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1.0 Executive Summary 
 
The potential of mine-wide monitoring systems to improve mine safety and health has been 
recognized for decades, yet the deployment of these systems for such purposes has been 
extremely limited in the U.S. and globally. Although not perfect, the technologies to enable mine-
wide atmospheric monitoring systems (AMS) have been commercially available, and technology 
itself has not been the greatest barrier to widespread adoption of these systems. Rather, it has 
been a lack of knowledge on where the sensors will be placed and how the resulting information 
will be used to achieve specific safety or health outcomes.  
 
 The ongoing challenges and costs associated with acquiring AMS information are significant, and 
they underscore the need for a purposeful strategy for every installed sensor. The difficulty in 
actually using the large quantities of data to improve decision-making at the mine is a persistent 
problem. The question of what to do with the data generated by these systems is as difficult to 
answer today as it was thirty years ago. While large graphical displays of sensor values 
superimposed on maps and diagrams appear impressive, the practical use of this information to 
improve safety and health (S&H) outcomes is another matter. 
 
The current state of technology makes it easier to incorporate a greater number of sensors, which 
will likely produce even larger quantities of data, thus creating an even greater risk that 
meaningful information will be obscured. Furthermore, the interest in employing backup 
measures, such as tube bundle systems, to improve post-accident functionality increases the 
complexity of the problem. Mine operators need practical guidance on the selection and location of 
sensors to achieve defined safety goals, as well as guidance on how to align the performance 
characteristics of the monitoring system with those safety goals. 
 
The selection and configuration of AMS for routine and post-accident functionality must be based 
on a logical construct specifying how information will be used to improve safety. The purposeful 
use of atmospheric monitoring will facilitate the detection of potentially hazardous conditions as 
they begin to develop; this process requires definitive guidance to align sensor selection and 
location with decision-making requirements. The overarching goal of this project was to provide 
practical guidelines for improving mine safety through the strategic placement of sensors in AMS. 
 
This objective was pursued by achieving three specific aims. The first was to define the 
information needs to support decision-making during routine operations; the second was to define 
the salient characteristics of monitoring systems that could provide the information so identified; 
and the third was to utilize the findings to prepare practical, “how-to” guidance for mine 
personnel. The research methods used to achieve the project objective included the following: 
interviews with mining personnel (e.g., mine foremen, ventilation engineers, mine engineers, face 
bosses, fire bosses, and inspectors) to understand their decision-making processes and 
information requirements; ventilation modeling and simulations to study relationships between 
the placement of a sensor and the usefulness of the data generated to inform decisions about 
potentially hazardous situations; and on-site validations. 
 
This project focused on underground coal mines and the resulting guidelines are primarily 
intended for underground coal mine operators. Notwithstanding, the underlying strategy can be 
adapted to noncoal mines. The two main outcomes of this research were the location strategy for 
the detection of developing problems in the mine ventilation systems, and the rationale for using 
pressure transducers rather than air velocity sensors to establish volumetric airflow rates. 
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2.0 Problem Statement and Objective 
 
Focus	area:	Health and Safety Interventions 
 
Topic	Areas: Monitoring Systems and Integrated Control Technologies  
 
2.1	Problem	Statement		
 
The potential of atmospheric monitoring systems (AMS) 1 to improve safety has been recognized for 
decades (Kohler,1992). The 2006 Sago Mine disaster and its aftermath underscored the potential of 
technology to improve mine safety. Subsequently, the MINER Act of 2006 spurred significant 
technological advances and substantial federal funding for the development of the requisite 
technologies. Mines installed sophisticated node and mesh-based communications backbones that 
could support mine-wide monitoring of all major systems including ventilation. There was much 
excitement throughout the mining community over the possibilities. Monitoring capability 
increased as a result of the more capable communication backbones that had been installed. The 
focus, however, was on monitoring production-related parameters and machine conditions, with 
far less attention given to monitoring ventilation parameters such as airflow and methane 
concentration2. 
 
The Upper Big Branch Mine explosion in 2010 highlighted the need to use mine monitoring systems 
to detect potentially hazardous conditions because it was widely believed that the deleterious 
conditions that preceded the explosion could have been detected with an AMS. A legislative attempt 
to modify the MINER Act and require atmospheric monitoring failed. Subsequently, Alpha Natural 
Resources (ANR) agreed to install AMS in all of its mines as part of a Non-Prosecution Agreement 
(NPA) with the U.S. government when it purchased the Upper Big Branch Mine and other assets of 
Massey Energy. 
 
Within a few years, ANR, working with Matrix, Inc., developed and installed AMS in many of its 
mines. The technical performance of these systems was excellent, but the age-old problems of 
where to locate the sensors and how to utilize the collected data persisted. One of the authors of 
this report (Kohler) was involved in those discussions, and as a consequence, a proposal was 
developed to address those problems and submitted for consideration to the Alpha Foundation. The 
findings presented in this report are based on the funded project begun by that proposal.  
 
Researchers are currently pursuing solutions to a number of important problems involving AMS. 
One of the more important sets of problems concerns data analytics and the best uses of the 
enormous quantity of data produced by the equipment and systems found in today’s mines 
(Agioutantus, 2014). Another is the use of artificial intelligence to make intelligent decisions 
without the involvement of engineering or operations personnel. The robust communication 
(digital data) networks available in many mines allow for the placement of a virtually unlimited 
number of sensors throughout the mine. The very thought of knowing, in real time, a collection of 
ventilation parameters that includes airflow rates and gas concentrations at any location in the 
mine generates much enthusiasm for the potential of these technologies to improve safety as well 

 
1 Refer to Section 3.0 (Research Approach) for clarification of the use of the term atmospheric	monitoring	
systems	(AMS) for the purposes of this report. 
2 Methane monitoring is not the focus of the project, instead the project tried to use pressure monitoring 
strategy to inform the critical change of the ventilation system. Refer to Section 4.1.2 (Sensor Inputs) for the 
justification of the superiority of pressure monitoring over air velocity monitoring.  
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as productivity. Great interest also surrounds the prospect of endowing AMS with the expertise of 
seasoned ventilation engineers so that the monitored parameters can be utilized to realize their 
safety and production potential. Continued research into the attendant data analytics and artificial 
intelligence challenges is key to realizing these prospects, which will likely take several more years. 
In the meantime, there is a need to achieve lifesaving benefits through atmospheric monitoring as 
simply as practicable. That is the goal of this project. 
 
Why this need for simplicity? Despite the potential of AMS technology and the many attempts to 
employ it over the past 40 years, the industry continues to shun it. The two oft-cited reasons for 
this reluctance are the purported impossibility of using the “reams of data” from the AMS and the 
challenge of maintaining a large number of sensors. These reasons impeded the adoption of the 
available technology in 1980 and continue to do so today (Kohler 1987). The initial cost of sensors 
is not trivial, but the more significant costs derive from the labor needed to inspect and calibrate 
these sensors and to maintain records of these activities. Therefore, the focus of the work here was 
to reduce the number of sensors to the smallest number that yields sufficient information to 
support decision-making. As a prerequisite step, it was necessary to identify the types of decisions 
that would need to be informed by these sensors. 
 
The set of decisions for this project was limited to those surrounding the identification of 
hazardous or developing and potentially hazardous conditions. What events and scenarios lead to 
these potentially hazardous conditions, and what information would be required to detect these 
conditions? In essence, the challenges were to define a set of event scenarios that could lead to 
hazardous conditions and then to identify the smallest number of sensors or locations that could 
serve as sentinels to alert mine personnel to the need for closer examination3. Of course, mine 
monitoring systems from the earliest days to the present have had the ability to “alarm” when 
sensor values moved outside of preset ranges. However, this function proved to be of little value: 
false alarms were quite common, and the size of the dead bands set around trigger threshold were 
often excessive. This project aims to overcome these past limitations by reducing the number of 
installed sensors and facilitating more purposeful placement. Additionally, the issue of false alarms 
and trigger thresholds is addressed. 
 
2.2	Project	Research	Objectives		
 
The selection and configuration of AMS for routine and post-accident functionality must be based 
on a logical construct specifying how information will be used to improve safety. The purposeful 
use of atmospheric monitoring will facilitate the detection of potentially hazardous conditions as 
they begin to develop; this process requires definitive guidance to align sensor selection and 
location with decision-making requirements. The overarching objective of this project was to 
provide practical guidelines for improving mine safety through the strategic placement of sensors 
in AMS. 
 
2.2	Project	Specific	Aims	
 
This objective was pursued by achieving three specific aims.  
 
Aim	1: Define the information needs to support decision-making during routine operations;  

 
3 The topics of underground fire detection and the use of sensor-based networks to detect fires is well 
researched and practiced. Moreover, specific requirements for their use is prescribed in the federal 
regulations. As such, this project did not consider sensor-location strategies for fire detection. 
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Aim	2: Define the salient characteristics of monitoring systems that could provide the information  
              so identified;  
Aim	3: Utilize the findings to prepare practical, “how-to” guidance for mine personnel.  

3.0 Research Approach 
 
Scenarios incorporating specific events that can lead to potentially hazardous conditions are 
referred to as event	scenarios in this report. The event scenarios identified for the purposes of this 
research are described in Section 4.1. Once the event scenarios were selected, the next step was to 
identify the information elements (i.e., sensor inputs) required in the decision-making process to 
confirm the existence of a developing and potentially hazardous condition. These sensor inputs are 
also presented in Section 4.1. 
 
The foregoing work defined sensor inputs but did not establish the location of sensors nor the 
sensitivity required to detect incipient problems. The development of a strategy to locate sensors 
was carried out by examining maps from mines of differing size and complexity and identifying the 
locations of sensors to detect the event scenarios. This exercise led to a generalized strategy for 
choosing sensor locations, which is presented in Section 4.1. Determining the appropriateness of 
the locations and the sensitivity to event scenarios was investigated using ventilation models and 
computer simulations. The ventilation models were constructed using mine maps and ventilation 
surveys from operating mines. The models, simulations, and results are presented in Section 4.2. 
 
Details on an in-mine validation effort are provided in Section 4.3. An in-mine data collection plan 
was developed to validate the proposed sensor-location strategy and the overall efficacy of the 
recommendations developed in this work. A cooperating mine with an extensive AMS was 
identified, and a conceptual design for a data capture system was completed. This system would 
allow the continuous flow of monitored data to be captured and stored without interfering with the 
mine’s use of the AMS. The ensuing database, representing several months of monitoring 
experience, combined with operational details at the mine level, would provide the information 
needed to exercise and validate the strategy for locating sensors. Unfortunately, a sequence of 
external events that could not have been anticipated resulted in the removal of AMS from U.S. 
underground coal mines. This created significant challenges in this project, and the efforts to first 
resolve and then work around this issue consumed significant time and resources. Ultimately, in-
mine experiments were conducted to validate the location strategy.  
 
Finally, practical recommendations for the placement of sensors with the proposed location 
strategy, based on the results of the computer simulations and the in-mine validation, are 
summarized in Section 6.0. Notably, the use of pressure sensors is proposed in lieu of air velocity 
sensors. The rationale for this recommendation is described in Section 4.1, and the use of pressure 
sensors is shown to be efficacious in Section 4.3.  
 

4.0 Research Findings and Accomplishments 
 
4.1	Information	Needs	
 
Proper ventilation is critical for the safe and productive operation of a mine. Accordingly, 
operations personnel are keenly interested in ensuring adequate airflow to maintain methane 
concentrations well below the threshold requiring the removal of power from equipment. The 
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personnel also need to ensure that dust and other toxic or noxious materials remain below 
established thresholds, and that airflows exceed the statutory minimums. 
 
The baseline condition for these needs is a mine ventilation system that has been correctly 
engineered and which has an MSHA approved ventilation plan. As mining progresses, changes in 
extent and complexity occur in the system. The demands for air on the working sections may 
change, leakage may increase, and aircourse resistance may shift. With the passage of time, ground 
conditions or gas liberation may vary. Bleeder systems may become larger and more complex, and 
so on. The net result is that the actual ventilation throughout the mine will be different from the 
designs’ original predictions, and perhaps different from the conditions established in the 
ventilation plan. Of course, some changes should be identified from measurements taken at the 
evaluation points in the approved ventilation plan, but this is not a certainty. Moreover, miners on 
one section may change their regulator setting to get more air to their working faces; in so doing, 
they may not consider or understand the effect that this change could have on other parts of the 
mine.  
 
Understanding and then managing these deviations from the design or expected values of 
ventilation parameters presents a constant challenge to mining personnel. It is important to 
distinguish short-term perturbations from longer-term trends. It also is critical to know whether a 
particular change is an indicator of a potentially serious situation that has developed or is 
developing.  
 
The root causes of most deviations are well known by mining personnel. They include leakages that 
are larger or smaller than expected, increased aircourse resistance from deteriorating ground 
conditions or water accumulations, accidental or deliberate changes to ventilation controls, and 
equipment movement in airways, among others. Combinations of these factors as well as changes in 
barometric pressure cause deviations between the intended operation of the system and the actual 
performance.  
 
The challenge for the mine operator, as just outlined, is to know which changes are indicative of 
unexpected or undesirable deviations. One goal in this research is to define the sensor-based 
information that would be needed to inform the mine operator’s decision to do nothing and wait, to 
investigate further, or to take a more immediate corrective action.  
 
4.1.1	Event	Scenarios	
 
The first step toward defining information needs was to query practicing professionals in 
operations, engineering, and enforcement positions to investigate the following questions: 
 

 What are they looking for as they try to prevent ventilation problems that could affect 
production or safety?  

 Which parameters receive the most attention and why? 
 
The answers to these questions will reveal opportunities for sensors to meet information needs 
that are strongly aligned with safety concerns. To this end, project personnel began with in-person 
discussions with 23 mining personnel working in 12 different mines, and with three MSHA 
inspectors. This initial effort used a convenience sample across small, medium, and large mines 
located in the East, Midwest, and Western coal fields. Along with the questions indicated above, 
other discussion topics included questions on the potential value of AMS to help them complete 
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their work more effectively. The uniformity of the responses was so high that no additional 
sampling was deemed necessary.  
 
