionless value of .01722 ~ .035ft. Next, the boundary condition parameter k and care used to represent 
turbulence kinetic energy and turbulence dissipation rate, respectively. Another important parameter is the 
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turbulent viscosity, µt, which we assume to be 10% of the reference viscosity. The relationship between these 
three parameters is given in the Fluent User's Guide[2] as µt = pCµ kE:

2
, where Cµ = .09 is constant. k is 

given the value of 1.96 m2 / 8 2 and c is calculated to be 229,000 m 2 / 8 3 . 

The Spalart-Allmaras and k-w SST models have similar grids, however, the boundary condition parameters 
for turbulence are different. There is only one parameter for the S-A model, which is µt = 0.1 * µref· The 
SST model contains two parameters for modeling turbulence k and w. k is the same term that was given for 
the k - E: model and w is related with the equation: 

w = t:/(Cµk) 

3 Results 

3.1 Convergence 

Because the analysis that was performed in this report implicitly solved a set of segregated partial differential 
equations, an iterative solution was yielded. When solving equations iteratively, there is usually some 
imbalance of continuity and momentum equations by which we quantify in this case with the residuals. 
As the CFD program completes more iterations, the residual plot for the solution should yield a negatively 
sloped curve. As the curve continues to drop, the slope should approach zero creating a horizontal line. Once 
the residual plot has flattened for more than 1000 iterations the value of the residual should be checked. ff 
the value of the residual at the flat line is less than 10-3 , a value recommended by Fluent, then the solution 
can be considered converged. 

3.2 The k - £ Model 

3.2.1 30 FOOT BOX CUT 

A grid-independent solution was found for the 30 foot box cut scenario using the k - E: model with a standard 
wall function. Three grid sizes were solved to convergence as shown in figure 3. Comparing these results 
to the benchmarked PIV results reveals that Fluent's implementation of the k - E: model is inadequate for 
correctly predicting the onset separation in this particular case. 

3.2.2 30 FOOT SLAB CUT 

A grid-independent solution was found for the 30 foot slab cut scenario using the k- c model with a standard 
wall function. Three grid sizes were solved to convergence as shown in figure 4. These results compare very 
well with the experimental data. One theory to explain this correlation is that the flow does not separate, 
thus it is very easy to compute. This case does not hold as much importance as the other three. 

3.2.3 60 FOOT BOX CUT 

A grid-independent solution was found for the 60 foot box cut scenario using the k- c model with a standard 
wall function. Three grid sizes were solved to convergence as shown in figure 5. Fluent did predict a separation 
of the flow near the same region in which PIV found separation. However, the separation was noticeably 
further down stream and the velocity seems to dissipate more rapidly than in PIV. This comparison can be 
considered a mild success because it did predict the separation, but apparent differences between Fluent and 
PIV prevent us from having confidence in Fluents ability to predict this scenario with accuracy. 
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3.2.4 60 FOOT SLAB CUT 

A grid-independent solution was found for the 60 foot slab cut scenario using the k-£ model with a standard 
wall function. Three grid sizes were solved to convergence as shown in figure 6. As no separation is predicted 
by Fluent, the comparison with experimental data shows no correlation. There, the implementation of the 
k - £ model in the Fluent 6.0 package in inadequate for accurately predicting the onset separation found in 
this scenario. 

3.3 The Spalart-Allmaras Model 

3.3.1 30 FOOT BOX CUT 

Although a grid-independent solution was not found while using the Spalart-Allmaras (S-A) turbulence 
model with the Fluent 6.0 package to compute the 30 foot box cut scenario, some promising results were 
discovered and are illustrated in figure 7. In sub-figure (a), the first order upwind scheme was used for a 
grid containing 1.2 million elements and the solution converged yielding a result that compares very well 
with PIV results. However, using the same grid and implementing the QUICK scheme, as seen in (b), which 
should yield a more accurate solution, the residuals begin to diverge. This leads us to believe that the 
stability of Fluent's implementation of the S-A model is unstable. Once more, as seen in (c), a coarse mesh 
using 800 thousand grid cells does converge yielding a solution that once again correlates very well with the 
experimental data. Therefore, for this scenario, we fear that Fluent's implementation of the S-A model is 
capable of predicting the correct solution, but may be very difficult to converge. 

