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BRUCE WATZJAAN 
Senior Vice President. Regulaloty Affatrs 

EMERGENCY RULEMAKING PETITION 

October 22, 2013 

The Honorable Joseph Main 
Assistant Secretary for Mine Safety & Health 
U.S. Department of Labor 
1100 Wilson Boulevard 
Arlington, VA 

Dear Mr. Secretary: 

As you will see below, the National Mining Association (NMA) is filing with you this 
emergency rulemaking petition. It requires your immediate attention to ensure that the 
safety of the Nation's underground coal miners will not be compromised due to the 
newly recognized potential hazards associated with the currently required fleet of refuge 
chambers in underground coal mines.1 We ask that you respond to this request by Nov. 
5, 2013. 

More specifically, pursuant to the authority of section 101 of the Federal Mine Safety 
and Health Act of 1977 and section 553(e) of the Administrative Procedure Act, NMA 
hereby petitions the Mine Safety and Health Administration to amend the mandatory 
safety standard for underground coal mines contained in the Secretary's regulation at 
30 C.F.R. § 75.1506(a)(2) and (3) to provide that mine operators will have until Dec. 31, 
2018 to continue to use their existing fleet of refuge chambers.2 

We seek your adoption of this new deadline because resolution of the heat, humidity, 
and (especially) the purging hazards identified by the NIOSH research we discuss in 
more detail below are very likely to remain problems for many months (if not years) . 
Whether retrofitting the existing fleet of currently deployed refuge alternatives will be 

1 These hazards began to be known to MSHA as long ago as May 2010. However, MSHA apparently took no 
action. Infra at 7 
2 As you know, this Dec. 31, 2018 date is currently provided in 30 C.F.R. § 75.1S06(a)(3) permitting all 
prefabricated refuge alternatives in service prior to March 2, 2009, and approved by states and accepted by MSHA 
in approved Emergency Response Plans, to remain in service until Dec. 31, 2018, or until replaced, whichever 
comes first. 
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necessary, or whether a new generation of refuge alternatives will be required is simply 
unknown at this time. NMA believes, however, that the heat, humidity, and purging 
hazards discussed below will present enormously significant problems at least through 
the end of 2018. To be very clear, Mr. Secretary, NMA's concerns are not intended to 
disrupt efforts to provide miners with last resort life-saving technology. Rather, our 
concerns are driven by the aforementioned NIOSH research which we commit to 
immediately analyze, along with MSHA, NIOSH, refuge alternative manufacturers, 
representatives of miners, and all other stakeholders as soon as it is publicly available. 

NMA's objective in this entire effort is (as is the stated objective of the current rules) to 
provide coal miners with "refuge alternatives that are practical and will increase the 
chance for survival for persons trapped in underground coal mines, when integrated into 
the mine's comprehensive escape and refuge plans."3 

Of course, during this time, the fleet of refuge alternatives currently deployed and 
approved in the emergency response plan of every underground coal mine in the United 
States will remain available to miners. Should it be possible to solve the problems 
identified in the NIOSH research prior to Dec. 31, 2018, and correct them in the field, 
the NMA would support establishment of a reasonable dead line prior to Dec. 31, 2018. 

The details of the basis for making this urgent emergency request follow. 

First (and identical to the extension request we filed in response to the agency's 
Request for Information regarding refuge chambers), there is an urgent need for all 
stakeholders to have the opportunity to obtain and review new, but as yet unpublished, 
studies conducted by the National Institute for Occupational Safety and Health (NIOSH) 
regarding the ability of currently deployed and retrofitted prefabricated self~contained 
refuge chambers to: (1) purge potentially deadly levels of carbon monoxide (CO) that 
may enter the main chamber; and (2) maintain humidity and ambient temperatures at 
levels that will permit miners to survive, in place, for no less than 96 hours. NMA and 
other parties had anticipated NIOSH would have released peer-reviewed, pre­
publication copies of these documents by now. In particular, it was our understanding 
that the pre-publication, but peer-reviewed purging study was to have been made 
available on or around Oct. 9. However, perhaps because of the just-ended 
government shutdown, we have not been able to obtain either of these studies as yet. 

Furthermore, as noted above, while we have yet to receive the pre-publication versions 
of NIOSH's studies, a PowerPoint presentation we have seen summarizing the purging, 
heat, and humidity hazards identified in these studies (and we understand you have 
seen the same presentation) categorically calls into question the ability of both the 

3 See Proposed Rules for Refuge Alternatives for Underground Coal Mines, 73 Fed. Reg. 34,140 (Mon., June 16, 
2008) at 34,141. See also a similar statement in the final refuge alternative rules, published in the Federal Register 

for Dec. 31, 2008. 73 Fed. Reg. 80,656, at 80,657. 
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existing cadre of units, as well as those being retrofitted in accordance with § 75.1506, 
to provide life.saving capabilities in the event of an emergency. 

You should know too that an NMA member company, using the Freedom of Information 
Act (FOIA), has since May 29, 2013, been attempting to seek information available from 
NIOSH about its ongoing research on refuge alternative hazards. Responses to these 
FOIA inquiries have been slow, sporadic, and incomplete, due to the fact that it is the 
FOIA Office of NIOSH's parent agency, the Centers for Disease Control (CDC), which 
controls responses to FOIA inquiries. Nevertheless, significant information about the 
heat and humidity hazards has been obtained. We discuss key portions of that 
information below. However, information about the purging hazard has not yet been 
produced by the CDC. 

NMA hastens to add, Mr. Secretary, that these problems exist despite refuge alternative 
manufacturers working hard (in cooperation with your Approval and Certification Center 
(A&CC)) to comply with the requirements for Part 7 approval and mine operators having 
deployed units in accordance with § 75.1506. 