As expected, all interviewees identified their focus as searching for signs of meaningful reductions 
in airflow or increases in methane, both of which could result in a production delay or a safety 
hazard. All started their day by looking at the barometric pressure and listening to the weather 
forecast to anticipate increased concentrations of methane resulting from falling atmospheric 
pressure4. All stressed the importance of looking at the fan charts to detect an increase in mine 
resistance, as indicated by a change in head and quantity at the fan. Most had an interest in the 
methane concentration at the main fan, and particularly any changes. Finally, there was unanimity 
in the measurement of airflow at key locations to detect significant changes. The only difference in 
opinion that emerged from these discussions concerned the amount of change that would 
constitute a significant	change, i.e., a change that would catch their attention. The responses, in 
descending order of frequency, were: 
 

 Air changes greater than 9000 cfm 
 Air changes greater than 25% of the expected value 
 Air changes greater than 10% of the expected value 

 
These responses are predictable. The most common response was likely based on the 30 CFR 
75.324, which considers a change of more than 9000 cfm to a section to be an intentional change 
requiring specific actions including removal of power and withdrawal of miners from the affected 
area. The percentage changes reflect the width of error band around the mean value, which is 
required to minimize type II errors (i.e., false positives). Personnel with some experience with 
sensors favored the larger error band of 25%. An appropriate magnitude for a significant	change	
will be addressed later in this report, but regardless of the magnitude of the change, the underlying 
causes of the change are of interest. 
 
Of particular interest here are causes that are not catastrophic in nature, likely to occur over time 
and go unnoticed, and/or the result of deliberate actions taken by mine personnel. It is likely that 
catastrophic changes will be noticed quickly, and attention will be focused on addressing the 
underlying problems. In contrast, changes that occur gradually and develop over time are more 
likely to go undetected. While these may ultimately present a hazard in their own right, the 
somewhat compromised state of ventilation may also leave the system vulnerable to other 
stressors. Similarly, deliberate actions by miners during a shift, such as changing a regulator or 
opening a door to direct more air to a working section, could create problems in other parts of the 
mine or leave other parts vulnerable. The system-wide impact of these intentional and likely 
unauthorized changes may not be apparent. As such, the detection of these changes is of interest in 
this project. Notwithstanding, the proposed sensor location strategy will also be able to detect 
catastrophic changes. 
 
The following event	scenarios have been identified: 
 

 A gradual increase in aircourse resistance, most often resulting from a reduction in the 
cross-sectional area of the aircourse caused by: 

o an accumulation of water 
o a floor heave 
o a partial failure of the roof or rib 

 
4  
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 A gradual increase in aircourse resistance after the development of new mine workings in 
excess of the original design capacity of the ventilation system 

 Unauthorized or otherwise inappropriate changes to a ventilation control such as: 
o a change to a regulator to provide additional air on a production face 
o a door being propped open or left open to obtain additional air in a part of the mine. 

 Excess leakage caused by 
o one or more stoppings being damaged or removed 
o overcast degradation 
o a door being propped open or left open 

 Loss of pressure on the active longwall gob, allowing methane migration onto the face 
resulting from 

o change to the ratio of air flow at the t-split 
o inadequate airflow across the longwall face 

 Leakage from sealed areas into active workings as a result of 
o  leakage from seals.  

 
Given these event scenarios, the next step is to identify the sensor inputs needed to support 
decision-making around these events, which is discussed in the next section.  
 
4.1.2	Sensor	Inputs	
 
Identifying sensor inputs to serve as sentinels for the event scenarios defined in Section 2.1 is 
straightforward. Airflow, or a surrogate of airflow such as air velocity or pressure, is required to 
diagnose each of the event scenarios, except for the last one in the list, which requires knowledge of 
methane concentration.5 
 
Airflow in underground mines has been measured manually using a variety of methods to 
determine the air velocity,6 which is then multiplied by the cross-sectional area of the aircourse to 
obtain the volume flowrate. Vane anemometers remain a common means of measuring air velocity, 
and it was only natural that the air velocity sensors developed for the first mine monitoring 
systems were adapted from the classical vane anemometer. These devices had all of the drawbacks 
of vane anemometers plus a new one: float dust accumulated on the vanes, introducing significant 
measurement error. The moving vanes were eventually replaced with a sensor that has no moving 
parts, known as an ultrasonic air velocity sensor. These devices eliminated the problems associated 
with the ball-bearing-mounted vanes that could be easily damaged. Ultrasonic sensors are accurate 
and mine-worthy. Unfortunately, they do not overcome three fundamental shortcomings attendant 
on air velocity measurement: sensitivity to local perturbations in the airstream, sensitivity to small 
changes in the spatial orientation of the sensor, and errors associated with a single-point 
measurement. Each method is briefly described below, and then an alternative to the traditional 
means of determined flowrate is proposed (Kohler 1986, Kohler and Thimons, 1987). 
 

 
5 The strategic location of sensors to detect combustion is a well-known practice based on Bureau of Mines 
and NIOSH research, as stated earlier in this report. Accordingly, combustion events and the attendant sensor 
placement were not revisited in this project. The mine seal methane leakage is not the focus of this project 
because the sealed region is typically not considered for the mine ventilation simulations.  
6 The term air	velocity is commonly used in the literature and in practice rather than air	speed, even though it 
is only the magnitude of the air velocity that is being described. The term air	velocity will be used in this 
report to be consistent with practice. 
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Single‐Point	Measurement. The air velocity in the cross section of the aircourse varies 
considerably (50% or more). Generally, the highest speed occurs near the center of the cross 
section and the lowest speeds are found near the walls of the aircourse. Multi-point traverses can 
be used during the initial sensor installation to obtain a more accurate average speed, and this can 
be used to compute a correction factor to relate the measured speed at the sensor to the average 
value. Unfortunately, if the flow through the opening increases or decreases, the isovels will change 
and the previously computed correction factor will be incorrect.  
 
Spatial	Orientation. Initially, the sensor will be installed so that the measurement head is 
orthogonal to the direction of airflow. A change in this angle, either yaw or pitch, of more than a few 
degrees will result in a noticeable and potentially significant change in the reported air velocity. 
Such changes are not uncommon when the mounting arrangement for the sensor is disturbed 
inadvertently or deliberately.  
 
Local	Perturbations. The cross-sectional velocity profile (i.e., the isovels) are sensitive to activity 
upstream of the sensor by as much as ten diameters or downstream by three diameters. Equipment 
and personnel movement will cause changes in the measured velocity even though the flowrate 
may remain unchanged. 
 
The effect of these three confounders is a very “noisy” signal, i.e., point-to-point fluctuations in the 
measured air velocity. Fluctuations of 10% are common and 15% is not uncommon.  
 
Alarm values are normally set for each sensor in the AMS software to communicate a sensor value 
that has crossed a threshold. Air speed sensors, which typically present with this level of “noise,” 
require a dead band of 20% or more around the trigger value to prevent false alarms. The concern 
is that important changes inside of this large dead band could go unnoticed. In the early stages of 
the project, ultrasonic air velocity sensors were selected for the in-mine data collection component 
of this research. After the first in-mine experience and additional investigation, the decision was 
made to utilize pressure transducers instead. By knowing the area of a regulator opening and the 
pressure across the regulator, the volumetric airflow rate can be computed accurately. More 
generally, knowing the pressure at different points in the mine ventilation network facilitates the 
detection and analysis of problems that can lead to disruptions in the ventilation system. 
 
The mine ventilation Square Law is the single most important relationship for mine ventilation 
planning and ventilation interruption diagnosis. The relationship between frictional pressure drop 
and resistance can be expressed as (McPherson, 1993): 
 
𝑝 ൌ 𝑅𝑄ଶ or    𝑃௜௝ ൌ ∆𝑝 ൌ 𝑅𝑄ଶ ൌ 𝑅𝐴ଶ𝑣ଶ       (4-1) 
 
where 𝑃௜௝  is the differential pressure from position i to position j. The parameter R is the Atkinson’s 
resistance of the airway. 
 
The frictional pressure drop is jointly determined by airway resistance (R) and airflow quantity (Q). 
In essence, most ventilation disruptions are caused by aircourse resistance changes, which in turn 
change the airflow quantity and airflow distribution. 
 
According to the Square Law Eq. (4-1), the frictional pressure drop (p) can be influenced by both R 
and Q. Because p is proportional to the square of Q,	p is more sensitive than Q to changes in R; 



9 
 

therefore, p will be more sensitive to changes in R than the measured surrogate for Q, i.e., air 
velocity, v. 
 
Ventilation interruption and failure are attributed to mine resistance modification, and therefore, it 
is important to detect these changes of the mine air course resistance. For this purpose, pressure 
monitoring is superior to velocity because it is more sensitive to small changes and is unaffected by 
the confounders that impact air velocity measurements, as described earlier in this section. 
Accordingly, the signal will be less noisy, and this eliminates the need for a large deadband around 
the trigger level for the sensed value. 
 
A simple in-mine experiment was planned to compare the use of the traditional velocity and the 
pressure sensors as surrogates for airflow quantity, Q. A data acquisition system was constructed 
using an off-the-shelf data logger (MCR-4V). The data logger was mounted inside of the outstation 
provided by Matrix Team. The air velocity sensor, also provided by Matrix Team, was connected to 
the outstation. The outstation required a 110V power source. The outstation and air velocity sensor 
are shown in Figure 4-1. 
 
Another MCR-4V data logger was mounted in a Pelican box along with a small battery to power the 
data logger. The power supply for the pressure transducers was also housed in this box along with 
the interface electronics. Two Setra pressure sensors were mounted to this Pelican box7. This 
assembly was not considered intrinsically safe, and accordingly was located in fresh air. The 
regulators being monitored were in return air, which did not present a problem because Tygon 
tubing was used to connect the transducers to the atmosphere on either side of the regulator. The 
pressure recording instrumentation is shown in Figure 4-2. Additional detail on the data acquisition 
system and the Setra pressure transducer are presented in Appendix I. The collected data was 
stored on an SD card and extracted using software provided by the manufacturer of the data logger. 
 
Both velocity and pressure instruments were installed in the main of our partner underground coal 
mine. Both instrument packages were recording the same airflow. There is a regulator nearby this 
monitoring location which it was the targeted sensor location to monitor the differential pressure 
variation as discussed in the Section	4.1.4	General	Strategy	for	Sensor	Location.  
 
The air velocity sensor and the associated outstation were placed in fresh air near a 110V source. 
The velocity sensor package shown in Figure 4-3 was installed in the intake airway of the main 
marked as blue dot. The pressure sensor instrument shown in Figure 4-2 was installed at the fresh 
air marked red dot in Figure 4-3. Tygon tubing was used to extend the monitoring points across a 
regulator between the intake and return and the monitoring points are illustrated as green dots. 
Differential pressure was computed by the barometric pressure readings from two green dots’ 
positions. This is illustrated in Figure 4-3. 
 
 

 
7 A differential pressure transducer with the required sensitivity was not readily available at the time the 
instrument package was being designed. Instead, two atmospheric pressure transducers were used and the 
differential pressure was computed from the collected data. 
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Figure	4‐1. Velocity sensor with embedded data logger in the outstation. 
Note: The equipment is shown in the laboratory. 
 

 
Figure	4‐2. Differential pressure sensor with embedded data logger. 
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Figure	4‐3. In-mine sensor installation and sensor positions. 
  
Recordings were taken over a two-week period. Data from the first seven-day period is shown in 
Figure 4-4, which is used to illustrate the advantages of using pressure rather than velocity as a 
surrogate for Q. 
 

 
Figure	4‐4. Comparison of velocity and pressure as surrogates of air quantity. 
 
In Figure 4-4, the black trace is recorded pressure and the blue trace is recorded airflow. The 
estimated airflow was computed by the measured air velocity (through ultrasonic velocity sensor) 
times the fixed cross-sectional area.  There were no ventilation interruptions during this seven-day 
period. Two important observations from the figure are that both surrogates move in unison, but 
pressure is far more stable (i.e., less noisy) than velocity. This of course is a compelling reason to 
use pressure rather than velocity as a surrogate for quantity. A smoothing algorithm (Lowess) was 
used on each signal, and the result is shown in red trace. Although this removes some of the 
apparently random changes in the signal for velocity, it does not change the apparent superiority of 
pressure. Figure 4-5 is the statistical analysis of the directly measured data presented in Figure 4-4. 
To directly compare airflow and differential pressure data, the raw data were initially processed 
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through the Lowess algorithm and then both airflow and differential pressure data were 
normalized against their average values for the whole monitoring duration (7 days for this case). 
The mean and standard deviations demonstrated in Figure 4-5 is the statistical analysis of 
normalized airflow and different pressure data. Y-axis represents the counts of numbers within 
each column bin. The narrow-shaped pressure distribution with a smaller standard deviator 
suggests that the differential pressure data is more stable compared to widely distributed airflow 
data. When the mean of normalized data is approaching to one, it represents that the original 
monitored data keep somewhat constant at a single flat value which is desirable. From Figure 4-5, it 
is concluded that the different pressure data are more stable and reliable compared to the airflow 
monitored data which is a justification of the pressure monitoring system. Using the different 
pressure monitoring data, it allows the operator to further tightening of the deadband around any 
alarm level for the active monitoring system.  
 
 

 
Figure	4‐5. Mean and standard deviation for the waveforms shown in Figure 4-4. 
 
The use of pressure transducers, whether a differential transducer or two pressure transducers, 
allows for yet another practical benefit. The transducer need not be placed at the spot where the 
pressure must be measured. Plastic tubing can be run for a few inches or hundreds of feet to 
connect the transducer with the atmosphere being measured. This offers certain economies in 
terms of intrinsic-safety or permissibility requirements, while also enabling the transducer and the 
connection to the mine’s data network to be located out of harm’s way. Commercial pressure 
transducers with the required level of sensitivity are readily available at a reasonable cost. The 
transducers used in this research are described in Appendix I. The use of pressure transducers in a 
mine-wide system for routine and post-accident application is presented in Section 4.3 of this final 
report. 
 
Throughout the remainder of this report, it is assumed that the airflow will be computed using a 
pressure rather than an air velocity measurement. Measurement of the methane concentration can 
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be carried out using traditional methane monitors, and these sensors are not discussed further. 
Having justified the choice of sensor type, the next step is to address the location of these sensors to 
achieve the stated goal of this project. 
 