3.3.2 30 FOOT SLAB CUT 

When modeling the 30 foot slab cut scenario using the S-A model and two different mesh densities, there 
were problems with converging the results. As seen in figure 8, only the coarse grid case actually yielded 
a reduction in the residual of more than I.OE - 3 and the residual began to slope back up near 20, 000 
iterations. Although the results from all three runs look similar to the experimental data, they cannot be 
trusted to the difficulty involved with converging Fluent's implementation of the S-A model. It should also 
be noted that this case is believed to be the easiest scenario to solve. Unlike the results from the 30 foot box 
cut scenario, not even the first order upwind scheme was able to converge this scenario. 

3.3.3 60 FOOT BOX CUT 

For the 60 foot box cut scenario five differently sized grids were.attempted. As seen in figure 9(a), once again 
convergence became an issue with the computation. In figure 9(b) and (c), the residuals decreased below 
IE - 3 but never settled into a flat line. Although the results from these two runs correlate well with the 
PIV data, the solutions stability is questionable. Next, in figure IO(a) the residual plot seemed to flatten but 
the curved still maintained an upward slope and some spikes. The large increase in the residual is explained 
by an increase in the under-relaxation factor. While the result for this case does predict a separation, it 
still does not compare well with the experimental data because the separation point is predicted much too 
far upstream in the flow. A similar result is shown in figure IO(b). Here the residual began to increase 
and a reduction of the under-relaxation factor falsely produced a drop in the residual and a stabilization in 
the plot. This produces evidence by reducing the under-relaxation factor, the user can produce a seemingly 
converged solution that is not truly converged. Therefore, it is concluded that Fluent's implementation of 
the S-A model is not stable enough to easily predict this scenario. 

4 



3.3.4 60 FOOT SLAB CUT 

Many solutions are presented for the 30 foot slab cut scenario because this scenario is potentially the most 
difficult flow to predict. As shown in figure 11, three different griq densities were solved to convergence. 
Although, all three cases resulted in a separation of the flow, agreement between the cases could not be 
found. Instead, a trend was discovered such that the distance from the separation point to the face increases 
with the grid density. Thus, proving that the grid-independent solution has not been reached. Also, if this 
trend continues, correlation with the experimental data will never be found. Next, figure 12 shows a variety 
of cases in which the solution never converged. This again raises question to Fluent's implementation of the 
S-A model. 

3.4 The k - w SST Model 

Only two scenarios have been modeled with the k - w SST model. The 60 foot box cut and 60 foot slab cut 
have been modeled with one coarse mesh and one fairly fine mesh. The residuals and velocity vector plots 
can be seen in figures 13 and 14. As seen in the figures, even an extremely coarse mesh generated problems 
with stability. All of these solutions are invalid due to the lack of convergence and proper measures should 
be taken by the user to try to stabilize the residuals. 

4 Conclusions 

In conclusion, we have seen some problems with using the commercial software package Fluent to predict 
the onset separation that occurs during certain mining scenarios. It is shown that the solution is highly 
dependent on the grid and the selection of a turbulence model. We can conclude that if converged, the S-A 
model does predict the onset separation better than the k - E:. However, Fluent's limited ability to converge 
the S-A model, inconsistency in results yielded from the S-A model, and the lack of correlation between these 
results and experimental data suggests that the S-A model does not work well for the scenarios presented in 
this report. 

5 Future Work 

There is still much work to do before the completion of this project including: 

further testing of the k - w SST model, reduced height scenarios for comparison with PIV data, and testing 
with different software packages such as CFX 5.5. 

• Complete Grid Sensitivity study for all scenarios using k - w turbulence model. 

• Test these cases with other commercial software such as CFX and Star-CD. 