Second, NMA remains very concerned that Part 7 approval by MSHA of refuge 
alternative breathable air, air monitoring, and harmful gas removal components of 
refuge alternatives will not be completed by the end of this year. This concern has been 
exacerbated by the inability of the A&CC to carry on its work during the government 
shut-down. In addition, if approvals are granted, mine operators (working with refuge 
alternative manufacturers) will not be able to retrofit their fleets of deployed refuge 
alternatives to Part 7 specifications by the end of the year. Indeed, in the case of some 
operators who have constructed units consisting of 15 psi stoppings in a secure space 
and in an isolated atmosphere, those operators are being required by MSHA to seek 
Part 7 approval (as applicants) of the breathable air, air monitoring, and hannful gas 
removal components of these refuge alternatives. We add that those 15 psi refuge 
alternatives are approved by MSHA in the emergency response plans of these mines. 

On this important point, NMA must remind you that, in the preamble to the final rules for 
refuge alternatives, published on Dec. 31, 2008,4 MSHA anticipated that Part 7 
approvals would be completed by Dec. 31, 2009.5 As it turns out, in reality, it has taken 
five years to approach the accomplishment of what MSHA predicted would take only 
one year. And, as we speak, a number of breathable air, air monitoring, and harmful 
gas removal components of refuge alternatives have yet to be approved under Part 7. 

Even more importantly, it seems clear to us that the NIOSH research on heat, humidity, 
and (especially) purging at issue here, is validated properly, will necessitate significant 
(but as yet unknown) revisions to the current Part 7 requirements. 

4 73 Fed . Reg. 80,656. 
5 Id. 80,682. 
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Specific Information in Support of NMA Emergency Petition 

In support of this emergency petition we offer the following specific information. 

On Dec. 19, 2007, Dr. Jeffrey L. Kohler, Ph.D., (Associate Director of NIOSH for Mining 
and Construction and head of NIOSH's Office of Mine Safety and Health) delivered to 
then Governor Joe Manchin of West Virginia and Ronald L. Wooten, Director of West 
Virginia's Office of Miners' Health and Safety a letter summarizing NIOSH's research 
and planned report to Congress.6 In his letter (copy attached), Dr. Kohler outlined four 
areas of refuge alternatives that were of significant concern, based on NIOSH's work: 

• Oxygen: Two of the four refuge alternatives had oxygen flow rates less than 
minimum value. 

• Carbon dioxide: Three of four refuge alternatives were unable to provide 
adequate scrubbing of carbon dioxide. 

• Apparent temperature: Two of the four refuge alternatives developed an 
apparent temperature greater than the specified maximum value. 

• Purging: NIOSH stated that its work indicated that the "purging" capability of the 
refuge alternatives (i.e., the capability of the chamber to clear contaminated air 
from within the chamber each time the chamber door is opened to the outside) 
could be "problematic", and 

• Operating instructions for refuge alternatives were difficult to understand and in 
one case erroneous. 

Nevertheless, Dr. Kohler expressed confidence that many of the shortcomings observed 
by NIOSH could be addressed quickly. Manufacturers did address the vast majority of 
these and other concerns, and today's refuge alternatives are greatly improved over the 
designs first approved in West Virginia. 

In December 2009, NIOSH provided its only known public update to its January 2008 
report to Congress. See, "Update on refuge alternatives: research, recommendations 
and underground deployment," ER Bauer and JL Kohler, Mining Engineering, Dec. 2009 
(copy attached). In the update, NIOSH continued to express optimism about refuge 

6 Section 13 of the Mine Improvement and New Emergency Response Act of 2006 (MINER ACT} (Pub. t. No. 109-

236}, enacted on June 15, 2006, required NIOSH to conduct research, including field tests, concerning the utility, 
practicality, survivability, and cost of various refuge alternatives.in an underground coal mine environment. NIOSH 

was required to report on this research to the Congress and to the Secretary of Labor, no later than 18 months 
from the date of enactment. The NIOSH report was published in January 2008. That, in tum, triggered an 

obligation on the part of the Secretary of Labor to respond to the NIOSH Report in 180 days, including, if he chose 
to do so, proposing regulatory changes. The Secretary (through MSHA) proposed regulations for refuge 

alternatives in underground coal mines in the Federal Register for June 16, 2008 (73 Fed. Reg. 34,140). The 
preamble to the proposal stated that it included MSHA's response to the NIOSH report (id.), and that the agency 

had "determined that refuge alternatives are practical and will increase the chance for survival for persons trapped 
in underground coal mines, when integrated into the mine's comprehensive escape and rescue plans." Id. at 

34,141. These regulations were finalized on Dec. 31, 2008 (73 Fed. Reg. 80,656). 
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alternatives and declared, "Finally, all research has led to the conclusion that refuge 
alternatives have the potential for saving the lives of mine workers if they are part of a 
comprehensive escape and rescue plan and if appropriate training is .provided. Id. at 
57. This conclusion was consistent with that of MSHA in its proposal ; and in its final 
refuge alternative rules, the agency reiterated that it had "determined that refuge 
alternatives are practical and, when integrated into the mine's comprehensive escape 
and rescue plans, will increase the chance for survival for persons trapped in 
underground coal mines."8 

Heat and Humidity Hazards 

In the first hint that all was not as both agencies had earlier stated, NIOSH then warned, 
in the Mining Engineering update "Recently, a problem has surfaced concerning the 
apparent temperature in refuge chambers employed in mines where the ambient 
temperature is greater than 13-16°C (55-60°F). This could force a reduced occupancy 
requirement in some cases due to expected apparent temperatures above 35°C (95°F). 
These might need further investigation." Id. at 56, emphasis added. 

The investigation was carried out pursuant to NIOSH Contract No. 254·2010-M-34264 
in 201 O by NIOSH contractor O'Donnell Consulting Engineers, Inc. (OCEI). While the 
OCEI work was being performed, Dr. Eric Bauer of NIOSH provided an update and 
overview of NIOSH refuge alternatives research at a town hall meeting sponsored by 
Pennsylvania State University on May 27, 2010. 

Dr. Bauer provided the following summary of NIOSH's 2010 research: 

7 73 Fed. Reg. 34,141. 
8 73 Fed. Reg. 80,657. 