4.1.3	Sensor	Location	Strategy	
 
A long-standing practice in atmospheric monitoring has been to co-locate airflow, methane, and 
carbon monoxide sensors (Cohen, 1987). This practice was an electronic convenience in the early 
days of AMS by economizing on supervisory control, data acquisition, and communication circuits. 
These efficiencies are no longer concerns with today’s technology, which is inexpensive, small, and 
consumes minimal power. Nonetheless, the practice of co-location is still viewed as “the way it’s 
done.” Such an approach needlessly increases the initial cost of the system and the ongoing cost to 
calibrate and maintain sensors that may be contributing little useful information to decision-
making. The location of carbon monoxide sensors should be based on the need for early-
combustion detection, whereas the location of airflow and methane sensors should follow from the 
logical end-use of the acquired information. Sometimes logic will dictate that all three be co-located, 
but this is often unnecessary. Why is a sensor being placed at a location? What data will the sensor 
provide to inform operations? These questions are fundamental to the location strategy developed 
in this research. The event scenarios identified in this project rely almost entirely on knowing 
airflows, and methane is only required in one event scenario. 
 
The goal of this project, as previously explained, is to deploy as few sensors as possible, while 
maximizing the value of the information provided by those sensors. The task at hand is therefore to 
formulate a strategy to locate sensors that would inform decisions related to the event scenarios 
defined in Section 4.1.1. It is useful to think of such sensors as	sentinels, because they are being 
located to provide an early detection of developing problems in the mine ventilation system. 
 
Concurrently, a distinction must be made between sensors that will detect a problem versus 
additional sensors that will help to locate the specific source of the problem. An AMS with the 
ability not only to detect the development of a problem but also to pinpoint the location or source 
of the problem would seem to be ideal. The tradeoff, however, is in the number of sensors required, 
and significantly more sensors would be needed to improve location accuracy. Certainly, adding 
more sensors with a defined purpose cannot be discouraged. Nonetheless, the current operational 
reality is such that additional sensors create an additional workload and expense that is not offset 
by the value provided by those sensors. This may not be the case if, in the future, AMS applications 
of artificial intelligence are developed to automate the interpretation and decision-making 
associated with these sensors. Currently, the most immediate need is to define a smaller set of 
sensors to detect developing problems. The expectation is that a mining professional would then 
investigate to determine the exact location and cause of the developing problem.  
 
The methodology employed to develop a generalizable location strategy was straightforward. Mine 
maps were acquired for several mines with differing characteristics. Initially, the plan was to 
categorize the mines by size into three categories: small, medium, and large. The initial criteria for 
defining size were the number of working sections and the presence of one or more longwall 
sections. After further discussion and review of the maps, two categories were defined: mines with 
a longwall and mines without a longwall. The next step was to identify sensor locations in each 
mine. The locations were chosen so that each of the event scenarios could be detected. Once 
completed, the set of sensors was examined to identify redundancies or gaps in sensor locations. 
General guidance to locate the sensors was formulated from this assessment. 
 



14 
 

This proposed location strategy is presented in Section 4.1.4. First, the following subsection 
summarizes the terms used to identify sensor locations in coal mines. 
 
4.1.3.1	Mine	layout	terminology	and	definitions	
 
The guidance given for sensor locations utilizes common terms to describe locations. A brief 
summary of a coal mine layout is given here to prevent any ambiguity in the use of these common 
terms. 
 
Underground coal mines begin at an access point or portal, which may be: a drift from a face-up in 
the side of a box cut or hillside where the coal seam is exposed; a slope driven from the surface and 
through the overburden, to the coal seam; or a shaft driven from the surface down to the coal seam. 
Typically, a main fan is located near the portal because the access to the mine usually includes a 
major aircourse for the mine’s ventilation system.  
 
The mine’s major development begins at the pit mouth, slope bottom, or shaft bottom. Main	entries 
or	mains,	which may consist of nine or so individual entries, open up the deposit for exploitation 
and serve as the major intake and return aircourses. The major materials handling systems for 
personnel, supplies, and coal, the electrical power distribution system, and water lines are located 
within these mains. The entries	carrying fresh air are designated as intake	aircourses or intakes, and 
those aircourses that carry air that has been contaminated with dust and gas are known as return	
aircourses or returns. 
 
In smaller mines with only one or two room	and	pillar	sections, production	panels may be driven 
directly off of the mains, and each panel would have one active working	section. Ventilation, 
materials handling, and power to the working	section are provided from the mains. The airflow to 
the working section is controlled using a regulator that is located in the return	aircourse, i.e., the 
return entry of the production panel. The effective size of the regulator opening changes the 
resistance of the aircourse, thereby controlling the quantity of air flowing through the section.  
 
In mines with only a few continuous mining units, but a larger deposit, it may be necessary to drive 
submains	off of the mains, and then production	panels off of the submains. In many cases, the 
submains carry air and services to multiple production panels, and as such will require five or so 
entries.  
 
The room	and	pillar	production	panels typically consist of three-to-nine entries and often have a 
length of 2000 to 5000 ft. 
 
Those mines using longwall	mining define their longwall	panels by driving two three-entry gate 
roads, on the headgate and the tailgate side of the panel. Fewer than three entries will rarely be 
used in the U.S. The width of the longwall panel (i.e., the face) can be up to approximately 1600’, 
while the panel length usually exceeds 12,500’ and may approach 25,000’. Usually, the large size of 
the deposit in a longwall mine dictates that the longwall panels will be developed off of submains. 
Five longwall	panels typically define a district, and the district will be sealed from the remainder of 
the mine when the panels have been mined. 
 
Bleeder	entries, or bleeders, are developed around the periphery of the panels to carry away any 
methane that is liberated from the mined-out areas. In longwall mines, it is likely that each district 
will have a bleeder‐shaft	fan to assist in the removal of methane from the gob. Typically, a shaft of at 
least 6’ in diameter is constructed to connect the bleeder to the surface, and surface-mounted 
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exhaust fan is installed. The air will split at the tailgate-end of the face, with a fraction going to the 
bleeders and the remainder going into the tailgate return. This point is often known as the T‐split.  
 
4.1.4	General	Strategy	for	Sensor	Location	
 
The goal of the proposed strategy is to strike a balance between the number of sensors required 
and the value of the information acquired by those sensors. In essence, this strategy aims to achieve 
the smallest possible set of sensors to serve as early-warning indicators (i.e., sentinels) of 
developing problems. As explained above, pinpointing the exact location of the problem is not a 
high priority. Nonetheless, some locations that would be primarily useful for specifying the source 
are included but are clearly identified for this purpose. There may be instances where additional 
sensors are needed to address certain concerns specific to the mine, e.g., a mine on a spot-
inspection order for excessive methane under Section 103(i) of the Act.  
 
Adequate airflow on the working sections is critical, and a change from the expected value on the 
sections is cause for investigation. Monitoring for a change in the quantity of air to a room and pillar 
section can be detected at a single location, at the section	regulator. As such, the section regulator is 
a critical place to monitor. Historically, air quantity has been determined by measuring air velocity, 
but this has been problematic, as explained in Section 4.1.2. Rather than measuring air velocity, as 
is traditionally done, it is recommended that the pressure be monitored across the section 
regulator.8 Monitoring of methane at this location is not advised. If adequate air is provided under 
the ventilation plan, there should be no need to monitor methane independently. If a gassy pocket is 
encountered during mining, the equipment will be de-energized automatically or the increase in 
methane concentration will be detected during routine gas checks. In the very unusual context of a 
mine culture wherein the machine-mounted monitor would be disabled, or routine gas checks 
neglected, there would be a risk that a serious problem could develop unnoticed. However, this risk 
will not be necessarily mitigated by using a methane monitor outby the section regulator, simply 
because it is likely that it would be disconnected as well. Therefore, the recommendation is to 
monitor air quantity, i.e., the pressure across the regulator, but not methane at the section 
regulator.  
 
Providing sentinels for a longwall section requires a few more monitored points than for 
continuous miner room and pillar sections. The pressure across the regulator in the return entry at 
the mouth of the section is an important location, as it was for room and pillar sections.  
 
The t-split shown in Figure 4-6 is a critical location. It is essential that the pressure at the tailgate 
with respect to the pressure in the bleeder entry (#2 entry in Figure 4-6) be maintained to ensure 
that there is adequate airflow from the tailgate to the bleeder entry. Therefore, it is important to 
monitor the pressure between the tailgate and an outby point in the tailgate entry, which is being 
used as a bleeder. The pressure transducer should be located at the tailgate and a rubber tube 
should be run outby the face in the #3 entry (tailgate return) and terminated by placing it through a 
hole in the stopping separating the #3 (tailgate return) from the #2 (bleeder). It is recommended 
that this termination point be three to five stoppings outby the tailgate to minimize the number of 
times that it must be moved. Further, a small pipe (< ½”) should be installed in these stoppings 
when they are constructed. This will facilitate the movement of the rubber tube and ensure that no 
one has to go into the #2 entry to place or remove the tube as the longwall face retreats. Once the 
tailgate approaches this stopping, it will be necessary to relocate the tube to an outby stopping. 

 
8 The advantages of measuring differential pressure rather than air velocity are shown in Section 4.3, which 
describes the in-mine validation performed for this research. 
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There are certainly other regulators and points that could be monitored for the longwall, but from a 
safety perspective and consistent with the goal of identifying only critical sentinels, monitoring at 
the t-split is the key sentinel. Notwithstanding, monitoring the pressure drop across the tailgate 
regulator, labeled in Figure 4-6, could serve an important sentinel function. If a partial obstruction 
were to develop in the tailgate return entry, some distance outby the tailgate, it may not be readily 
detected at the t-split. Given the relative ease of establishing a sentinel at this regulator, it is 
recommended that it be added. 
 
There are variations on the ventilation design for longwalls, given unique conditions in certain 
mines. Regardless of these variations, it is critical to monitor the t-split to ensure that conditions 
there agree with design or plan values. Depending on unique circumstances at a mine, it may be 
useful to add an additional sentinel. 
 
The foregoing discussion has focused on capturing air quantity, i.e., pressure, as a surrogate for 
quantity. There is little need to monitor methane to achieve the desired early-warning functionality. 
In most cases, detecting disturbances to the flow will allow corrective action well before methane 
levels begin to rise. One notable exception is locations immediately outby points where sealed areas 
are adjacent to the submain or main return aircourses. These locations should be monitored for 
methane to detect the rare event in which methane leaks through the seals into the active mine 
workings. 
 
Finally, the total head and methane concentration at the surface fan(s) can serve as sentinels and, as 
such, should be monitored. Other potential sentinels at the fan would include CO. Most mines 
already monitor these parameters at their fans. 
 
The sensors and locations to serve as sentinels for the detection of developing and potentially 
hazardous conditions have been described in this section. Many additional locations could be added 
to aid in locating the source of a problem. Sensors at many of the evaluation points identified in the 
mine’s ventilation plan would be helpful, but not essential, to alert mine personnel to a potential 
problem that they should investigate. 
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Figure	4‐6. Placement of the pressure transducer and monitoring points to serve as a sentinel for 
the t-split. 
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4.1.5	Summary	of	Information	Needed	
 
Conditions that may compromise the mine ventilation system, which have been designated as event	
scenarios, have been identified in this section. A strategy for placing sensors to facilitate the early 
detection of these event scenarios has been presented. These sensors, or sentinels, were selected to 
minimize the total number of sensors by including only those that provide essential information for 
detecting potentially hazardous conditions. This set of sensors will not necessarily define the 
specific location of the problem and doing so will require human intervention. The efficacy of this 
strategy was tested using computer simulation. The details of these simulations and the findings 
are presented in Section 4.2. An in-mine validation effort was also completed, and this is described 
in Section 4.3. 
 
4.2	Modeling	and	Simulation	Studies	
 
The purpose of the work described in this section was to determine the extent to which the event 
scenarios could be detected by sensors that were placed in the mine according to the proposed 
location strategy. As a first step, a map and the p‐Q	survey data set was obtained for a small and a 
large mine. The small mine was representative of the one-, two-, and three-unit mines commonly 
found in the U.S. The large mine was representative of mines with one or two longwalls and the 
associated continuous mining units.  
 
The next step was to model the event scenarios for a range of severity levels. For example, for the 
problem in which the aircourse resistance increases, a full range of obstructions from very slight to 
full were modeled. Concurrently, the mine’s ventilation network was built using the mine map and 
the p‐Q survey data. A series of simulations were then executed using the ICAMPS MineVent 
software. The simulations were designed to study the sensitivity of changes within each event 
scenario at various locations in the mine, and particularly at the locations being proposed for the 
placement of sentinels. This approach is illustrated in Figure 4-7. 
 

 

Figure	4‐7. Illustration of the simulation approach used to investigate the ability of sensors in 
specific locations to detect developing problems. 
 
A description of the modeling and the results of the simulations are presented in this section.  



19 
 

4.2.1	Network	Model	Establishment	and	Simulation	
 
The Ohio Automation ICAMPS software package, which is based on the expanded Hardy Cross 
algorithm, was used in this research. ICAMPS-MineVent is an AutoCAD-based network drawing 
program in which the designated network nodes and branches can be mapped by using AutoCAD 
snap features on the basis of as-mined and/or projected timing maps. Mine ventilation network 
simulation typically starts with building the mine geometric structure network, which includes 
nodes and branches. In the network model, each branch is defined by a “from” and “to” junction 
number. It is a common practice to integrate parallel airways into a single branch.  
 
After the geometric network is established, the input parameters defining the branches and the 
mine fan must be entered in order to execute the simulation. The branch information includes the 
type of each branch, e.g., fixed resistance or fixed/regulated airflow, and the branch resistance. The 
branch resistances can be specified in ICAMPS in the following ways: (1) directly as a fixed value 
defined by the user; (2) as an estimate from the measured pressure drop (p) and airflow quantity 
(Q); or (3) from an implied friction factor (k), airway geometry, and an indication of shock losses 
through Atkinson’s equation. The fan data for the simulation is entered by the user either as a fan 
curve or as a fan table with pressure and volume data provided by the fan manufacture.  
 