• Testing scenarios with a reduced height of 5.5 ft for comparison with PIV measurements 

• Model the miner in the mine face and compare with PIV measurements. 
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6 Figures 

6.1 Geometry for the Four Scenarios 
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Figure 1: Geometry and dimensions for the four scenarios used to simulate the path of the miner. (a) 30 ft 
box cut, (b) 30 ft slab cut, (c) 60 ft box cut and (d) 60 ft slab cut. 
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6.2 Particle Image Velocimetry (PIV) 

(a) (b) 

(c) (d) 

Figure 2: Velocity-vector plots for a) 30 foot box cut, b) 30 foot slab cut, c) 60 foot box cut and d) 60 foot 
slab cut, using the PN experiments taken by Dr. Wala and Dr. Jacob. 
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6.3 The k - E Model with Standard Wall Function 
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Figure 3: Residuals and velocity-vector plots for the 30 ft box cut scenario using the k - c turbulence model. 
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The k - c Model with Standard Wall Function continued 
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Figure 4: Residuals and velocity-vector plots for the 30 ft slab cut scenario using the k- c turbulence model. 
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The k - c Model with Standard Wall Function continued 

"""1 

,~J 

= - -Iterations 

(a) 600 thousand grid cells, QUICK scheme 

(b) 900 thousand grid cells, QUICK scheme 

~~ 
lteralions 

(c) 1.2 million grid cells, QUICK scheme 

Figure 5: Residuals and velocity-vector plots for the 60 ft box cut scenario using the k- c: turbulence model. 
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The k - c Model with Standard Wall Function continued 
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Figure 6: Residuals and velocity-vector plots for the 60 ft slab cut scenario using the k- t: turbulence model. 
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6.4 The Spalart-Allmaras Model 
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Figure 7: Residuals and velocity-vector plots for the 30 ft box cut scenario using the Spalart-Allmaras 
turbulence model. 
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The Spalart-Allmaras Model continued 
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Figure 8: Residuals and velocity-vector plots for the 30 ft slab cut scenario using the Spalart-Allmaras 
turbulence model. 
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The Spalart-Allmaras Model continued 
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Figure 9: Residuals and velocity-vector plots for the 60 ft box cut scenario using the S-A turbulence model. 
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The Spalart-Allmaras Model continued 
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Figure 10: Residuals and velocity-vector plots for the 60 ft box cut scenario using the S-A turbulence model. 
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The Spalart-Allmaras Model continued 
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Figure 11: Residuals and velocity-vector plots for the 60 ft slab cut scenario using the S-A turbulence model. 
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The Spalart-Allmaras Model continued 
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Figure 12: Residuals and velocity-vector plots for the 60 ft slab ~ut scenario using the S-A turbulence model. 
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6.5 The k - w SST Model 
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Figure 13: Residuals and velocity-vector plots for the 60 ft box cut scenario using the k - w SST turbulence 
model. 
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The k - w SST Model continued 
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Figure 14: Residuals and velocity-vector plots for the 60 ft slab cut scenario using the k - w SST turbulence 
model. 
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Prediction of Mine Face Ventilation using 
Computational Fluid Dynamics 

University of Kentucky 

October 6, 2003 

Introduction 

The objective of this document is to update NIOSH on the progress 
that has been made in the past year with respect to CPD predictions 
of mine face ventilation cases using commercial software. Several 
studies will be presented including a comparison of Fluent with CFX 
for all four scenarios discussed in the previous years report, modeling 
of a cylindrical scrubber within the mine and simulations of a the flow 
around a continuous miner, with scrubbers on-board, at the cutting 
face. 

Comparing Fluent to CFX 

A comparison of Fluent and CFX was performed by simulating the 
four scenarios presented in last years report. To eliminate variation in 
grid generation and refinement an external software, GridPro, was 
utilized to generate all the grids in this study. GridPro is an 
automatic grid generator which yields a structured grid that can be 
imported directly into both of the solvers mentioned above. Three 
grids for each scenario (coarse, moderate, fine) were computed using 
both Fluent and CFX in an effort to find a grid-independent solution. 
The results of said solutions are presented in this section. 