Current Research - Heat Transfer 

• Concern from survivability evaluations 

• Mines with higher ambient temperatures, 75+"F 

• Post disaster mine temperatures may be greater than 
55-60"F 

• At full capacity internal apparent temperature may 
exceed 95"F 

• May require reducing number of occupants or time of 
occupancy 
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Although the OCEI report would not be finalized until December 2010, NIOSH's 
concerns-first raised in the aforementioned Dec. 2009 Mining Engineering update­
continued to be supported. In fact, it appears that based, at least in part, on the 
significance of these concerns that NIOSH updated its initial testing of refuge 
alternatives. Thus, during his May 27, 2010 presentation, Dr. Bauer provided attendees 
with a chart that showed the performance of four refuge alternatives that were tested by 
NIOSH at the Lake Lynn Experimental Mine. 

Heat Transfer Research - Results 
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This chart clearly showed that the four refuge alternatives tested by NIOSH were 
incapable of providing a safe environment for miners for the required 96-hour 
occupancy term when mine temperatures exceeded@ 62 degrees Fahrenheit. As you 
know, when the mine temperature increases, the capacity of refuge alternatives falls. 
This derating begins around 62 degrees Fahrenheit. In fact, three of the refuge 
alternatives tested were incapable of safely supporting miners at temperatures over 78 
degrees and only one refuge alternative was capable of supporting miners at 
temperatures over 80 degrees. 

Mr. Secretary, you should know that the Penn State event at which Dr. Bauer presented 
his work was supported in part by an MSHA Brookwood-Sago grant. Furthermore, prior 
to Dr. Bauer's presentation, Dr. Jeff Kravitz of MSHA provided a presentation on "Latest 
from MSHA on Mine Emergency Preparedness, Response and Refuge Alternatives." 
Later that day, Mr. Mike Getto, Team Leader for the Applied Engineering Division at 
MSHA provided a presentation on "Latest on Refuge Alternatives from the MSHA 
Certification and Approval Center." 

It is clear to NMA, therefore, that the problems with refuge alternatives began to be 
known by MSHA as long ago as May of 2010, if not before. NMA is deeply 
disappointed that MSHA did not act proactively by investigating the potential 
ramifications of these early concerns and recognize the need for the Part 7 approval 
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requirements to be modified based on the very serious problems reflected in Dr. Bauer's 
update. 

OCEI issued its final report to NIOSH on Dec. 3, 2010 (copy attached). The report 
listed six different tasks that were performed under the NIOSH contract: 

Task 1 - Provide a brief description of the theITTlodynamic heat 
transfer processes, i.e. radiation, convection and conduction, 
accompanying the occupation of a refuge chamber during a 
mine emergency; 

Task 2 - Develop heat transfer equations and an appropriate 
heat transfer modeling program; 

Task 3 - Determine the baseline predicted maximum apparent 
temperature (heat+ humidity) inside one rigid steel refuge 
chamber for an ambient mine temperature of 55°F and 
expected heat load and humidity at full occupancy 

Task 4 - Provide the correlation between internal apparent 
temperature and a range of external mine temperatures (55 to 
95°F, or until no heat transfer occurs) for one rigid steel refuge 
chamber at full occupancy; 

Task 5 - Provide an estimate for occupancy de-rating based on 
the expected internal apparent temperature remaining at or 
below 95°F for various mine temperatures using the results of 
Task 4, for one rigid steel refuge chamber; and 

Task 6 - Provide an estimate of the maximum time of acceptable 
occupancy, at the manufacturer's recommended full capacity, 
and the estimated internal apparent temperature remaining at 
or below 95°F, resulting from a range of external ambient mine 
temperatures (55 to 95°F, or until no heat transfer occurs) for 
one rigid steel refuge chamber." 

The results of these tasks contained in the OCEI report presented to NIOSH reinforced 
the information relayed by Dr. Bauer earlier in 2010. Among their more alarming 
conclusions, OCEI stated that (emphasis added): 

• Task 6 requested a time of acceptable occupancy, at full capacity and internal 
apparent temperatures at or below 95°F, for various external mine 
temperatures. Figures 19 through 27 illustrate these relationships. Figure 19 
illustrates that at full capacity, 60°F external mine temperature, and 
regardless of the RH {relative humidity], the apparent temperature 
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reaches 95°F in approximately 9 hours, reaching a maximum of 102.5°F 
in approximately 40 hours after occupation. At higher external mine 
temperatures of 75°F and 90°F, as shown in Figures 20 and 21, time of 
acceptable occupancy is reduced dramatically. Similar results for 10 and 8 
miners are presented in Figures 22 and 27. 

• Under the conditions considered in this report (see Figure 2), it only takes a few 
hours for a single person to increase the level of humidity to full saturation. 
Therefore, the humidity level must be kept under control for successful use of 
chambers. 

• Presently refuge chambers are not designed to withstand the potential 
excessive heat created by a fire. As discussed in this report, increases in the 
mine environment temperature could reduce or even reverse the heat flow from 
the chamber. This issue should be addressed on a priority basis in future work. 

Based on Dr. Bauer's May 2010 presentation, NIOSH Contract No. 254-2010-M-34264, 
and the resulting OCEI report, It appears to NMA that there have been concerns about 
the performance of refuge alternatives under post-accident mine conditions for at least 
three years, and that these concerns have not been shared with stakeholders and 
appropriately addressed as part of the Part 7 approval process. 

The current Part 7 approval application process requires manufacturers to specify in 
their application the maximum mine temperature for full occupancy at which the 
component may be used. Upon approval, the various components are required to "be 
conspicuously labeled to show your company's name, model number, the maximum 
mine temperature for full occupancy, and the assigned MSHA [component] Approval 
number." 

In addition, mine operators are required to submit in their MSHA approved Emergency 
Response Plans the estimated maximum mine temperature at the locations where 
refuge alternatives are deployed. Together, the component temperature ratings and 
mine temperature information are intended to assure that miners are afforded safe 
conditions for 96 hours in a refuge alternative deployed as a last resort in an emergency 
situation. 