In this study, two ventilation network models were established: one for the small room and pillar 
coal mine (hereinafter referred to as the “small mine”) and the other for a large underground 
longwall operation (hereinafter referred to as the “large mine”). Both models were built based on p‐
Q ventilation survey data. The manufacturer-supplied fan curves were used for the simulations. The 
mine maps were used to establish the intake, return, belt, and leakage branches network for both 
mines. The resistance of each branch was estimated by inputting p‐Q survey data for the mine. After 
the model was run, the results were compared to the survey. The branch parameters were adjusted 
until a satisfactory agreement between the model output and the survey data was achieved. This 
validated model was then used for the base case and the starting point for the simulations. 
 
4.2.2	Branch	Resistance	Estimation	and	Modeling	
 
The first event scenario of interest is the gradual increase in airway resistance, which may result 
from an accumulation of water in the airway or ground control events. Out of all scenarios, this is 
known to be the major and most common cause of mine ventilation disturbances. (MSHA, 2016). 
Regardless of the cause, the result is an increase in the resistance of that aircourse due to a 
reduction in the cross-sectional area and the roughness of the aircourse. Three common causes are 
illustrated in Figure 4-8. 
 
To quantify the frictional pressure drop across an air branch, Atkinson’s equation is introduced 
(McPherson, 1993):  
 
𝑝 ൌ 𝑘𝐿

ை

஺
𝑣ଶ            (4-2) 

 
where p is the pressure drop of an airway with length L, cross-sectional area A and perimeter O, v is 
air velocity, and k is the Atkinson friction factor. 
 
Writing Atkinson’s equation in the terms of airflow, 𝑄 ൌ 𝑣𝐴, results in the following: 
 
𝑃 ൌ 𝑘𝐿

ை
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𝑄ଶ           (4-3) 
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And, then combining the square law of mine ventilation, 𝑃 ൌ 𝑅𝑄ଶ, the airway resistance is 
expressed as: 
 
𝑅 ൌ 𝑘𝐿

ை

஺య
           (4-4) 

 
For airways with a circular cross section:  
 
𝑂 ൌ 𝜋𝑑,𝐴 ൌ 𝜋ሺ𝑑/2ሻଶ          (4-5) 
 
Therefore, 
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This proportionality can be rewritten as: 
 
𝑅 ∝

ை

஺
భ
మ

ଵ

஺
ఱ
మ
ൌ 𝑆𝐹

ଵ

஺
ఱ
మ
          (4-7) 

 
where SF is the shape factor.  
 
The shape factor is a constant for a given shape cross section. It has been proven that a circular 
airway will have a minimum possible shape factor at 3.5449 as estimated by: 
 
𝑆𝐹ሺ𝑐𝑖𝑟𝑐𝑙𝑒ሻ ൌ
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ൌ 3.5449                      (4-8) 

 
The shape factor for non-circular shapes will be greater than the value for the circular cross section. 
The shape factors for other shapes are generally normalized with respect to the circular airway 
through the relative shape factor, and this relative shape factor is defined as the ratio of the shape 
factor for the given geometry to the shape factor for the circular airway (3.5449). Relative shape 
factors deriving from several width-height rations for the rectangular airway considered in this 
study are listed in Table 4-1. 
 
For rectangular airways, 𝑂 ൌ 2ሺ𝑎 ൅ 𝑏ሻ 𝑎𝑛𝑑 𝐴 ൌ 𝑎𝑏, where a and b are the length of horizontal and 
vertical side of rectangular airway. 
 

𝑅 ൌ 𝑘𝐿
ଶሺ௔ା௕ሻ

ሺ௔௕ሻయ
	 	 	 	 	 				 	 	 	 	 	 				(4-9) 

 
The hydraulic diameter of rectangular can be expressed as: 
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On this basis, the cross-sectional area reduction induced resistance change can be estimated, and 
these were shown in Table 4-1.  
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a. floor heave with soft mine floor 
 

 

b. water accumulation 

 

c. convergence of openings 
Figure	4‐8. Common causes of ventilation system disturbances. 
 
4.2.3	Parallel‐Airway	resistance	
 
In the modeling of coal mine room and pillar layouts, the p‐Q survey is always simplified by 
considering several parallel airways with the same function as one airway branch and calculating 
the resistance based on parallel airway connection for its equivalent resistance as: 
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ଵ
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	 	 	 	 	 	 	 	 	 (4-11) 

 
where 𝑅௧ is the total resistance of n parallel airways and R୧ is the ith parallel airway. 
 
Table	4‐1. Resistance values for rectangular airways shown in Figure 4-8, with various width-height 
ratios. 

Cross 
section 
shape 

Width-
height 
ratio 

Relative 
shape factor 

Cross 
section 
area 

Resistance 
 

Parallel airway 

Single 
airway 
collapse 

Double 
airway 
collapse 

 a/b 
2ሺ
𝑎
𝑏

൅ 1ሻ/ඥ𝑎/𝑏 
1.5/ሺ𝑎/𝑏ሻ 

𝑅௘
ൌ 𝐶/𝑑`ହ 

𝑅

ൌ 1/ሺ
1
𝑅௘

൅ 1
൅ 2/ඥ𝑅௘ሻ 

 

Rectangular 
1.5 1.15 𝐴 𝑅௘ 

𝑅௧
ൌ 0.25𝑅 

𝑅௧ ൌ 0.25𝑅 

Rectangular 1.75 1.17 0.86 𝐴 1.61 𝑅௘ 1.25 𝑅 1.61𝑅௧ 
Rectangular 2 1.20 0.75 𝐴 2.49 𝑅௘ 1.50 𝑅 2.49 𝑅௧ 
Rectangular 2.5 1.25 0.60 𝐴 5.38 𝑅௘ 1.95 𝑅 5.38 𝑅௧ 
Rectangular 3 1.30 0.50 𝐴 10.49 𝑅௘ 2.34 𝑅 10.49 𝑅௧ 
Rectangular 3.5 1.36 0.43 𝐴 18.90 𝑅௘ 2.64 𝑅 18.90 𝑅௧ 
Rectangular 4 1.41 0.38 𝐴 32.00 𝑅௘ 2.89 𝑅 32.00 𝑅௧ 
Rectangular 5 1.51 0.30 𝐴 79.63 𝑅௘ 3.23 𝑅 79.63 𝑅௧ 
Rectangular 6 1.61 0.25 𝐴 172.10 𝑅௘ 3.45 𝑅 172.10 𝑅௧ 
Rectangular 7 1.71 0.21 𝐴 335.54 𝑅௘ 3.60 𝑅 335.54 𝑅௧ 
Rectangular 8 1.80 0.19 𝐴 604.66 𝑅௘ 3.69 𝑅 604.66 𝑅௧ 

Rectangular 
9 1.88 0.17 𝐴 

1024.00 
𝑅௘ 3.76 𝑅 1024.00 𝑅௧ 

Rectangular 
10 1.96 0.15 𝐴 

1649.16 
𝑅௘ 3.81 𝑅 1649.16 𝑅௧ 

Note: 𝑎 and 𝑏 represent the length and width of rectangular airway; 𝐴 and 𝑅௘ are the initial cross-
sectional area and initial unit length airway resistance; and 𝑅௧ is the initial resistance of parallel 
airway system. All calculation formulas are from McPherson (1993). 
 
The small mine case, described in the next section, has two parallel intake entries, two parallel belt 
entries, and one single entry serving as the return. As described above, a roof fall or entry 
convergence will reduce the area of the entry and increase the roughness of the inner surfaces, both 
of which will ultimately increase the resistance of the airway and change the airflow distribution. 
According to Equation (4-9), as the cross-sectional area decreases, the airway resistance increases. 
For parallel entries, the roof fall or entry convergence may occur within a single airway due to 
support failure or overburden stress compression. However, such an event may simultaneously 
affect both entries if, for example, the pillar between the two parallel entries is deformed, as 
conceptually illustrated in Figure 4-9(a)&(b). The estimation of resistance modifications should 
therefore be different for these two cases. Resistance change due to roof fall/airway convergence is 
evaluated in Table 4-1, where roof falling/airway convergence is divided into several subcases with 
various width-height ratios representing subtle, moderate, and severe roof fall cases. 
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a. Single airway roof falling/deformation in a parallel system 

 
b. Coal pillar collapse-induced roof falling/deformation in a parallel airway system 
	
Figure	4‐9. Illustration of roof falling/roof convergence in parallel airways. 
  

 
Figure 4-9(a) illustrates the single airway convergence cases that cause various perturbations on 
the initial ventilation system. The corresponding resistance change due to roof falling/deformation 
is listed in Table 4-1. In a parallel-airway system, if even one of the airways fully collapses, the total 
resistance is 4 times based on the parallel law (𝑅௧ ൌ 0.25𝑅). This incident can lead to the local 
pressure and velocity variations, but it is difficult to detect remotely because this type of incident 
may only slightly change the ventilation parameters in the overall mine system. In contrast, the roof 
falling/convergence caused by pillar collapse in a parallel airway system (Figure 4-9(b)) can lead to 
much larger changes in both pressure and airflow distributions in different regions of the whole 
ventilation system. The resistance calculation in Table 4-1 indicates that when the cross-sectional 
area is reduced to 50% of its original value, the resistance of this parallel-airway system will be 10 
times its original value. When the cross-sectional area is reduced to 21% of its original value, the 
resistance can increase by as much as 336 times, which may cause a dramatic pressure or velocity 
change in the system. By installing the monitor at proper positions for sentinel purposes, the mine 
ventilation incidents can be detected in real time.  

(1) 

(2) 

(3) 

(1) 

(2) 

(3) 
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Based on these analyses, three values of resistance after the roof fall or other obstruction were 
chosen for the simulations to investigate how these changes influence the overall ventilation 
system. The three resistances are 32R, 335R and 1649R, which correspond approximately to a 
cross-sectional area reduction of 65%, 80%, and 85%.  
 
4.2.4	Small	Mine	Simulation	Studies	
 
The small mine used in this study mined metallurgical coal in a 60” seam using two continuous 
mining sections. The mine map is shown in Figure 4-10(a) and the network used for the simulation 
is shown in Figure 4-10(b). Two roof fall incidents at different locations were numerically 
investigated using the validated ventilation model. The first roof fall incident is located at the intake 
heading of the submain. The second roof fall incident is located at the intake airways of the 
extended main. Both incidents are marked as red stars in Figure 4-10. To simulate different levels 
of severity of the roof fall, the branch resistance hypothetically becomes 32R, 335R, and 1649R, 
where R is the original branch resistance. These resistance values were selected based on the 
analytical resistance evolution for different levels of airway blockage. The detailed analyses were 
provided in the previous section.  
 
The simulation was executed by manually increasing the designated branch resistance based on the 
values listed in Table 4-1, then running the simulation to achieve a new equilibrium. From the 
simulation results, both air quantity and pressure data at all branches and network nodes were 
reduced. The differential pressure for any two nodes can be calculated from the simulation results. 
According to the proposed sensor location strategy, the regulators were selected as monitoring 
points and two regulators were installed in the small mine. One is the regulator at the return of 
submain (marked M1) and another is installed near the portal between the return and belt airways 
(marked M2), as shown in Figure 4-10. For each roof fall incident, data reductions were run from 
the equilibrium simulation output, and the differential pressure across the regulators at M1 and M2 
was estimated. The influence of each roof fall incident on the local and global ventilation system 
was analyzed by comparing the changes in differential pressure across different regulators in the 
mine. 
 
 
Table	4‐2. Results of differential pressure at different regulators with various roof fall pilots. 

Roof fall pilots 

Cross sectional 
area 

Resistance Differential 
pressure at M1 

Differential 
pressure at M2 

𝐴 
𝑅௘ 

 0.44 0.57 

Case1 the 
(Intake 
heading of the 
submain) 

0.38𝐴 32.00 𝑅௘ 0.31 0.59 
0.21𝐴 335.54 𝑅௘ 0.07 0.62 

0.15𝐴 1649.16 𝑅௘ 0.02 0.64 

Case 2 
(Intake of the 
extended 
main) 

0.38𝐴 32.00 𝑅௘ 0.54 0.55 
0.21𝐴 335.54 𝑅௘ 0.67 0.49 

0.15𝐴 1649.16 𝑅௘ 0.71 0.46 
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Figure	4‐10. Small mine layout and corresponding ventilation network.
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The results of ventilation network simulation with various roof fall incidents are listed in Table 4-2 
and plotted Figure 4-11. The simulations demonstrated that different roof fall incidents can 
dramatically influence the airflow and air pressure distributions at this small mine. For the first 
scenario, the hypothetical roof fall occurs in the submain at the mouth of the panel, as illustrated in 
Figure 4-10. The differential pressure at monitoring point 1, M1, across Regulator 1 quickly 
dropped with respect to the resistance increase at the heading of the submain. This result can be 
explained by the resistance distribution of the overall mine. Since the overall resistance at the 
submain increased because of the roof fall at the heading, the total airflow delivered to the submain 
became restricted. According to the Square Law of ventilation frictional pressure drop, ∆𝑝 ൌ
𝑅௥௚ଵ𝑄ଶ, where ∆𝑝 is the pressure drop across the regulator, 𝑅௥௚ଵ is the resistance of regulator, and 
Q is airflow through the regulator. The resistance across the regulator did not change, but the 
airflow through the regulator decreased because of the obstruction in the intake entry. 
Consequently, the differential pressure across the regulator decreased. For Regulator 2, the 
differential pressure slightly increased when the roof fall occurred in the submain region, as shown 
in Figure 4-11. The simulation results therefore support the conclusion that the roof fall incidents at 
the submain can be detected by pressure drops at both regulators. However, the effect was greater 
at Regulator 1, which was nearer to the incident than Regulator 2. 
 
In Case 2, the roof falls occurred at the intake of the extended main, as shown in Figure 4-10. 
Calculations of pressure drops across the two regulators are illustrated in blue and pink dash lines 
in Figure 4-11. As the extent of the obstruction increases, the differential pressure measured at M1 
(at Regulator 1) increases. This outcome is expected because the increased resistance in the 
extended main causes more air to split to the submain. For Regulator 2, a slight decrease of 
differential pressure was observed at M2, thus indicating an airflow decrease from the belt towards 
return. This case demonstrates that the differential pressure (airflow) measured at either regulator 
can capture subtle changes to the ventilation system even when they are installed relatively far 
from the incident location. 
 