Baseline PIV Results 

Dr's. Andrzej M. Wala and Jamey D. Jacob of the departments of 
Mining and Mechanical Engineering, respectively, performed the PIV 
experiments of each scenario using a 1: 15 scale model of a mine face. 
The results of these experiments, figures 1 through 4, will be used as 
the baseline for our simulations. In three of the four cases, an onset 
separation can be seen where flow reverses before reaching the face. 
This separation is driven by an adverse pressure gradient which 
builds up as the width of the mine decreases. The K-{l)SST (Shear 
Stress Transport) turbulence model is was selected for its ability to 
accurately predict separation due to adverse pressure gradients. 



Figure 1: Velocity vectors and contours from PIV experiments for 30 Foot Box Cut 

Figure 2: Velocity vectors and contours from PIV experiments for 30 Foot Slab Cut 

Figure 3: Velocity vectors and contours from PIV experiments for 60 Foot Box Cut 

Figure 4: Velocity vectors and contours from PIV experiments for 60 Foot Slab Cut 



CFD Results 

30 Foot Box Cut 

In the scenario for the 30 foot box cut an onset separation develops 
only a few feet downstream from the end of the curtain at the 
beginning of the slab. This flow separation produces a low velocity 
recirculation of air deep into the mine. In an actual mine, this flow 
pattern could allow dangerous levels of methane gas to build near the 
cutting face. Although the introduction of methane gas to the flow is 
not being simulated here, a correlation between flow patterns 
containing air only and air with methane is assumed. Figures 5, 6 and 
7 illustrate the results yielded by Fluent and CFX for the three grid 
densities (coarse, moderate and fine). Comparing these results to the 
baseline results, figure 1, one can see that Fluent predicts the desired 
characteristics independent of grid density. Although, the moderate 
and fine grid results for CFX correctly predict the separation point, 
the coarse grid solution did not. Thus, some confidence in the CFX 
solutions is lost. However, since the finer grids yield a proper 
solution, one could make the argument that this is the grid­
independent solution for CFX. 

30 Foot Slab Cut 

In the 30 foot slab cut scenario no onset separation occurs as that 
flow carries entirely to the face before redirecting. Simulating this 
scenario tests the codes ability to decipher a difference between flows 
with and without separation. Although it is known that predicting a 
flow field without separation is much easier, the code must be able to 
predict the flow field with the same method used for the flow fields 
with separation. This is especially important since the CFD tools in 
question may be used to develop and optimize mining techniques and 
setups. Comparing the solutions in figures 8, 9 and 10 to the PIV 
result illustrated in figure 2 similar flow patterns are found. Noticing 
that for all three grid levels the flow carries to the mine face before 
turning, one can confirm that both codes predict an accurate grid­
independent solution. 

60 Foot Box Cut 

Ih the 60 foot box cut scenario onset separation occurs at the 
beginning of the slab as shown in figure 3. As in the 30 foot box cut, 
this separation generates a low velocity recirculation of air deep into 
the mine. If this flow field were generated during normal operation of 
a real mine, dangerous levels of methane could collect near the 
cutting face. In figures 11, 12 and 13, it is shown that both codes 



predict the separation in the proper location for the coarse, moderate 
and fine grid cases. Therefore, one can claim that the grid­
independent solution generated by both codes is accurate for this 
scenario. 

60 Foot Slab Cut 

The 60 foot slab cut scenario occurs when the mine is cut to full 
width, 20 feet, and 60 feet deep. One may expect the flow field to 
resemble that of the 30 foot slab cut since such a resemblance was 
seen for the two box cut cases. However, an interesting result is 
found for the scenario in question when one views the PIV result 
illustrated in figure 4. A late separation of the flow occurs in the mine 
roughly 20 feet shy of the cutting face. As seen in figures 14, 15 and 
16, both codes had difficulty predicting this flow field. Due to the 
highly unstable nature of the flow, an accurate steady-state 
simulation of flow structure was not feasible. The codes' inability to 
generate a converged solution yielded variation in the results. 
Although less variation was seen in Fluent's prediction of the flow 
structure, neither code was able to produce converged, accurate 
solutions for this scenario. One suggestion may be to approach the 
problem from a transient standpoint to capture any oscillations that 
may occur in the flow. However, this method will be costly with · 
respect to computation time and is not guaranteed to yield a correct 
solution. In any case, the 60 foot box cut scenario deserves further 
study before results can be utilized as a reliable design tool. 