After NIOSH received the OECI report in Dec. 2010, additional research was performed 
under contract for NIOSH in 2011 and 2012 that further demonstrated the significance 
of mine temperature. Jn the Executive Summary of "Underground Mine Shelter Thermal 
Analysis: Final Report," Klein, M. and Rynes, P., ThermoAnalytics Incorporated, Aug. 
17, 2012, (the "Thermal Analysis Report", copy attached) the authors presented the 
following conclusions: 

• The analysis indicates that certain thermal conditions, known to occur 
underground, could cause extreme physiologica l stress to miners over a four-day 
period within a refuge chamber. 
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• The mine ribs, roof, and floor in close proximity to the occupied shelter do not 
behave as an infinite heat sink. Consequently, the type of material found in the 
seam, and the seam size, affect the thermal environment that miners experience. 

• Air flowing through the mine at the location of the occupied shelter can 
significantly affect its temperature, either positively or negatively, depending on 
the temperature of the air. 

• Increasing the thermal mass of the rigid shelter tends to keep the interior 
temperatures lower by absorbing more heat generated within the shelter. 

Id. at Page 3 of 39. 

This work demonstrates that the interaction between refuge alternatives and the mine 
environment is more complex than has been previously understood and accounted for 
in the Part 7 approval process. NMA is not at all confident that refuge alternative 
components currently approved under Part 7 have demonstrated the required 96 hours 
of safety required for such approval. This is not because of a failure of the particular 
components, but because the performance of the approved products has not taken into 
consideration that the particular characteristics of the mine environment that can 
materially affect the maximum number of miners who can use the refuge alternative 
during the 96 hour period. Refuge alternative manufacturers have not had the benefit of 
this work during the Part 7 approval application process. The interaction of these 
factors needs to be addressed in the Part 7 approval process, to assure that both 
miners and operators can have confidence in their deployment in underground coal 
mines. 

The importance of appropriately considering these factors can be seen in the Upper Big 
Branch (UBB) disaster. Because of changes in mine temperature after the explosion at 
UBB the refuge alternatives, had they been deployed at the mine, may not have 
provided a safe environment for miners. The refuge alternatives deployed at UBB 
appear to have been similar to the 26-miner unit evaluated in the Thermal Analysis 
Report ("Tent- 26 people.") UBB's maximum mine temperature was listed in its ERP as 
"60 to 75 degrees F." The examination records of UBB's refuge alternatives reflect that 
mine temperatures at the location of the refuge alternatives was between 60-65°F. 

However, one spotter recovered from the longwall face area at UBB retained its data­
logging ability after the explosion. The spotter's data reflected that the explosion heated 
the mine air to around 91°F and drifted down to 79"F approximately thirteen hours later. 
It is reasonable to believe that as the explosion travelled through UBS a similar increase 
in ambient mine temperature occurred. The unfortunate point that must be stated is that 
even if the UBB miners closest to the longwall face had managed to retreat to the 
closest refuge alternative the unit may not have provided the life-saving protections 
believed before rescue teams were able to reach them. 

The State of West Virginia, along MSHA and NIOSH, worked with operators and 
manufacturers in an effort to provide miners such as those at UBB a safe refuge when 
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escape was impossible because of a disaster. No one intended to provide any miner 
with a false or misplaced sense of security. Nor was it anyone's intent to suggest that 
compliance with the law carried anything less than the "chance for survival" intended by 
the combined efforts of all those involved in bringing refuge alternatives to market and 
deploying them in underground mines. 9 

In fact, NMA believes that the relationships that have developed between refuge 
alternative manufacturers, operators and MSHA-by working closely together during the 
Part 7 approval process-can serve to improve miner safety in addressing these issues. 
Many refuge alternative manufacturers have already developed performance based 
ratings based on ambient mine temperature. Operators and MSHA have used this 
information to establish maximum occupancy ratings for individual mines, and this 
information is routinely supplied (and subsequently approved) in Emergency Response 
Plans. Moreover, the Thermal Analysis Report does not appear to suggest that the 
current Part 7 approval process could lead to dangerous conclusions in mines where 
the ambient mine temperature is 70 degrees or less. 

Experience, however, indicates that it is vital to have the performance information for 
refuge alternatives at temperatures above a mine's normal maximum temperature. The 
mine environment at UBB changed in the hours immediately following the explosion, to 
such an extent that the survivability of the deployed refuge alternatives may have been 
affected. It is imperative that miners be able to detenTiine the safest length of time 
offered by a refuge alternative so that they do not choose to seek refuge under 
conditions that are dangerous. It is equally imperative that rescuers understand exactly 
how post-accident mine conditions affect the chances for mine rescue. Simply stated, 
when time is of the essence, it is most important to know how much time you have. 

Refuge Alternatives' Problems with Purging are Potentially of Even Greater Concern 

As stated earlier, NIOSH first raised concerns regarding the ability of refuge alternatives 
to purge carbon monoxide in Dr. Kohler's Dec. 2007 letter to Governor Manchin and Mr. 
Wooten: 

NIOSH did not develop and execute a quantitative evaluation of 
chamber purging or positive-pressurizing ability, but our work-to­
date indicates that this could be problematic for all four 
chambers, and that an alternative may be required. 

Jn fact, the extent of NIOSH's concerns was relegated to footnote 10 in its report, as 
follows: 

9 See 73 Fed. Reg. 80,657: "MSHA reviewed NIOSH's report-and determined that refuge alternatives are practical 

and, when integrated into the mine's comprehensive escape and rescue plan will increase the chance for survival 
for persons trapped in underground coal mines." {Emphasis added.) 
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It is unclear whether all commercial chambers can purge 
contaminated air from the chamber; this will require further 
investigation. 

Based on NIOSH's aforementioned briefings, it is clear that further investigation has 
only clarified the nature and gravity of the agency's early concerns. 

On July 10, 2012, Dr. Eric Bauer emailed the authors of the Thermal Analysis Report 
and invited them to submit an abstract reflecting their progress to a session he was co­
chairing at the February 2013 Society of Mining Engineers annual meeting in Denver, 
Colorado. It appears that Dr. Bauer may have sent a similar invitation to other 
researchers performing refuge alternative research under contract for NIOSH. One of 
the abstracts presented at the session co-chaired by Dr. Bauer covered three 
dimensional modeling of refuge alternative purging. 

It appears that this and perhaps other research has demonstrated that the current 
guidelines for refuge alternatives fail to provide for sufficient purging capacity to prevent 
contaminated air from contaminating the chamber. It further appears that the ability of a 
refuge alternative to purge contaminated air may be a significant limiting factor in 
determining their capacity. 