To compare the sensitivity of differential pressure for both regulators, the percentage change in 
differential pressure is plotted in Figure 4-12. The results indicate that the response of Regulator 1 
(M1) is more sensitive than that of Regulator 2 (M2) for both roof fall incidents. As shown in Figure 
4-12, the differential pressure across Regulator 1 (M1) increased by 61% in Case 2 and decreased 
by 95% in Case 1 when the resistance of roof fall branch is 1649R. By comparison, there was only a 
12% increase in Case 1 and a 19% decrease in Case 2 for Regulator 2 (M2). These results suggest 
that ventilation variation is somewhat position-dependent and adjacent monitoring stations can 
effectively capture the ventilation changes in its regional area. Here, it should also be noted that the 
remote monitoring station, M2 for the small mine, can detect the change but it is challenging to 
determine the cause and specific location of the problem. Therefore, as explained earlier in this 
report, human intervention is required to determine the exact cause and location. Of course, a 
larger number of sensors could be distributed throughout the mine to aid in the exact location of 
the disturbance.  
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Figure	4‐11. Plot of differential pressure at two monitoring regulators in roof fall incidents. 
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Figure	4‐12. Percentage change of differential pressures at regulators for Cases 1 and 2. 
 
 
The two scenarios described above indicate that the differential pressure data across the 
prescribed regulators can effectively capture the ventilation perturbations with different roof fall 

X1 X32 X335 X1649

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.0

24.9

49.8

74.7

99.5

124.4

149.3

174.2

D
iff

er
et

ni
al

 P
re

ss
ur

e 
(P

a)

0.15A0.20A0.38AA

Cross sectional area
D

iff
er

et
ni

al
 P

re
ss

ur
e 

(in
 W

.G
.)

Resistance

 Case1_M1
 Case1_M2
 Case2_M1
 Case2_M2



28 
 

incidents. Pressure sensors can be employed to identify the incidents in the mine to serve as 
sentinels for ventilation changes.  
 
4.2.4.1	Simulation	of	excess	leakage	and	unauthorized	modifications	of	ventilation	controls		
	
In underground mines, necessary connections are made between intakes (belts) and returns at 
certain stages of mine development. When these connections are no longer required for access 
and/or ventilation, stoppings are built to prevent short-circuiting of the airflow. As the mine 
develops, abandoned areas of the mined-out regions are isolated from the active ventilation system 
and mine seals are constructed at the entrances of the connecting airways. At certain locations, 
where the access must remain available between an intake (belt) and a return airway, ventilation 
doors can be installed on the stoppings. A passive regulator is an adjustable orifice fitted onto a 
door or a stopping. Its purpose is to regulate the airflow to a desirable value in a given airway or 
section of the mine. The airflow can be adjusted by sliding the panel manually at the desirable 
position. 
 
Among all of these doors and stoppings, there is ample opportunity for air leakage through the 
perimeter. If a mine has a moisture-sensitive roof and floor or weak ribs, the airways are liable to 
converge. This occurrence can potentially result in premature failure or cracking of the stoppings, 
which can lead to an excessive leakage between aircourses. Another cause of excessive leakage is 
opening a regulator to gain passage, and then forgetting to close it or return it to its original setting. 
Occasionally, miners on a section will change a regulator setting or prop open a door to gain 
additional air for their section. This change could have immediate consequences to other parts of 
the mine, and as such, it is crucial to understand how the sentinels can be optimized to respond to 
these changes or leakages. A series of ventilation simulations was conducted to check the 
differential pressure outcomes from various leakage conditions and regulator settings. 
 
Two cases were simulated to represent potentially excessive leakage using ICAMPS-MineVent. The 
small mine was used as the example site. One case is an unauthorized man door opening, labeled 
C11 in Figure 4-13, and the other is a leak at the stopping between the intake and belt airways at 
the submain, labeled C12 in this figure. The leakage paths were added to the existing ventilation 
network for the simulation. In principle, different intensities of airflow leakage can be simulated by 
assigning different leakage path resistances. The lower the resistance of the leakage path, the 
higher the airflow leakage. In order to identify the resistance reduction for a progressively 
increased leakage, a conceptual model of equivalent leakage hydraulic diameter is introduced in 
Figure 4-14. The air leakage through a man door or a stopping is equivalent to the air going through 
a circular pipe with a diameter of 𝑑଴. The resistance drop due to leakage can be quantified as: 
 
𝑅଴ ൌ 𝐶

௞௅

ௗబ
ఱ           (4-12) 

 
where 𝑅଴ is the original airway resistance, which can be calculated based on the p‐Q ventilation 
survey; 𝑑଴ is the initial equivalent airway hydraulic diameter; and C is the constant. 
 
When the leakage path hydraulic diameter increases up to X times of d0, (i.e., 𝑑 ൌ 𝑋𝑑଴), the 
resistance drops to 1/𝑋ହ of its original value: 
 
𝑅 ൌ 𝐶

௞௅

ௗఱ
ൌ

ଵ

௑ఱ
𝑅଴          (4-13) 
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By introducing this conceptual model of leakage resistance estimation, different cases of man door 
and stopping resistance drop were estimated and listed in Table 4-3. Seven of these cases (bolded 
in the table) were simulated using ICAMPS to check the responses of the pressure changes at the 
monitoring stations M1 and M2, which are shown in Figure 4-10 above. 

	
	
Figure	4‐13. Man doors and stopping leakage positions on the mine map. 
 
The resulting pressure drops are plotted in Figure 4-15. As shown for man door leakage in Figure 4-
15(a), the pressure drops for M2 had an overall increase as the leakage increased, thus suggesting 
that the overall airflow delivered to the mine increased. This outcome was expected because the 
leakage airflow from the intake to the belt airway should provide additional airflow to the mine 
system. In other words, the belt airway behaved, to some extent, as a parallel intake entry, thereby 
decreasing the overall resistance for the intake airways. Given that the overall airflow increase 
contributes to the M2 pressure drop, these results show that M2 is an effective way to capture the 
airflow changes for the overall mine.  
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Figure	4‐14. Illustration of airflow leakage through man doors in stoppings. 
 
Table	4‐3. Resistance values for rectangular airways with various width-height ratios. 

No. d/d0 Leakage area 
increase 

Resistance 
reduction 

C11 Resistance C12 Resistance 

  A 𝑅଴ original new original new 
1 1.05 1.1 A 78.35% 𝑅଴ 4652.692 3645.506 1305.198 801.2781 
2 1.1 1.2 A 62.09% 𝑅଴ 4652.692 2888.956 1305.198 503.2102 
3 1.2 1.4 A 40.19% 𝑅଴ 4652.692 1869.813 1305.198 210.7967 
4 1.3 1.7 A 26.93% 𝑅଴ 4652.692 1253.105 1305.198 94.67662 
5 1.4 2.0 A 18.59% 𝑅଴ 4652.692 865.0956 1305.198 45.12278 
6 1.5 2.25 A 13.17% 𝑅଴ 4652.692 612.7002 1305.198 22.63412 
7 1.6 2.56A  9.54% 𝑅଴ 4652.692 443.7153 1305.198 11.8707 
8 1.7 2.89 A 7.04% 𝑅଴ 4652.692 327.6874 1305.198 6.474214 
9 1.8 3.2 A  5.29% 𝑅଴ 4652.692 246.2305 1305.198 3.655537 
10 1.9 3.61 A 4.04% 𝑅଴ 4652.692 187.9041 1305.198 2.128826 
11 2 4 A 3.13% 𝑅଴ 4652.692 145.3966 1305.198 1.274607 
12 3 9 A 0.41% 𝑅଴ 4652.692 19.14688 1305.198 0.022104 
13 4 16 A 0.10% 𝑅଴ 4652.692 4.543645 1305.198 0.001245 
14 5 25 A 0.03% 𝑅଴ 4652.692 1.488861 1305.198 0.000134 
15 6 36 A 0.01% 𝑅଴ 4652.692 0.59834 1305.198 2.16E-05 
16 7 49 A  0.01% 𝑅଴ 4652.692 0.276831 1305.198 4.62E-06 
17 8 64 A 0.00% 𝑅଴ 4652.692 0.141989 1305.198 1.22E-06 
 
Notes: d – equivalent leakage hydraulic diameter; A – cross section area of leakage circle; R0 – 
original resistance of doors (stoppings). 
 
However, the results for M1 fluctuate in different conditions. This outcome was also expected 
because the M1 is located at the end of the submain, where it can only capture the local changes. 
Moreover, the quantity of the airflow delivered to the submain was partially determined by the free 
split between the submain and the extended main. In effect, the airflow to the submain is not only 
determined by the submain but also by the variation of the extended main.  
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(a) Case study results of main door air flow leakage (A - initial equivalent area and R0 - initial 

resistance of leakage entry) 
 

 
(b) Stopping air flow leakage at extended main (A - initial equivalent area and R0 - initial resistance 

of leakage entry) 
 
Figure	4‐15. Results of pressure drop and airflow at monitored spots in different resistance 
reduction cases. 
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For the stopping leakage, the pressure drops at M1 and M2 are plotted in Figure 4-15(b). As with 
Case 11, the pressure drop for M2 near the portal increases when excessive airflow leakage occurs 
at the extended main. The M1 station at the end of the submain changes with airflow leakage at the 
extended main. The increased pressure drop at M2 occurs because the leakage makes the belt entry 
behave as a parallel airway to the intake, resulting in a decrease in the overall resistance of the 
extended main. However, comparison of both cases reveals that there was a total of 0.3 in water 
gauge (W.G.) pressure drop (0.8-0.5) for Case 11 and 0.1 in W.G. increase for Case 12. This 
difference resulted from the overall mine resistance change. In Case 11, a much longer belt airway 
behaved as a parallel intake entry because it started from the portal to the end, whereas in Case 12, 
it only influenced the branches at the extended main. Consequently, Case 11 should have a higher 
pressure drop than Case 12. In both cases, the M1 station was not effective in capturing the airflow 
leakage because it did not yield consistent results. Therefore, the simulation results indicate that 
low levels of air leakage cannot be detected. 
 
In addition to studying the pressure changes at the two monitoring stations, M1 and M2, the 
influence of the leakage on fan performance was examined in order to determine whether fan 
pressure can be used as a sentinel for airflow leakage. The results are shown in Figure 4-16. 
Evidently, the man door leakage had a much stronger impact on the fan pressure compared to the 
stopping leakage at the extended main. The increasing leakage led to a drop of fan pressure and an 
increase of airflow because of the overall decrease in mine resistance. A change in the fan pressure 
was not observed for stopping leakage because this leakage only influences pressure locally. In 
sum, fan pressure can be used only to detect a significant short circuit or leakage, in which the 
leakage results in a decrease to the overall mine resistance; otherwise, this sentinel (at the fan) is 
not sensitive enough to capture airflow leakage. 
 

 
Figure	4‐16. Results of fan performance at monitored spots in different resistance reduction cases. 
	
4.2.5	Large	Mine	Simulation	Studies	
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The important difference between a “small” and “large” mine, for the purposes of this project, is 
that the large mine has one longwall or more. The monitoring strategies examined in the previous 
sections of this report apply to any size of mine. The location principles articulated apply to the 
continuous miner sections used for mains and panel development in a large mine. Of course, it was 
necessary to build the mine ventilation model for the large mine used for these studies. This was 
the same as described above: the AutoCAD-specified network was input into MineVent, and then 
the p‐Q survey data for that mine was used to adjust the model parameters. Once sufficient 
agreement was obtained between the model predictions and the observed ventilation survey 
results, these model results were used as the base case for the subsequent simulations. This mine 
had seven sealed longwall panels, one working panel, one developed panel, and a bleeder system, as 
shown in Figure 4-17.  
 
The ventilation network for a large-scale longwall operation with multiple panels can be very 
complicated. Each longwall district will have a bleeder fan and often there are multiple portals. This 
complexity can be seen in Figure 4-17. Nonetheless, the key events of interest on a longwall 
operation are ensuring that the design-level of intake air is available to the longwall face and 
ensuring that air movement at the t-split is according to the design (approved plan) values. 
Sentinels to detect problems that are affecting these airflows were described in Section 4.1 and 
shown in Figure 4-6.  
 
For the purposes of this large mine simulation, two monitoring stations were selected as shown in 
Figure 4-17. One (M1) is at the regulator between fresh and return aircourses in the tailgate at the 
T-split and the other (M2) is located at the regulator in bleeder system at the active panel. The 
locations of these two cases are shown in Figure 4-17.  
 
Two locations were selected to introduce disturbances to the system, i.e., obstruction of the 
aircourse: one a midface of the longwall and another in the center (#2) entry of the tailgate bleeder. 
The locations of these two cases are illustrated in Figure 4-17.  
 
Induced resistance changes were simulated in the same fashion as for the small mine case and the 
pressure changes across the regulators were examined. The sensitivity of the sentinels was then 
analyzed. The resulting differential pressures at each monitored location, for each of the cases and 
resistance values, are summarized in Table 4-4. The resulting differential pressures at M1 and M2, 
for each case and differing levels of obstructions, are plotted in Figure 4-18. The percentage 
changes in pressure at each of the monitored locations, for each case and each level of resistance, 
are shown in Figure 4-19.  
 
Table	4‐4. Results of differential pressures at M1 and M2 for different resistances for each case. 

Roof fall pilots 

Cross sectional 
area 

Resistance Differential 
pressure at M1 

Differential 
pressure at M2 

𝐴 𝑅௘ 
 1.74 3.42 

Case1  
 (Working 
panel) 

0.38𝐴 32.00 𝑅௘ 0.87 3.4 
0.21𝐴 335.54 𝑅௘ 0.33 3.38 
0.15𝐴 1649.16 𝑅௘ 0.26 3.38 

Case 2 
(Center entry 
of bleeder 
system) 

0.38𝐴 32.00 𝑅௘ 1.5 3.06 
0.21𝐴 335.54 𝑅௘ 1.43 2.95 

0.15𝐴 1649.16 𝑅௘ 1.42 2.91 
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Figure	4‐177. Large mine layout ventilation network with monitoring stations. 
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Figure 4-18. Differential pressure at regulators for each case and for different levels of resistance. 
 