Modeling Scrubbers using Fluent 

In this section, a cylindrical scrubber was inserted into the 30 foot 
box cut geometry to represent experiments performed by Wala and 
Jacob. Results for these studies are presented in the annual report 
submitted by Dr. Wala to NIOSH in 2003. In these studies, the 
scrubber mass flow ratio is normalized by the mass flow at the inlet, 
or behind the curtain. Thus, the results presented in figures 17 
through 21 illustrate predicted flow fields at scrubber mass flow 
ratios of 0.2, 0.3, 0.4, 0. 7 and 1.0, respectively. The boundary 
condition for the scrubber is set as a constant velocity outlet which is 
released outside the original geometry. This boundary condition is set 
by the apparatus available to Wala for PIV experimentations. The grid 
density was based on the coarse grids simulated in the previous 
section. It should be noted that a grid-independent solution has not 
been found for these results due to time constraints. 

In comparing the results shown in this report with the PIV results 



presented by Wala, one will notice a discrepancy. Wala's experiments 
show the location of the separation point to -be more sensitive to 
smaller values of the scrubber mass flow ratio. However, once the 
scrubber mass flow ratio reaches a level near 1.0 the separation is 
removed and the flow carries to the cutting face. Since most 
scrubbers in actual mining applications are required to have a mass 
flow ratio greater than or equivalent to 1.0, one could argue that 
Fluent's predictions are accurate within the range of applicable 
problems. However, users of Fluent as a design tool should make note 
of the limitations that are found in this study when applying Fluent to 
scenarios beyond or on the borders of this range. A potential scenario 
that should be avoided is an attempt to reduce the requirement for 
the scrubber mass flow rate for the purpose of using smaller, less 
expensive blowers. 

Modeli;ng a Continuous Miner with On-board 
Scrubbers using Fluent 

Once CFD is validated for benchmarked applications, the strength of 
CFD can be fully utilized. Prior to this section, the geometries of the 
models presented in this report can be regarded as "simple" . Thus, 
experimentation seems to be a more effective and productive means 
of study. However, these simplified geometries are used as 
benchmarks to validate the CFD codes for use in more realistic 
applications. Because CFD does not require a model shop, geometries 
are no longer time consuming to build, relative to the time it takes to 
generate a precise scale model of intricate detail. Geometries can be 
imported directly from 3-D solid modeling software or manually 
generated in Gambit, Fluent's grid generation package. Also, the CFD 
user has access to many more boundary conditions than the 
experimentalist at a fraction of the cost. For example, study the flow 
over a continuous miner with scrubbers on-board is a much easier and 
less expensive task for a CFD user than for an experimentalist. The 
experimentalist would be forced to make a decision between a full­
scale model and a scaled model. To put an actual continuous miner in 
a full scale mine and set up the measuring devices would be expensive 
and time consuming. Building a scaled miner and mine using a rapid 
prototyping technique and setting up the measurement apparatus 
would also be somewhat less expensive but still time consuming. 
However, dumping a 3-D rendering of the miner into a virtual mine, 
generating a grid and running the simulation with the appropriate 
boundary conditions would take an experienced CFD user a matter of 
weeks and cost of only the software and hardware. Furthermore, once 
the software and hardware are paid for, they can be re-used for other 
models. The power of CFD now becomes apparent, but more work 



must be done to ensure the quality of the solutions it generates. 