In the preamble to the Final Rule on Refuge Alternatives, MSHA stated: 

MSHA has performed limited carbon monoxide purge testing 
that indicates a 50 percent carbon monoxide concentration 
reduction with each purge. In PIB P07-03, under Safe Haven 
Assumptions providing breathable air, MSHA addressed carbon 
monoxide (CO) purging. Purging "efficiency" was estimated to 
require compressed air cylinders providing at least three times 
the amount of safe haven volume. Miners are to be inside the 
volume being purged wearing an SCSR until purging is 
accomplished. The Agency anticipated using compressed air 
cylinders as necessary to reduce Safe Haven concentration to 
less than 25 parts per million (ppm) for safe havens with a 
captive volume (not using positive pressure forced air from 
either a compressed air line or borehole from the surface). 10 

In addition, the preamble stated: 

MSHA reviewed data from previous accidents and found that a 
carbon monoxide concentration of 999 ppm may exist following 
an explosion or fire. It is necessary to evaluate the effects of 

10 
73 Fed. Reg. 80,666. 
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the higher concentrations on the instruments because the 
higher limits may exist prior to purging the airlock. 11 

) 

NIOSH's research indicates that MSHA's adoption of a 400 ppm carbon 
monoxide reference standard for determining the effectiveness of harmful gas 
removal components (see, 30 C.F.R. § 7.508 (c)(2)) may result in insufficient 
capacity to purge carbon monoxide concentrations of 999 ppm or more. In 
effect, while MSHA acknowledged that carbon monoxide concentrations of 999 
ppm may exist following an explosion or fire, the existing regulations and Part 7 
approval requirements provide miners no infonnation regarding the level of CO at 
the refuge alternative and whether the purging capacity of the refuge alternative 
will allow them safe refuge, or whether they should head to the next SCSR 
cache. 

NMA recognizes that there are going to be practical limits to the amount of carbon 
monoxide or other hannful gases that can be neutralized or eliminated by purging, while 
at the same time maintaining the portability of refuge alternatives. The problem is that 
the current Part 7 approval process fails to acknowledge that carbon monoxide 
concentrations in excess of 400 ppm may exist and that miners faced with such a 
situation are not currently informed of how such high concentrations affect the capacity 
of the refuge alternative-nor are they trained on what concentrations of carbon 
monoxide render the refuge alternative uninhabitable. 

While the ability of current refuge alternatives to purge such high concentrations of 
carbon monoxide may be in NIOSH's unreleased reports, NMA does not believe that 
the question has been adequately addressed by MSHA during the Part 7 approval 
process. It is absolutely essential for miners to know the purging limits of refuge 
alternatives, and they must be trained on how to determine if the mine environment is 
safe for the deployment of a refuge alternative. Without such knowledge and training, 
miners may perish rather than make further efforts to escape or reach SCSR caches. 

NMA regrets that it was unable to receive a copy of NI OS H's data on this matter. NMA 
believes that the purging issue is of potentially greater concern than the heat and 
humidity problems discussed at length, earlier. The purging issue could affect every 
refuge alternative, and every miner. Even if MSHA disagrees about the gravity of the 
heat and humidity issues raised by NIOSH research, NMA believes that the purging 
issue alone is of sufficient importance to justify providing the additional time we are 
requesting. 

Miners Need Appropriate Training on Refuge Alternatives. 

Mr. Secretary as you are know very well, mine emergencies present miners with life-or­
death decisions. NMA is concerned that, cumulatively, the problems raised by 

11 Id. 80,674. 
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NIOSH's research, may leave miners with an false sense of security. Contrary to the 
view held by some, based on our understanding of NIOSH's research, we cannot simply 
teach and train the nation's miners on how to deploy and operate a refuge alternative, 
and tell them that they will be able to survive for four days. 

Should you reject our emergency rulemaking petition and leave your current rule intact, 
MSHA's message to the nations miners will be that refuge alternatives and components 
that have been approved under Part 7 will provide a safe haven if they are operated 
according to manufacturer specifications. In our view, NIOSH's work calls this message 
into question. While the underlying reasons for granting our petition are based in the 
performance of refuge alternatives, it is even more important that we provide miners 
with an honest appraisal of their safety so that they can make educated decisions if they 
are forced to choose between seeking refuge in a refuge alternative, or making another 
attempt at escape. 

Mr. Secretary, for all the reasons stated above, we believe it is in the interest of all 
stakeholders for MSHA, on an urgent, emergency basis, to extend the deadline so as to 
permit the consideration and analysis of this crucially important NIOSH information in 
advance of operators having to remove from service the current cadre of prefabricated 
units, as well as to achieve an orderly transition to Part 7 compliance. 

NMA is prepared to work immediately with you and your colleagues, as well as with 
NIOSH and all other stakeholders to: 

•analyze the new NIOSH research and validate it; and 

•work cooperatively with all parties to develop any necessary revisions to 30 C.F.R. 
Parts 7 and 75. 

We look forward to your rapid and favorable consideration of this urgent request. In 
light of its emergency nature (and as noted at the outset of this letter), please let us 
have your answer to this petition no later than Nov. 5. 

Sincerely, 

Bruce Watzman 
Attachments 
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Public Health Service 

Centers for Disease Control 
and Prevention (CDC) 

Mr. Ronald Wooten 
Director, Office of Miners' Health, Safety & Training 
West Virginia Department of Commerce 
1615 Washington Street East 
Charleston, West Virginia 25311-2126 

Dear Mr. Wooten: 

National lnstilute for Oect:pational 
Safety and Health (NIOSH) 

Office of Mine Safety & Health 
P.O. Box 18070 
Pittsburgh, PA 15236-0070 

December 19, 2007 

Thank you for meeting with me on December 19, 2007 to discuss information that the National 
Institute for Occupational Safety and Health (NJOSH) in the Centers for Disease Control and 
Prevention of the United States Department of Health and Human Services has recently 
generated that may have an immediate impact on the health and safety of mine workers within 
the State of West Virginia. 