 
Figure	4‐19. Percentage change of differential pressures at the monitored locations for each case 
study. 
 
In Case 1 with an obstruction at midface of the longwall, differential pressure across R1 slightly 
decreased as the obstruction increases. Reduced airflow at working panel leaded to differential 
pressure drops for both M1 and M2 for regulator R1 and R2 as shown in Figure 4-18. The 
differential pressure across R2 showed an obvious decrease. In Case 2 with obstruction the center 
(#2) entry of the tailgate bleeder, the total amount of air went through #2 entry of the tailgate 
decreased. Because of the limited airflow toward the bleeder entry, more airflow was forced to pass 
through the return at the tailgate and therefor, pressure at return aircourse in the tailgate increases 
and correspondingly the differential pressure across R1 is found to be decreased as illustrated in 
Figure 4-18. For both cases, the differential pressures at both T-split and bleeder system were 
found to be decreased with both types of airway obstructions. These simulation results suggest the 
differential pressure monitoring at the two designate regulators can serve as effective sentinels to 
alert mine personnel to the need for closer examination when pressure drops.  

X1 X32 X335 X1649

0

2

4

6

8

10

0.0

497.7

995.4

1493.0

1990.7

2488.4

D
iff

er
et

ni
a

l P
re

ss
ur

e 
(P

a)

D
iff

er
et

ni
a

l P
re

ss
ur

e 
(in

 W
.G

.)

Resistance

 Case1_M1
 Case1_M2
 Case2_M1
 Case2_M2

-50.0

-81.0
-85.1

-0.6 -1.2 -1.2

-13.8
-17.8 -18.4

-10.5
-13.7 -14.9

X1 X32 X335 X1649
-100

-80

-60

-40

-20

0

P
er

ce
nt

ag
e 

(%
)

Resistance

 Case1_M1
 Case1_M2
 Case2_M1
 Case2_M2



   

36 
 

Similar to observed results for the small mine, the monitoring position closest to the introduced 
disturbance is more sensitive to changes than more distantly located sentinels. In Case1, the 
differential pressure at M1 was 85.1% smaller than its initial value when the longwall face increase 
for 1649R. However, the influence at M2 was negligible. In Case 2, both monitoring stations at the 
regulators can effectively capture the converge of center entry at the bleeder. The highest reduction 
of pressure drop at M1 was 18.4% with the 1649R, and the largest reduction of that at M2 was 
14.9%, as shown in Figure 4-19. 
 
4.2.6	Differential	pressure	drop	at	the	designated	regulator	for	small	and	large	mines	
 
To quantitatively estimate the variations of pressure drops under various ventilation interruptions, 
the small and large mine examples were discussed here. The validated mine ventilation models 
discussed in Section 4.2.1 were used to obtain the in	situ regulator resistances and initial airflows.  
 
For the small mine, C11 regulator was selected for the analysis and the resistance and airflow were 
listed in Table 4-5 and the location of the regulator is shown in Figure 4-13. The initial pressure 
drop is 109.5 Pa. If the airflow reduced by 70% (12.6 kcfm × 70% = 8.82 kcfm ≈ 9,000 cfm), the 
pressure drop becomes 10.7 Pa. For regulator C11, it indicates that the pressure change is 98.8 Pa 
(109.5 – 10.7 = 98.8 Pa) with approximate 9,000 cfm airflow change through this regulator. This 
can be easily captured by the developed instrument with accuracy of 2 Pa as detailed in Appendix II.  
 
For the large mine, M1 regulator was selected for the analysis and the resistance and airflow were 
listed in Table 4-6 and the location of the regulator is shown in Figure 4-17. The initial pressure 
drop is 532.5 Pa. If the airflow reduced by 30% (32.6 kcfm × 30% = 9.78 kcfm ≈ 10,000 cfm), the 
pressure drop becomes 259.2 Pa. For regulator M1, it indicates that the pressure change is 273.3 Pa 
(532.5 – 259.2 = 98.8 Pa) with approximate 10,000 cfm airflow change through this regulator. This 
also can be easily captured by the developed instrument with accuracy of 2 Pa as detailed in 
Appendix II. 
 
Table	4‐5. Small mine regulator pressure drop data for C11 regulator  

Airflow drop ∆P (Pa) ∆P (in w.g.) Q (kcfm) R (in min2/ft6) 
0 109.5 0.4 12.6 30.0 

10% 96.0 0.4 11.3 30.0 
30% 58.1 0.2 8.8 30.0 
50% 29.6 0.1 6.3 30.0 
70% 10.7 0.0 3.8 30.0 
90% 1.2 0.0 1.3 30.0 

	
Table	4‐6. Large mine regulator pressure drop for M1 regulator 

Airflow reduction ∆P (Pa) ∆P (in w.g.) Q (kcfm) R (in min2/ft6) 
0 532.5 2.1 32.6 20.0 

10% 428.4 1.7 29.3 20.0 
30% 259.2 1.0 22.8 20.0 
50% 132.2 0.5 16.3 20.0 
70% 47.6 0.2 9.8 20.0 
90% 5.3 0.0 3.3 20.0 
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4.3	In‐Mine	Validation	Experiments	
 
The results of the simulations, which used validated ventilation models, demonstrate the utility of 
the proposed sensor location strategy. At the same time, these results confirm the hypothesis that 
pressure monitoring is superior to air velocity monitoring as a surrogate measure for air quantity. 
Nonetheless, an in-mine validation would further strengthen the confidence in the project 
recommendations. 
 
Designing in-mine experiments to test the validity of the recommendation is simple in theory. 
Sensors would be located at the proposed locations for sentinels, event scenarios would be 
simulated, and the collected data analyzed. Simulation of event scenarios could be accomplished by 
creating artificial obstructions, e.g., using foam boards to block 10% of the airway’s cross-sectional 
area, partially opening a mine door, or making a small adjustment to a regulator. In practice, such 
experiments are fraught with problems. The primary difficulty is that any change in airflow greater 
than 9000 cfm from the plan values requires withdrawing the miners and notifying MSHA. In this 
light, it is not surprising that mining companies were unwilling to allow these experiments to be 
conducted in their mine. Alternatives were considered, including conducting the experiments when 
there were no production or maintenance activities in the mine, but these alternatives were 
deemed unworkable for various reasons.  
 
The Pittsburgh Mining Research Division (PMRD) of the National Institute for Occupational Safety 
and Health (NIOSH) and its predecessor, the U.S. Bureau of Mines, encountered practical barriers to 
the in-mine experimentation that was critical to their research programs. They developed two 
world-class experimental mines to facilitate research: the Safety Research Coal Mine (SRCM) and 
the Lake Lynn Laboratory (LLL). Discussions were initiated with NIOSH PMRD staff, and after 
review and discussion, including with MSHA, approval was given to conduct experiments in the 
SRCM located at their main campus in Bruceton, PA. 
 
The goals of the in-mine study at the SRCM were to simulate the event scenarios, to assess the 
efficacy of the sensor location strategy, and to evaluate the effectiveness of using pressure 
monitoring to detect incipient problems in the mine ventilation system during routine operations. 
These goals were achieved through the field-scale experiments, computational fluid dynamics 
(CFD) modeling, and analyses of the results from both activities.  
 
4.3.1	Background	of	CFD	modeling	
 
McElroy and Kingery (1957) first provided guidelines on the value of ventilation pressure surveys 
and the instruments and method for conducting the surveys. Their early work discussed the 
practical application of pressure data and factors that could influence the survey data. Later, Wala 
et al. (2005; 2007) conducted comprehensive lab studies on the velocity profiles around a 
continuous miner operating in a room and pillar panel. They tested three different turbulence 
models and found good agreement with the experimental data. This early work in CFD 
demonstrated that CFD was a viable alternative to expensive and often difficult field-scale 
experiments.  
 
CFD ventilation modeling was used by Sasmito et al. (2013) to simulate gas concentrations and 
pressure loss from four different stopping arrangements in room and pillar workings. The CFD 
modeling was validated from experimental work, although the data were not presented in the 
publication. Xu et al. (2013) created a novel longwall-mine model and were able to locate an 
obstruction using tracer gas through lab testing and numerical CFD simulations. Xu and colleagues 
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(Xu, Jong, Luxbacher, & Mcnair, 2015; Xu et al., 2015) used CFD models to determine tracer-gas 
release rate, duration, and the best release locations. In conjunction with the concentration plots, 
these studies provided guidance for the use of CFD models in the design of field experiments. 
Subsequently, the researchers used in-mine tracer-gas studies in conjunction with CFD to evaluate 
the state of four different localized ventilation scenarios and found that CFD-predicted results 
agreed with measured concentrations. However, detailed ventilation surveys are needed to 
calibrate these models before any predictions can be made. 
 
The foregoing studies demonstrated that CFD is a powerful tool for determining ventilation system 
performance and corroborating in-mine findings.  
 
4.3.2	Experimental	Plan	at	the	SRCM	
 
 

 
Figure	4‐20. Safety research coal mine layout and ventilation monitoring stations. 
 
The layout for the part of the SRCM used for the experiments is shown in Figure 4-20. Locations for 
five monitoring stations were identified, as labeled in Figure 4-20. Six different event scenarios 
were devised, each representing a problem that could develop in a mine ventilation system. At the 
appropriate time, each scenario was implemented in the mine, and pressure and air velocity 
measurements were recorded at the five monitoring stations.  
 
Five of the scenarios consisted of varying degrees of airway obstruction and one consisted of a 
leakage (short circuit). The short circuit was created by opening a door between the intake and 
return entries at the second crosscut from the portal, as illustrated in Figure 4-21. 
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Figure	4‐21. Location of the mine doors that were opened to create the short-circuit path.  
 
The effect of an airway obstruction was created by using foam boards to block a part of the entry. A 
frame was constructed around the perimeter of the entry between the P2 and P20 monitoring 
stations. Specifically, this “resistance fixture” was located in the B-Butt entry between the No. 6 and 
No. 7 crosscuts, as shown in Figure 4-20. No resistance (foam board) was placed for the first 
experiment. In the second through fifth experiments, foam boards were inserted to obstruct 20%, 
50%, 90%, and 100% of the airway. All foam boards were removed for the sixth experiment and the 
short circuit was created by opening the mine door between the main intake and return, as shown 
in Figure 4-21. 
 
Absolute barometric pressure was measured at stations P1, P20, P2, P3 and P4 using altimeters. All 
the altimeters were calibrated in the laboratory before the in-mine experiments. The differential 
pressure was monitored and recorded using our developed data acquisition and pressure 
monitoring system.9 Differential pressure was measured in the following locations: between P3 and 
P4, which is across regulator R1; between P4 and P6, which is across regulator R2; and between P3 

 
9 The specifications of data acquisition and pressure monitoring system were described in detailed in the 
Appendix I – A 1.1.  
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and P6, which provides a check on the measurements across R1 and R2, because this pressure 
should be equal to the sum of the measured differential pressures across R1 and R2. These 
locations are shown in Figure 4-22. Differential pressures were measured using pressure 
transducers and the values were continuously recorded on the data logger described in Section 
4.1.2. The data logger was located at station P4 and rubber tubing was used to connect the pressure 
transducers to the requisite points in the mine. The air velocity at stations P1, P2, P3, and P4 was 
measured using a vane anemometer (continuous traverse). 
 
 

 
Figure	4‐22. Differential pressure measurements between different monitoring stations. 
	
4.3.3	CFD	Model	Establishment	
 
A field-scale CFD model was established based on the mine map for the SRCM. The model 
dimensions are shown in Figure 4-23. One inlet was set as the intake entry and one outlet was set 
as the return entry. To mimic the real mine situation, the CFD model was built as an exhausting 
ventilation system. Differential pressure was used as the initial condition for the CFD model. The 
average differential pressure between the exhaust entry and the intake portal was ~380 Pa 
according to the field ventilation survey. Therefore, the initial total pressure at inlet was 380 Pa and 
0 Pa at outlet. To simulate the wall roughness-induced pressure drop along the air-flow direction, 
the equivalent roughness in the model was set as 0.0001 m through trial-and-error experiments. 
Temperature effect was not considered in this model because the temperature and humidity were 
assumed constant during the period of field investigation. Turbulent flow was applied using the 𝑘 െ
𝜀 turbulence model. Stoppings and regulators were simulated by blocking the airways and/or 
reducing the cross-sectional area, as shown in Figure 4-23. Different scenarios were simulated by 
adjusting the opening area of the artificial obstruction. For each ventilation interruption, both 
pressure and air velocity profiles were reduced from the equilibrium CFD model results, and the 
model results were compared against the in-mine observations. This process is described in the 
next section. 
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Figure	4‐23. 3D CFD model of the Safety Research Coal Mine (unit-meter). 
 
4.3.4	Results	and	Discussion	of	the	In‐Mine	Experiments	and	Simulations	
 
4.3.4.1	Pressure	and	velocity	
 
The barometric pressure readings at all five monitoring locations are plotted in Figure 4-24. These 
pressures were calculated directly from the measured altitude readings. Figure 4-24 shows that the 
atmospheric barometric pressure (P1) decreased from morning to noon because of the 
temperature increase during that interim. This result confirms that the altimeter barometric 
pressure survey can accurately monitor the background atmospheric barometric pressure change. 
For each obstruction condition, from 100% open to fully closed, the pressure consistently 
decreased from the intake portal to the return P4, as illustrated by the shaded arrows in Figure 4-
24. These results validated the ventilation Square Law that the pressure continually decreases 
because of the frictional pressure drop along the airways. In the case of airflow short circulation, 
the pressure at P20 was close to the pressure at P2 for two reasons: (1) because of the airflow 
circulation, very limited airflow went into the mine and instead passed directly from P6 to the 
return; and (2) because the airway is fully open, negligible resistance occurred between P2 and 
P20. Therefore, the pressures were expected to be the same as shown in Figure 4-24. However, the 
absolute pressure values at P20 and P2 are smaller than that of the 100% open case. The measured 
results indicate that the altimeter readings were quite stable and accurate in capturing the 
insignificant pressure variations in underground mines. 
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Figure	4‐24. Pressure at monitoring positions with various ventilation interruptions. 
 
 

 
Figure	4‐25. Velocity at monitoring positions with various ventilation interruptions. 
 