The results in this section provide a look ahead to see some of the 
possibilities that CFD has to offer. In these simulations, a simplified 
virtual continuous miner was inserted into the mine for the 30 foot 
box cut scenario. Figures 22 and 23 show different views of the 
virtual geometry. The miner is equipped with a virtual scrubber which 
is incorporated into the geometry ·of the mine such that the scrubber's 
inlets are placed on each side of the miner and the exhaust is placed 
at its rear. Unlike the previous scrubber, this scrubber is modeled 
with the "fan" UDF (User Defined Function) available in Fluent. This 
method of modeling allows the user to put a pressure gradient 
condition on a plane within the scrubber's duct essentially modeling a 
blower mounted to the miner. The main difference between this 
method and the previously used method is that the scrubber's exhaust 
is releas~d within the mine as opposed to outside. This better 
represents the scenario of a miner with on-board scrubber and would 
be very difficult for an experimentalist to implement into a scaled 
model due to flow restrictions on fans small enough to fit these 
models. bne downside to using the "fan" UDF is that the input is a 
pressure gradient which cannot be directly related to a mass flow rate 
without first solving the flow field. However, within a matter of four 
simulations, a scrubber mass flow ratio, normalized by the inlet mass 
flow as before, of 0.95 is reached. 

Figure 24 illustrates the resulting flow over the miner without the use 
of a scrubber. The effect of the scrubber can be seen by comparing 
figures 25 through 28 with figure 24. The corresponding scrubber 
mass flow ratios for figures 25, 26, 27 and 28 are 0.37, 0.67, 0.83 and 
0.95, respectively. 
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Figure 5: Velocity vectors for 30 foot box cut using Fluent (left) and CFX (right) with 
a coarse grid. 

Figure 6: Velocity vectors for 30 foot box cut using Fluent (left) and CFX (right) with 
a moderate grid. 

Figure 7: Velocity vectors for 30 foot box cut using Fluent (left) and CFX (right) with 
a fine grid. 



Figure 8: Velocity vectors for 30 foot slab cut using Fluent (left) and CFX (right) with 
a coarse grid. 

Figure 9: Velocity vectors for 30 foot slab cut using Fluent (left) and CFX (right) with 
a moderate grid. 
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Figure 10: Velocity vectors for 30 foot slab cut using Fluent (left) and CFX (right) 
with a fine grid. 



Figure 11: Velocity vectors for 60 foot box cut using Fluent (top) and CFX (bottom) 
with a coarse grid. 
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Figure 12: Velocity vectors for 60 foot box cut using Fluent (top) and CFX (bottom) 
with a moderate grid. 



Figure 13: Velocity vectors for 60 foot box cut using Fluent (top) and CFX (bottom) 
with a fine grid. 

Figure 14: Velocity vectors for 60 foot slab cut using Fluent (top) and CFX (bottom) 
with a coarse grid. 
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Figure 15: Velocity vectors for 60 foot slab cut using Fluent (top) and CFX (bottom) 
with a moderate grid. 

Figure 16: Velocity vectors for 60 foot slab cut using Fluent (top) and CFX (bottom) 
with a fine grid. 



Figure 17: (Left) Velocity vectors in the Scrubber Plane and (right) path lines from 
the top view for the 30 foot box cut scenario with scrubber mass flow ratio of 20% . 
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Figure 18: (Left) Velocity vectors in the Scrubber Plane and (right) path lines from 
the top view for the 30 foot box cut scenario with scrubber mass flow ratio of 30%. 
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Figure 19: (Left) Velocity vectors in the Scrubber Plane and (right) path lines from 
the top view for the 30 foot box cut scenario with scrubber mass flow ratio of 40%. 



Figure 20: (Left) Velocity vectors in the Scrubber Plane and (right) path lines from 
the top view for the 30 foot box cut scenario with scrubber mass flow ratio of 70%. 

Figure 21: (Left) Velocity vectors in the Scrubber Plane and (right) path lines from 
the top view for the 30 foot box cut scenario with scrubber mass flow ratio of 100%. 



Figure 22: Isometric view of a simplified representation of a continuous miner 
inserted into the 30 foot box cut scenario. 
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Figure 23: A top view (top) and a side view (bottom) of a simplified representation of 
a continuous miner inserted into the 30 foot box cut scenario. 



Figure 24: 3-D path lines illustrating the flow over a continuous miner in the 30 foot 
box cut scenario without a scrubber. 