NIOSH conducts a program of mining safety and health research as a part of its portfolio of 32 
occupaUonal safety and health programs. Section 13(a) of the Mine Improvement and New 
Emergency Response Act of 2006 ("MINER Act") requires that NIOSH "provide for the conduct 
of research, including field tests, concerning the utility. practicality, survivability and cost of 
various refuge alternatives in an underground coal mine environment, including cornmercially­
available portable refuge chambers." 

Section 13(b) mandates that "[N]ot later than 18 months after the date of enactment of this Act 
(June 15, 2006}. the National Institute for Occupational Safety and Health shall prepare and 
submit to the Secretary of Labor, the Secretary of Health and Human Services, the Committee 
on Health, Education, Labor and Pensions of the Senate, and the Committee on Education and 
the Workforce of the House of Representatives a report concerning the results of the research 
conducted under subsection (a) including any field tests." 

Shortly after passage of the MINER Act, NIOSH began to discuss the elements of an 
appropriate refuge chamber testing protocol with many different stakeholders including 
representatives from the State of West Virginia. As a result of those discussions, NIOSH 
agreed to include in the peer-reviewed testing protocol certain parameters designed to assess 
the ability of refuge chambers to meet certain key regulatory provisions recently promulgated by 
the State of West Virginia. 

NIOSH understood before commencing testing at its Lake Lynn Experimental Mine that the 
State of West Virginia refuge chamber approvals were based on data and calculations provided 
by the manufacturers, as certified by a registered professional engineer. Furthermore, NIOSH 
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understood from a preliminary review of refuge chamber capabilities, and from a meeting 
between NIOSH scientists and members of the State of West Virginia Task Force, that several 
areas of chamber performance were of significan1 concern. These areas were: (1) level of 
oxygen when miners occupied the chamber; (2) level of carbon d ioxide inside the chamber 
when miners occupied the chamber; {3) apparent temperature inside the chamber when miners 
occupied the chamber; (4) the "purginge capability of the chamber, i.e., capability of the chamber 
to clear contaminated air from within the chamber each time the chamber door is opened to the 
outside; and (5) other specific areas such as set-up time and operating instructions. 

NJOSH is now preparing a report entitled "Report of Research on Refuge AlternativeS' to meet 
the requirements of Section 13(a) al)d (b) of the MINER Act. The NIOSH Report will be 
assembled in December of 2007, submitted to the parties named in Section 13(b) of the MINER 
Act, and will be disseminated in early January. 

However, NIOSH believes that findings in the four areas of chamber performance that are of 
significant concern to the State of West Virginia and need to be communicated to the State prior 
to the formal completion of the Report. NIOSH understands refuge chambers mandated by 
West Virginia Regulation Code, Title 56, Series 4, Section 8 will shortly be moved underground 
for operational use by miners in the case of an emergency. Since findings from our field testing 
raise issues about the performance of such refuge chambers, NIOSH believes it is imperative to 
inform you of our findings as soon as possible before deployment of refuge chambers. 

What follows is a brief summary of our findings to date. 

NIOSH conducted refuge chamber testing by NIOSH scientists at its Lake Lynn Laboratory. 
Various phases of the testing of each chamber were observed by representatives from the West 
Virginia Task Force and the Mine Safety and Health Administration's Approval and Certification 
Center. Results of testing four refuge chambers from different manufacturers were as follows: 

(1) Oxygen (02) 

Two of the four chambers had an 0 2 flow rate less than the specified minimum value. 

(2) Carbon dioxide (C02) 

Three of the four chambers had a C02 level in excess of the specified maximum value; 
and practical difficulties with the process of scrubbing were observed, to a greater or 
lesser extent, in all four chambers. 

(3) Apparent Temperature 

Two of the four chambers developed an apparent temperature greater than the specified 
maximum value. · 

(4) Purging 

NIOSH did not develop and execute a quantitative evaluation of chamber purging or 
positive-pressurizing ability, but our work-to-date indicates that this could be problematic 
for all four chambers, and that an alternative may be required. 



(5) Operating Instructions 

Instructions provided with the chambers were sometimes difficult to understand, and in 
one case, the instructions for C02 scrubbing were erroneous. None of the chambers 
contained "quick start" instructions and most lacked comprehensive instructions to deal 
with malfunctions or problems in critical systems. 

NIOSH believes that many of the experimentally observed shortcomings can be addressed 
quickly through improved engineering design, minor technical modifications, and/or the use of 
improved instructional materials. Indeed, based on our preliminary feedback to the 
manufacturers, changes may have already been implemented, but we do not have first-hand 
knowledge of these changes. However, NIOSH would be pleased to evaluate the efficacy of 
any changes made to improve chamber performance. 

As you are already aware, NIOSH is not an approval and certification agency. Findings from 
NIOSH's refuge chamber testing should be correlated with other sources of data on refuge 
chamber performance and with the experience of users. NIOSH does believe that laboratory 
testlng of refuge chamber performance may be a valuable adjunct to any governmental refuge 
chamber approval and certification process. 

Thank you for meeting with me on December 19, 2007 to discuss these important findings. 

Sincerely, 

Jeffery L. Kohler, Ph.D. 
Director, Office of Mine Safety and Health 

JLK/mc 
cc: The Honorable Edward M. Kennedy 

Chair, Committee on Health, Education, Labor, and Pensions 
U.S. Senate 

The Honorable George Miller 
Chair, Committee on Education and Labor 
U.S. House of Representatives 

The Honorable Richard Stickler 
Assistant Secretary for Mine Safety and Health 
U.S. Department of labor 

John Howard, M.D. 
Director, National Institute for Occupational Safety and Health 
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Update on refuge alternatives: 
research, recommendations and 

underground deployment 
lntrDduction 

The U.S. coal mining industry 
experienced an inacase in fatalities 
during 2006 when 37 miners per· 
ished in the nation's underground 
coal mines. Nineteen miners per· 
ished in three disasters: 12 miners 
perished in a methane explosion at 
the rnrernational Coal Group, Sa.go 
Mine, two more miners died in a fire 
at the Aracoma Coal Co., Alma. No. 

f.R. BAUER m J.L lllHUR the utility, practicality, survivability 
and cost of various refuge alterna­
tives in aa underground coal mine 
environment, including commercial· 
ly available portable refuge cham­
bers." Subsection (b)(l) then states 
that .. Not later than 18 moaths after 
the date of enactment of this.Act, the 
National Iosttlute for Occupational 
Safety and Health shall prepare and 
submit to the Secretary of Labor, the 
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1 Mine, while anotbet methane explosion resul1ed in the 
loss ·or five more miners at the Kentucky Darby, LLC. 
Darby No. 1 Mine. This reversed the downward trend 
of fatalities that had taken place during the previous 21 
years (Fig. 1). The causes of all the underground coal 
mine fatalities in 2005, 2006 and 2007 are listed in Tu.ble 
J. Table 1 illustrates that fewer fatalities occurred in 2005 
and 2007 than 2006 with· the goal of zeto fatalities as de­
sirable. 