Figure 4-25 shows the velocity measurements taken at each of the 4 positions and at the regulator. 
It is not surprising that the most reliable velocity data were taken at the regulator, which shows a 
monotonic decreasing trend (pink line) with continuous blockage for the intake airway. However, 
the measured velocities at different locations show a fairly scattered pattern. The velocity at 
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position 2 (black line) remains relatively constant until 100% of the open area is blocked, then an 
immediate decrease occurs. Furthermore, the air movement at position 3 is very limited because 
position 3 is a very large opening compared to other entries. Therefore, negligible air velocity can 
be accurately measured after a 50% blockage. In comparison, the regulator still records airflow. 
Positions 1 and 4 show a relatively constant velocity with the exception of the 100% blockage 
condition. It can be inferred from these results that velocity monitoring enables sizable errors 
because the velocity is subject to local influences. However, the pressure is stable and easy to 
interpret for the ventilation changes.  
 
4.3.4.2	Differential	pressure	
 
The results in continuous differential pressure from varying ventilation interruptions are plotted in 
Figure 4-26. At each ventilation interruption scenario, all three differential pressures (P46, P34, and 
P36) were monitored over a period of time. Small variations were observed for all differential 
pressures after they reached equilibrium. The few sharp peaks that occurred were believed to be 
caused by the sudden change of pressure from temporarily opened doors or mine personnel 
passing nearby on foot or in vehicles. The stable and equilibrium pressure data were used for the 
subsequent analyses. The trends for both P46 and P36 increased with the reduction of the opening 
size, although P36 data in some cases show fluctuations before it reached its steady state. By 
contrast, a continuous decreasing trend was observed for P34, where the obstruction is out of this 
pressure region and cannot directly influence the resistance between P3 and P4. The results in 
Figure 4-26 closely related to the trends shown in Figure 4-24. These results demonstrate that the 
pressure monitoring is more reliable and consistent than the velocity measurements.  
 

 
Figure 4-26. Differential pressure data across regulators with various ventilation interruptions. 
 
Figure 4-27 shows the average data from the differential pressure monitoring locations P46, P34, and 
P36. It is apparent that P46 and P36 systematically increased with progressive blockage of the airway 
since the resistance increases accordingly. Once the obstruction reached 100% blockage, P36 and 
P46 increased to approximately five and six times their original values. Interestingly, P34 decreased 
as the blockage increased. This value was expected to decrease because the airflow going through 
the airway from P3 to P4 drops and the resistance between P3 and P4 remains the same, thus 
reducing the differential pressure between two stations.  
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From Figure 4-27, it can also be concluded that differential pressure can be used to capture short 
circulation, as P46 tended to be zero because of open doors between return and intake. Similarly, P36 
decreased to a minimal value because less air went through the mine. These results show that the 
differential pressure can be used to infer the location of the incident with certain confidence. For 
example, in the airway blockage scenario, the lack of change in P34 means that the blockage was not 
located between P3 and P4. This will inform the operator that the ventilation interrupt occurred 
between P3 and P6. In the case of short circulation, the P46 was almost zero, thereby signaling that 
the short circulation occurred between P4 and P6.  
 
 

 
Figure	4‐27. Differential pressure with various ventilation interruptions. 
 
Figures 4-28 and 4-29 show the differential pressures in several locations between monitoring 
stations, P202 (=P20-P2), the regulator P34 (=P3-P4), and P14 (=P1-P4). Pressure monitoring data 
across the entire section (P14) show the increasing pressure trend as air blockage increased. 
Therefore, pressure can be used as a sentinel and precursor of ventilation interruption for the 
whole mine. As soon as ventilation interruptions were noted, the next step was to determine the 
causes and locations.  
 
The differential pressure across the regulator was defined by P34 and did not involve any ventilation 
interruption between P3 and P4. P202 was used to define the pressure drop between P20 and P2 
because of the artificial airway blockage. As described above, P202 had an obvious increase but P34 
slightly decreased. In order to identify where the ventilation interruption occurred, the increased 
percentages of differential pressures were plotted in Figure 4-29. Evidently, if the interruption 
position is between the two positions where the differential pressure is monitored, the differential 
pressure increase induced by the resistance increase is reflected by an increasing area, as can be 
seen for P14. Similarly, if the interruption position is not located between the two monitoring 
locations, the differential pressure decreases slightly because of the corresponding airflow 
reduction, as observed for P34. P202 shows a significant increase because the air blockage occurred 
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between P2 and P20. By monitoring and analyzing the differential pressure results, operators can 
easily narrow down the potential ventilation interruptions and identify the probable location.  
 

 
Figure	4‐28. Differential pressure between monitoring positions with various interruptions. 
	

 

 
Figure	4‐29. Pressure percentage change of differential pressure with reducing open area. 
 
4.3.4.3	Theoretical	analysis	of	differential	pressure		
 
The Square Law is the single most important equation in subsurface mine ventilation to estimate 
the airway resistance from frictional pressure drop (p) and airflow (Q) data obtained from the 
ventilation survey. The relationship between pressure drop and resistance can be expressed as:  
 
𝑝 ൌ 𝑅𝑄ଶ or 𝑃௜௝ ൌ ∆𝑝 ൌ 𝑅𝑄ଶ          (4-14) 
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where 𝑃௜௝  is the differential pressure from position i to position j	(McPherson, 1993). The 
parameter R is the resistance of the airway system based on Atkinson’s equation. From the 
equation, the frictional pressure drop is determined by both the resistance and airflow.  
 
Resistance R is the function of airway geometry and roughness if it is assumed that the passing air 
is incompressible. Given an airway with certain geometry, the resistance can be written as: 
 
𝑅 ൌ 𝑘𝐿

௣௘௥

஺య            (4-15) 
 
where k is friction factor, L is the length, per is the perimeter, and A is the cross-sectional area.  
 
Based on the two equations above, the geometry-change-induced ventilation interruptions can 
either increase or decrease the localized resistance, and the airflow will thus be passively and 
slightly adjusted if surface and fan pressure are assumed at constant values. By monitoring and 
analyzing the frictional pressure drop (differential pressure between stations), termed ∆𝑝, both 
resistance and airflow evolutions can be inferred. If there is a ventilation interruption, it can be 
assumed that the resistance becomes a times its original value (a×R) and the airflow becomes b 
times its original value (b×Q). Then the corresponding frictional pressure drop becomes: 
 
𝑃௜௝ ൌ ∆𝑝′ ൌ ሺ𝑎𝑏ଶሻ𝑅𝑄ଶ ൌ 𝑎𝑏ଶ∆𝑝        (4-16) 
 
For a continuous airway, 𝑏 is a constant for the whole airway because of the continuity law holds 
for a continuous airway. However, a is a function of the position chosen for monitoring the 
pressures. If there is no ventilation interruption between positions i and j, a should be equal to 
unity because no resistance change will occur between position i and position j. If there is an actual 
ventilation interruption between position i and position j, 𝑎 will change depending on whether 
resistance increases or decreases, and Pij will therefore be influenced. Because frictional pressure 
drop is a position-dependent parameter, the pressure drop monitoring data can be used to identify 
the segment(s) where there are ventilation interruptions between different pressure monitoring 
stations. This conclusion has been confirmed by the SRCM field experiments and by the simulation 
results for the small and large mine case studies.  
 
4.3.4.4	Pressure	and	velocity	profiles	in	CFD	model		
 
Figure 4-30 shows the pressure and velocity profiles with respect to the various ventilation 
interruptions. Total pressure values are marked in Figure 4-30 (a), (c), (e), (g), and (i). In the CFD-
modeled results, the monitoring stations are unmarked to avoid obscuring the results. Figure 4-21 
can be used to locate the positions. Additionally, it should be noted that the pressure marked in 
Figure 4-30 is CFD-used pressure and does not correspond to the measured barometric pressures 
in the field. The pressures represent the relative values compared to the reference pressure. The 
established CFD model is a steady-state model to define the equilibrium conditions for various 
ventilation scenarios (defined in Section 4.3.2). In order to compare all the ventilation scenarios, 
the fixed pressure boundary was used for all the simulation, the inlet pressure was fixed at 380 Pa 
and the outlet pressure was fixed at 0 Pa.  
 
For the condition of fully open at P2, pressure continuously dropped along the airflow direction 
because of the normal airway frictional pressure drop and shock loss (Figure 4-30 (g)). As expected, 
an abrupt pressure drop was observed across the regulator between P3 and P4 because of the high 
resistance of the regulator. After air went through the regulator, the total pressure became very low 
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and close to the total pressure at the return. When the cross-sectional area was reduced by 
blockage between P2 and P20, the resistance increased, and the pressure drop across the 
obstruction increased in turn. For example, when the open area was 80% of its original value, the 
differential pressure between P20 and P2 was 9.56 Pa. When the resistance between P20 and P2 
was continually increased, the pressure drop correspondingly increased. When the open area was 
reduced to 50% and 10% of its original value, the pressure drop between P20 and P2 increased to 
15.55 Pa and 138.65 Pa, respectively. These results suggest that there is a very large resistance 
increase when the open area is only 10% of its original value. 
 
The pressure drop across the regulator was relatively high, ranging from 121.86 Pa to 199.01 Pa for 
most cases except the short circulation, because the resistance across the regulator sustained a 
constant high value. In the case of short circulation (Figure 4-30(i)), the major airflow from the 
intake directly flowed into the return through the short circuit airway between P4 and P6, i.e., the 
intake and return. Therefore, the pressure quickly dropped along the short circuit path. Very 
limited airflow went through the system and then passed through the regulator toward the return. 
There was minimal total pressure drop for the whole mine in this case because the overall 
resistance was minimal, as shown in Figure 4-30(i). 
 
Similarly, the velocity profile of the CFD model is shown in Figure 4-30. According to Darcy’s Law 
and Square Law, a higher-pressure gradient will cause higher air velocity for a cross-section area of 
a given shape. For the fully open condition illustrated in Figure 4-30(h), the highest velocity 
occurred at the regulator where the pressure gradient is the highest. However, unlike the pressure 
profile, the velocity profile is not a constant value at any given cross-sectional area. For this reason, 
the velocity measurement had a higher rate of error than pressure monitoring. 
 
One reason for the unstable velocity was the localized turbulent flow, which is also shown in the 
figures as the turbulence energy. It can be observed that for the first corner in intake, although the 
velocity vector was evenly distributed at a certain plane, the turbulence energy was high at local 
positions. This will ultimately cause a higher localized velocity than the average velocity, leading to 
a measurement inaccuracy. Therefore, differential pressure is more reliable for monitoring 
ventilation interruptions in field measurement and is recommended for field monitoring. Upon 
reducing the opening area, the resistance between P20 and P2 increased and the velocity across the 
location correspondingly increased. This phenomenon is demonstrated in Figures 4-30(b), (d), and 
(f). Nonetheless, the turbulence-induced velocity instability can be observed in each case 
mentioned above. In the short circuit case, the highest velocity occurred at the stopping where the 
intake and return connect, which agrees with the pressure gradient results.  
 
4.3.4.5	Differential	pressure	in	CFD	model	
 
As with the field data, three sets of differential pressures were analyzed to determine the 
interruption location. P14 is the differential pressure between the intake and return, P34 is the 
differential pressure across the regulator, and P202 is the differential pressure across the airway 
blockage between P20 and P2. The results in Figure 4-31 agree with the field data’s indication that 
the interruption locations can be identified from the percentage change of the differential 
pressures. The interruption-induced percentage change of differential pressure can be captured 
from the differential pressure between the intake and return because the system resistance will 
increase as the local resistance increases. Since no interruption occurred between P3 and P4, the 
differential pressure P34 only slightly varied, due to the limited airflow change based on the Square 
Law. If the interruption occurs between the monitoring stations, the differential pressure change 
can be significant, as shown in this example for P202. 
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Figure	4‐30. Pressure (Pa) and velocity profile with respect to various ventilation interruptions. 
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By comparison with the CFD model results, the location of the interruption can be determined from 
an excessive pressure change. In this study, the percentage change of differential pressure between 
P20 and P2 was much larger than that between other locations, as shown in Figure 4-31. Therefore, 
the CFD simulation results also confirm the field test results and demonstrate that differential 
pressures between limited monitoring positions are workable indicators for ventilation 
interruptions. Differential pressure monitoring can therefore provide helpful guidance for post-
accident rescues and mine ventilation management if the pressure data is properly monitored and 
analyzed.  
 

 
Figure	4‐31. Pressure percentage change with respect to various ventilation interruptions. 
 
4.3.5	Summary	of	the	In‐Mine	Experiments	and	CFD	Simulations	
 
Pressure monitoring based atmospheric monitoring system can effectively capture the subsurface 
ventilation interruptions and serve as an early sentinel and precursor for ventilation interruptions. 
The following conclusions can be drawn from this study’s field investigations and CFD simulations: 
 
1) Pressure data is much more stable and reliable than velocity data for underground ventilation 

monitoring because localized turbulence can dramatically influence average velocity, making 
accuracy in velocity measurement difficult to achieve.  

2) Differential pressure between various locations can be used as an index to capture ventilation 
interruptions and also to determine the location of the interruptions.  

3) Effective sensor positioning can be achieved with a limited number of sensors. Localized 
ventilation interruptions can be identified by analyzing the differential pressure data. 

4) Field investigation data and analyzing methods are supported by CFD simulation data. Velocity 
variations caused by turbulence are also well demonstrated in the CFD model. 
 

5.0 Publication Record and Dissemination Efforts 
 
The transfer of knowledge began recently when Dr. Jeffery Kohler gave a presentation at the 2019 
annual SME conference titled “Strategic Location of Sensors in Atmospheric Monitoring Systems”. 
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In the presentation, both airflow and pressure data from multiple mines were presented and 
discussed.  
 
For future dissemination plan, an additional peer reviewed journal paper is expected to be written 
and submitted. This paper will also include the maps, figures, and data gathered from the work 
conducted in the mines. Finally, another abstract will be submitted for presentation to the 2020 
annual SME conference. These two presentations and potential peer reviewed journal article will 
provide the mining community with sufficient means to understand and appreciate the research 
conducted at Penn State under this Alpha foundation grant.	