Figure 25: 3-D path lines illustrating the flow over a continuous miner in the 30 foot 
box cut scenario with a scrubber mass flow ratio of 0.37. 

Figure 26: 3-D path lines illustrating the flow over a continuous miner in the 30 foot 
box cut scenario with a scrubber mass flow ratio of 0.67. 



Figure 27: 3-D path lines illustrating the flow over a continuous miner in the 30 foot 
box cut scenario with a scrubber mass flow ratio of 0.83. 

Figure 28: 3-D path lines illustrating the flow over a continuous miner in the 30 foot 
box cut scenario with a scrubber mass flow ratio of 0.95. 
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Final Report Summary 

Program Area : Control Technology & Personal Protective Equipment 

Final Report Abstract: 
The use of extended (deep) cut mining with remotely controlled continuous miners is 
commonly utilized across the u.s. coal industry. Operators adopt this method to maximize the 
productivity of their continuous miner sections. The accompanying higher advance rates 
introduce the problem that higher levels of methane are liberated at the lace during coal 
extraction. This requires an increase in the air supply to the face of the heading for adequate 
methane dilution. Higher air velocities are a consequence, which, in tum, lead to the 
entrainment of more dust generated during the coal extraction procedure. Frequently, the 
increased dust entrainment is countered by the use of large capacity scrubbers that recalculate 
and filter air in the immediate face area. These circumstances give rise to many concerns 
concerning miners' health and safety. 
The former u.s. Bureau of Mines (currently NIOSH), Mine Safety and Health 
Administration, and the coal industry have conducted significant studies to evaluate the 
performances of face ventilation systems through the use of full scale tests 
(underground/surface) or scaled physical modeling. These studies have led to 
recommendations that tend to make these systems more effective. However, because of the 
aerodynamic complexity in the face area arising from the variety of ventilation arrangements 
amid limitations of the experimental methods, doubts still exist when evaluating the 
effectiveness of such a system. 
The design of a balanced ventilation system for the scenarios described above requires 
consideration of the system in a three-dimensional, rather than two-dimensional, manner. 
Traditional theoretical and experimental methods are available for obtaining useful results, 
but the former is limited /to simple geometries and experimental methods are often slow, and 
both apprnaches are limited in the completeness, accuracy and generality of the results that 
they provide. Computational Fluid Dynamics (CFD) is a promising design methodology by 
which many complicated fluid flow problems can be solved with numerical codes. CFD 
embraces a variety of technologies, including mathematics, computer science, engineering, 
and physics, and has potential to generate face ventilation designs without the previously 
mentioned disadvantages. 
The major objective of this proposed project was to investigate the feasibility of developing a 
tool that facilitates the design of face ventilation systems to provide healthier and safer 
working environments for underground miners. The potential ability of this approach to 
reliably, quickly, and inexpensively test alternative face ventilation configurations will 
reduce the time between the generation of a design concept and its implementation by 
minimizing the tedious and costly experimental work required with existing design 
methodologies. If feasible, much improved designs for face ventilation systems should result 



because it will be possible, for the first time, to screen a wide range of alternative 
configurations and quickly identify the most promising design concepts for a particular field 
application. 
To achieve these objectives mentioned above, the authors conducted the following studies: 
(1) Development of a scaled physical model for examination of various ventilation scenerios 
and measurement of the airflow patterns using PIV (particle image velocimetry). These will 
be compared with simulations using commercial CFD software packages (CFD-2000, 
FLUENT, and CFX) with the objective of validating the CFD approach; (2) To refine 
modeling (numerical and scaled-physical) approaches, and to confirm that mathematical 
models and numerical method (CFD) can be used for design purposes of the face ventilation 
systems the full scale laboratory (gallery) tests will be performed at the Pittsburgh Research 
Center by the authors in conjunction with the MOSH, Dust and Ventilation Group; (3) based 
on the study performed the authors will down select a CFD software package, which could 
be, in cooperation with the software development company, converted to the specialized 
design tool utilized by the industry . It was determined that at the present time, CFD is not 
mature enough to be reliably used for ventilation design, though it can be used during the 
design process should sufficient validation be available. 
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