The Mine Improvement and New Emergency Re· 
sponse Act of2006 (MINER Act), PL 109-236, was passed 
in ~nse to this increase in fatalities resulting from the 
three mine disasters that occo.rred in 2006 (United States. 
2006). Section 13 of the Act - Research Concerning Ref­
uge Alternatives. specifies NlOSH's te$pocmibilitics with 
respea to refuge alternatives. Section 13, subsection 
(a} of the Act !tetes tbat "The National Institute for Oc-. 
cupationaJ Safety and Health (NIOSH) shall provide for 
the conduct of research, including field tests, concerning 

Abstract 
Jn response lo the marulates in'~ MINER Act of 2()()6, 

rhe NatiQ1f4./ fnstitute for Occupational Safery and Health 
(NIOSH) conduc1ed rtfuge alternarives research that 
inclU/Utl chmacterii.ing w 111Uicy, pracsicaJiJy aJUJ mrviv­
ability of refuge chambers and 011rb_vsafe havtns. NlOSH 
also prepar~ and delivered a report co Congress in (uce 
December 2007 thal J1unn1arhed the findinp of the re· 
search, included rtcommenda1ions concerning rhe dnign 
and performance 1pecifications for refuge alternatives, and 
fo~ed on specific ir1/orma1lon char rotild inform the regu· 
W.wry prou.u on refuge alternatives. This paper high(iglrts 
NIOSH's research and rerommendations ccnceming refuge 
a(krnartves, survivability evalUOlions of refuge chambers 
and presen~ a brief revl.ew of the currenJ deployment of 
refuge chomben in underground coal mines in tM US The 
resear~h ha.5 ltad 10 the conclusicn thai refit~ alremarivu 
have the potential for saving tlw lives of min.e work.en if 
they are pan of a comprthtnsive escape and rescue pla11 
and if appropriate traini11g i.1 provided. 

Secretary of Health and Human Services, the Committee 
on Health. Education, Labor, and Pensions of the Senate, 
and the Committee on Education and the Workforce of 
the House of Representatives a report concerning the 
results of the research conducted under subsection (a), 
including any field tests." This document summarizes 
NlOSH's refuge altcmarives research that was included 
in the report to the U.S. Congress. 

The concept of utilizing refuge chamben dates back 
as far as 1912 when the U.S. Bureau of Mines advocated 
the building of refuge cbambcTS 10 light mine fires (Rice. 
19U) m the main sections of mines (Paul et al., 1923}. Jn 
the late 1930s and. early 1940s. some small refuge cham­
bers had been established in some coal mines in the cen­
tral state$ and these chambers saved lives (Harringtoo 
and Feoe, 1941 ). In addition, the Harwick Coal and Coke 
Co. built a number of large refuge chambers in the Har­
wick Mine. These ch11mbers were 23-m· (7.Ht·) long, 24-
m· (8·(1-) high and 3.3-m· (!Ht-) wide, cut out of the 
coal and connected to the surface by two boreholes to 
provide air.communications, food and waler (Harrington 
and Fcne.1941). 

More recent research efforts were completed under 
coatract for the U.S. Bureau of Mines &tatting around 
1970 and extending into the urid-1980s. Five major con­
tract effQrts were completed between 1970 and J 983 that 
addressed mine rescue and sunrival, tbe de6ign of explo· 
sion-proof bulkheads, post survival and m;cue research 
needs. and guidelines for rescue chambers. As a res ult, 
ooe refuge chamber was constructed and is still located io 
NIOSH's Bruceton Safety Research Coal Mine (Fig. 2). 
In general, these contract efforts did not point to any one 
specific oompooent that would eDSUJ'e slll'Vival during a 
mine disaster hut stressed that survival is a collaboration 
of subs)'5tems. The subsystems that mak:e up the overall 
survival strategy include escape. rescue, communication&. 
breathable air and barricading (refuge). 

NI OS H's recent research on retuge alternatives was 
limited to undetground coal mine applications.Historical­
ly, the use of refuge alternatives has been more prevalent 
in underground metaVnonmetal mines. The underlying 
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FIGUU 1 

Underannmd coal mine fatalities 1987-2007 (Bauer 
Ko•ler, 2009. 
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differences between mining sectors are significant and 
practices in one sector cannot be generalized to the other. 
Even so, tbe findings from this research may be useful for 
metal/nonmetal aprlication. 

The research efforts summarized in this document 
involved a number of activities. First, a literature search 
was performed to identify the findings from any past r~­
search on refuge alternatives and topics related to mine 
refuge and mine disasters, escape and mine rescue. Visits 
were made to mines, natipnally and internalionally, and 
meetings were held with mining experts from labor. in· 
dustry and governmcnl in the U.S .. Australia and South 
Africa to collect information on refuge alternatives, spe· 
cific refuge regulatious and to discuss contemporary is­
sues associated with refuge alternatives. Several coo tract 
efforts were completed that examined existing U.S. and 
international practices. regulations and refuge products. 
However, these efforts revealed very little information 
related to coal mining refuge applications, while iden­
tifying several knowledge and technology gap areas. In 
response, a major resean:h. con~ct was awarde~ to ad· 
chess the gap areas, includ.mg guidance ~or ~ocattn~ and 
positioning refuge al temat1ves and establishing specifica­
tions for cllambers and in-place .sheflers1• 

Concum:ntly. NIOSH researchers examined nonmin* 

Table 1 
Underground coal mine fatafftles for !OOS-2007 
lMSHA 2008). 
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ing applications where survival in confined spaces is crili­
cal - notably civil defense shelters, submarines and space 
capsules - in search of guidance fur application to coal 
mining. Overall. NJOSH researchers studied a range or 
practical issues as$0ciated with refuge such as movement 
of chambers from place to place. collected cost data end 
perConned cost analyses of refuge alternatives. NIOSH 
researchers also conducted survivability evaluations of 
refuge chamber performance at the lake Lynn Experi· 
mental Mine. 