6.0 Conclusions and Impact Assessment 
 
Advances in technology enabling economic and reliable communications, miner tracking, and 
remote monitoring of mine conditions since the passage of the MINER Act have positioned the 
industry to achieve significant improvements in mine safety. However, one technology, atmospheric 
monitoring systems (AMS), has failed to gain acceptance despite its potential to prevent future 
mine disasters. Certainly, AMS is being applied for mandated fire monitoring and to satisfy other 
statutory requirements, including when belt air is used for intake. These applications, while 
important in their own right, fall short of the potential of this technology to save lives. 
 
Monitoring technology for production and maintenance-related purposes has been embraced and is 
commonly employed in underground mines to realize significant productivity benefits. This is the 
case not because productivity is valued more than safety, but because there is a clear value 
proposition for one over the other. This is a problem that has persisted from the earliest days of 
mine-wide monitoring systems. Sensors and systems were costly to install and even more costly to 
maintain. These systems generated vast quantities of data that no one could use. Given this reality, 
why would anyone embrace this technology? 
 
This research project took aim at this longstanding problem with the simple and straightforward 
goal of identifying the smallest number of sensors practicable to act as sentinels in an early warning 
system. A sensor location strategy was formulated and validated with computer simulations and in-
mine experiments. The computer simulations were based on validated mine ventilation models of 
operating mines. In addition to the sensor location strategy, another major contribution of this 
research is the establishment of pressure as a superior surrogate to air velocity for monitoring air 
flow (quantity).  
 
6.1	Pressure	as	a	Sentinel	
 
The state of the mine ventilation system is defined primarily by the direction and quantity of 
airflow throughout the mine. Historically, air velocity was monitored and used as a surrogate 
measure for air flow. As explained in Section 4.1.2, pressure is significantly more sensitive to 
changes in flow and is relatively unaffected by the confounders that affect air velocity 
measurements. Further, pressure transducers require less attention for maintenance and 
calibration. Consequently, it is recommended that pressure transducers be used as a sentinel rather 
than air velocity. 
 
The installation is also simplified in that the pressure transducer can be located conveniently in 
fresh air, in most cases, and rubber tubing can be used to connect the desired monitoring spot to 
the pressure transducer. This may also simplify connection of the transducer to the mine’s 
communication backbone. Either differential or absolute transducers can be used. In many cases a 
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differential transducer is the obvious choice and may be less costly than purchasing two absolute 
transducers and then calculating the difference between two pressures. For example, measuring the 
pressure drop across a regulator is easily accomplished with a differential transducer. In other 
cases, where the pressure at a location is of interest and will be compared to pressures in other, far-
removed, parts of the mine, absolute transducers are the better choice. Pressure transducers with 
the appropriate characteristics are readily available commercially for a few hundred to a few 
thousand dollars depending on the sensitivity required. One such differential transducer is shown 
in Appendix II. 
 
6.2	Location	Strategy	
 
The objective is to place sensors that will serve as early-warning indicators of potential or 
developing problems. The focus is on detecting these situations before they would be readily 
apparent to those working in the mine. These sensors would serve as sentinels, detecting the 
potential issue and alerting mine personnel. It is not intended that the sentinels will provide the 
information to diagnose the cause nor pinpoint the location of the disturbance. Rather, human 
intervention will be required to locate exactly the source of the disturbance and to diagnose the 
cause. Certainly, the addition of more sensors could further aid in more exact location and 
diagnosis, but this would defeat the purpose of the location strategy. Human intervention is going 
to be required in any case, and the marginal benefit of this additional information does not justify 
the cost of acquiring it.10 
 
An adequate quantity of air, as defined by the engineering design and MSHA-approved mine 
ventilation plan, is critical to ensure the safety of mineworkers. If the quantity begins to deviate 
from plan values, then there is a cause to investigate further. As such, air quantity, or its pressure or 
velocity surrogate, is well suited to serve as a sentinel. The only situation in which a different 
sentinel is required to detect an incipient problem is leakage from a sealed area that is adjacent to 
active main or submain entries. For this purpose, a methane sensor is the appropriate sensor to 
serve as a sentinel.11 
 
For specific locations, the following strategies are recommended:  
 

 Continuous	miner	sections.	The pressure across the section regulator should be monitored 
for each CM section. 

 
 Longwall	sections.	The behavior of the airflow at the T-split is critical, as it is imperative that 

there is adequate air flowing from the tailgate entry to the bleeder entry. This condition can 
be monitored with one differential pressure transducer, which is illustrated in Figure 4-6 
and Figure 4-17. There is value in monitoring the pressure across the tailgate regulator 
located near the mouth of the panel. These two sentinels should be adequate for most 
longwalls in the U.S. Certain unique practices to ventilate longwall sections are known to be 

 
10 It is not the intent here to discourage the use of additional sensors. Sensors at all of the evaluation points in 
the mine ventilation plan, for example, would certainly better inform decisions. However, would this 
additional information improve on the sentinel concept using minimal sensors recommend in this report? 
Would the cost of acquiring this information be offset by the value of the additional information acquired? 
The authors would answer no to both questions. 
11 As explained earlier in this report, the use of AMS to detect combustion is well established and used 
throughout the industry, as required by statute. Although not perfect, the current practice is reasonably 
effective. Accordingly, sentinels for detecting combustion were not considered in this project.  
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necessary. While the sentinels recommended here would still apply, consideration can be 
given to using an additional sentinel based on a local practice. 

 
 Sealed	areas	adjacent	to	active	return	airways. Modern seal construction and installation 

practices should preclude significant leakage from sealed areas into active workings. 
Nonetheless, given the potential consequences of an undetected leakage, it is recommended 
that methane be monitored in the adjacent return aircourse outby the seals. 

 
 Junctions	of	panels,	submains,	and	mains. Sensors could be placed at junctions to facilitate a 

more exact determination of the location of a developing problem, rather than serving as 
sentinels. There may be a concern in a particular mine that would justify adding sensors at 
one or more junctions, but in most cases the information obtained is likely to contribute 
little to identifying the root cause of a ventilation disturbance, beyond that obtained from 
the sentinels. 

 
 Main	fan.	It is common practice in mines today to remotely monitor parameters at the fan. 

Pressure and methane concentration are of particular interest as they can serve as 
sentinels. As such, it is recommended that these be included in the set of sentinels that 
would serve as an early-warning system for incipient problems affecting the mine 
ventilation system. 

 
6.3	Routine	and	Post‐Accident	Application	
 
The location strategy as presented is focused on routine operations in the mine. A catastrophic 
event, such as a mine explosion, massive ground collapse, or an inundation, but especially an 
explosion, increases the need for information. The location of the catastrophic event and the extent 
of collateral damage to ventilation controls, for example, are of urgent interest to those on the 
surface and underground alike. The availability of information from sensors will depend in large 
part on the survivability of the mine’s communications infrastructure. The pressure sensors and 
hardened methane sensors comprising the sentinels are survivable and will continue to provide 
information as long as they remain powered and connected to the communications backbone, 
unless they happened to be located very close to the explosion. The information provided by the 
sentinels will be useful for assessing the post-event status of the ventilation system. This will be 
helpful to miners endeavoring to escape, if they have access to it, and to surface personnel who may 
need to mount a rescue effort. However, by limiting the number of sentinels to the smallest 
practical number and not placing them at junctions, for example, the value of the proposed early-
warning system will be limited in a post-accident scenario.  
 
6.4	System	Characteristics	
 
The sentinels should be polled once per minute, and it is recommended that a smoothing algorithm 
such as the Lowess Algorithm be applied to signals. Alarm or trigger levels for the sentinels will be 
determined by the design characteristics of the mine ventilation system and approved plan. It is 
recommended that the deadband around the trigger level be significantly reduced from historical 
practices of 25% to no more than 10%, i.e., 5% of the trigger level, because the random 
fluctuations in pressure are found to be far less than those of velocity. The pressure transducer 
described in Appendix II was used in this project. Its resolution and accuracy are well in excess of 
that needed for use as sentinels in the manner described in this report. The 5-psi model, for 
example, has a resolution of 0.01” w.g. (2.5Pa). This is far more sensitive than would ordinarily be 
required. The precision of this unit is also excellent.  



   

53 
 

7.0 Recommendations for Future Work 
 

The strategic location of sensors to form an early-warning system is ready for implementation. 
Notwithstanding, a demonstration project in an operating mine would serve as a real-world 
validation of the early-warning concept. Additionally, the following research directions could be 
explored to build on this project’s findings: 
 
1) In-depth analysis of the pressure variations at different ventilation controls in addition to mine 

regulators would be helpful. Future research might study, for example, the pressure in the 
longwall gob as the longwall retreats. This work might generate insights on the potential 
movement of gas from the gob to the face.  

2) Research to improve the utilization of real-time surface-weather information in ventilation 
pressure analysis would be useful. The effects of seasonal and daily variations of surface 
atmospheric temperature and humidity are known, but the expected impact on the pressure 
profile in underground mine, and specifically the choice of a deadband for this early warning 
system, are not fully known. 

3) Research to develop cost-effective methods to capture and quantify excessive airflow leakage 
would be beneficial for mine operators. Although pressure-based monitoring can serve as a 
sentinel to determine the ventilation interruption at primary aircourses, it is unable to capture 
normal levels of airflow leakage.  

4) Application of this study’s findings to non-coal mines should be tested and evaluated. For 
example, one challenge for large-opening mines is directing the air to different headings. If a 
pressure-based monitoring system can provide information guiding changes to the ventilation 
controls, this capability would be very beneficial for other commodities extracted from large-
opening mines, such as salt, lead, zinc and limestone. 
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10.0 Appendices:  
 
Appendix I: Data Acquisition System 
 
A1.1 Pressure Measurement  
 
A pressure recording system was constructed to continuously monitor and record the pressure data in the 
mine environment, as illustrated in Figure 10-1.  
Figure 10-1 shows the developed prototype instrument used to monitor and record all the barometric 
pressure data collected in lab and field experiments. Two high-accuracy Setra Model 270 barometric 
sensors, labeled ② in Figure 10-1, were installed on the 
prototype unit. The Model 270 is Setra’s best performing 
analog sensor for barometric pressure measurement. The 
features of these two installed sensors include a high-
accuracy analog sensor (±0.03% FS); capturing the 
dynamic pressure changes with high frequency; a stable 
ceramic sensor for robust severe weather detection; 
repeatability within 0.01% FS; excellent long-term 
stability (0.1% FS/YR); low power consumption; instant 
warm-up; and fast response time. The two most 
important features for in-mine use are the high accuracy 
and low power consumption, allowing the unit to be 
installed in the mine for a long period time to monitor 
subtle pressure changes. For this unit, the T&D MCR-4V 
data logger was used for pressure logging and recording 
on a SD card, labeled ③ in Figure 10-1. The unit is 
equipped with a TDK-12Vdc power supply, labeled ④ in 
the figure. This power supply provides enough power to 
the barometric pressure sensors for at least two weeks of 
continuous monitoring and recording of pressure data. 
The wiring schematic of this pressure monitoring system 
is shown in Figure 10-2. Tygon tubing can be connected to 
the pressure sensors to provide a pathway to the 
designated measurement stations.  
 
This developed unit was tested at Penn State Mine 
Ventilation Laboratory (PSU-MVL) for its accuracy and 
reliability. The unit was installed to measure the 
differential pressures at different locations at the NIOSH 
Safety Research Coal Mine, as illustrated in Figure 10-3.  
 
 
 
 

Figure	10‐1. Pressure monitoring and 
recording system. 
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Figure	10‐2. Pressure monitoring and recording system wiring schematic. 
 

 
 
Figure	10‐3. Safety research coal mine layout and ventilation monitoring stations. 
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A1.2 Velocity Measurement  
An air velocity recording system was constructed to continuously monitor and record velocity data in the 
mine environment, as illustrated in Figure 
10-4.  
Figure 10-4 shows the developed 
prototype instrument used for this 
purpose. The ultrasonic velocity sensor 
from Matrix Design Group LLC was used 
for the prototype development. The Matrix 
ultrasonic velocity sensor recorded 
velocity values at a frequency of 20 HZ. As 
shown in Figure 10-4, the velocity was 
measured using the ultrasonic velocity 
sensor, labeled ②, and the data 
transmitted through the electrical breaker 
box, labeled ③. Then data can be 
transferred to the data acquisition and 
recording system, labeled ①. Results can 
be instantaneously read from the digital 
display on box ① while all results are 
stored on a removable SD card. The wiring 
schematic of this velocity monitoring 
system is shown in Figure 10-5. This 
velocity measurement prototype was 
tested in the PSU-MVL for its reliability and 
accuracy, as shown in Figure 10-4.  
 
  

① Data recording system  

② Velocity sensor 
③ Electrical barrier box 

Figure	10‐4. Airflow velocity system installed in the 
PSU-MVL. 
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Figure	10‐5. Velocity monitoring and recording system wiring schematic. 
 
  



 

60 
 

Appendix: II: Setra Pressure Transducer 
 
Specification	of	Sensor: The Model 270 is Setra’s best performing analog sensor for barometric 
pressure measurement. The features of these two installed sensors include a high-accuracy analog 
sensor (±0.03% FS); capturing the dynamic pressure changes with high frequency; a stable 
ceramic sensor for robust severe weather detection; repeatability within 0.01% FS; excellent long-
term stability (0.1% FS/YR); low power consumption; instant warm-up; and fast response time. 
The two most important features for in-mine use are the high accuracy and low power 
consumption, allowing the unit to be installed in the mine for a long period time to monitor subtle 
pressure changes. 
 
In‐mine	Pressure	Monitoring	Capability: The Setra Model 270 barometric pressure sensor has the 
accuracy of ± 50 psi × 0.03% = ± 0.015 psi (~2 Pa). Because of its high accuracy, the sensor can provide a 
reliable barometric pressure at each measuring point. The differential pressure can then be computed 
between two measuring points using this high accurate barometric sensor. Based on the details in Section 
“4.1.3	Sensor	Location	Strategy”, the differential pressure between the sensing location are always greater 
the order of magnitude of two or more. Therefore, Model 270 barometric sensor can provide accurate and 
sensitive enough pressure data for the ventilation monitoring.   
 
The detailed specifications of the Setra sensor is attached in next two pages.  
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