Finally, separate reseaJch projects were initiated as 
gap are.as. were uncovered and several research effort& re· 
main ongoing. These research areas include the develop· 
ment of communications technology specifically for use 
in refuge alternatives and the development of training 
modules for using refuge alternatives during escape and 
rescue. These projects are expected to continue through 
2009 and will be reported on in future publications. 

NlOSH refuge alternatives research 
UtilUy. The utility, or usefulness, of refuge chambers 

has been debated in the U.S. at least since the passage of 
the Coal Mine Health and Safety Act of 1969. PL 91-173. 
which authorized the Secretary of Labor to preScribe in 
any coal mine that rescue chambers, properly sealed and 
ventilated. be erected at suitable locations in the mine 
to which persons may go in case of an emergency for 
protection from hazards. Despite this and the significant 
research conducted by 1he U.S. Bureau of Mines nearly 
30 years ago, refuge chambers have not been embraced 
by industry, labor or government. The focus, undetstand· 
ably, has been on escape rather than refuge. 

NIOSH investigated the utility of refuge alternatives 
to aid in lhe survival of miners following a mine disaster. 
Past mine disasters were reviewed to determine if the 
presence of refuge alternatives might have altered the 
outcome of these disasters. The results are mixed given 
the small number of disasters and the mine-specific cir­
cumstances under which they occurred. Thus, it is difficult 
to make a strong case for or against a specific refuge al· 
ternative, or even for or against the efficacy of coal min­
ers taking refuge. Nevertbele~ the recent mine disasters 
have refocused attention on the utility of refuge alterna­
tives. And it b~ b.een argued ~hat the availability of ref· 
uge alternatives may have been useful in these disasters. 

An extensive study of lhe mining disasters in under· 
ground coal mines in the U.S. from 1970-2006 involving 
fires, explosions and inundations in which fatalities oc­
curred revealed the potential affect of refuge alterna­
tives on both survivors and fatalities (Ounanian, 2007a, 
200Th}. This included 17 major disasters in which five or 
more miners perished: 20 disasters in which one to four 
mine1s were killed; one disaster in which no miners were 
killed, rbe July 2002 inundation at Black Wolf Coal Co.'s 
Quecreek No. 1 Mine in which all nine miners trapped in 
a flooded mine were rescued as well as four other d~s-

'The gap area-; were identified at the end of the international sur­
vey effort. wltkh WB$ performed duriogl111.y through October 2006. 
The technical part of the ronttact 10 address 1hese areas was com­
pleted al the en.d of October. 'The 11<:tual cont.ract a"'·d!d,canducted 
in compliance with the ft1dt:ral Acquisition Rules, was made in 
March 2007. Work on lhi:;.;onlract will contmue through 2009. The 
roatracior was able to provide key lnpulS for Ille prepar.11ion of 
the report 10 Congres.s. 
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ters in 110\ving fatalities that were not deemed applicable. 
In aU, 38 disasters were investigated for inclusion in the 
analysis. 

From the disaster analysis, a number of positive im­
pacts were identified. The term "positive impact" de­
scribed when the presence of a refuge alternative might 
have changed the final outcome of a disaster in a positive 
manner such as miners surviving instead of perishing. 
first, it was estimated that the presence of a refuge al· 
temative (chamber or safe haven) might have positively 
impacted the outcomes ill 12 or the 38 disasters studied. 
Second, of the 429 miners who were underground and 
impacted (forced to escape. injured, barricaded or per­
ished) by the 38 disasters, 83 might have been positively 
impacted by lbe presence of a refuge alternative. rl.Ilally. 
if a refuge alternative had been present 74 of the 252 
fatalities might have been positively impacted, resulting 
in the potential survival of lhe miners. 

The group of miners that might have been most im­
pacted were those \\fbo perished during their escape at­
tempts. The analysis indicated that 57 of the 67 miners 
who expired while escaping might have been positively 
impacted if an oulby refuge station had been present, the 

Table 2 

PMIUD2 

Refuge chtmher located in Bruceton Safety Research 
Minr. 

:t (f/J; . ., 

escaping miners found it and llley successfully activated 
the breathable air systems. A second group most likely 
to benefit were the miners who barricaded. While bar­
ricades were used in only two relevant incidents. these 
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Example of a11tygen supply system i1 a refui• chamber. 

incidents resulted in at least 17 and possibly 19 fatalities.. 
All of these miners might have been positively impacted 
(survived} by the presence of a refuge chamber on the 
working section. 

Based on the disaster analysis and numerous other 
NIOSH research efforts asliociat~d with the utility of 
refuge alternatives. the significant opportunity today is to 
recognize that refu8.e alternatives can be useful to facili­
tate escape from the mine as well as to serve as a safe ha­
ven of last resort. The potential of refuge alternatives to 
save lives wilt only be realized if mine operators develop 
comprehensive escape and rescue plans that incorp0rate 
refuge alternatives. Such an approach would be far supe• 
rior to one i.n which refuge chambers are simply placed 
into the mine to comply with a regulation. Thus, it does 
make sense to use refuge alternatives because it is likely 
that miners' lives could be saved. 

Practicality. The practicality of refuge alternatives 
encompasses whether or not they can be implemented, 
moved and maintained in underground coal mines. Ref­
uge chambers are commercially available and have been 
successfully installed in underground coal mines abroad 
and, to a limited extent, in the U.S. Although there are no 
documented case5 of successful use of a refuge chamber in 
an underground coal mine in an emergency. there is no ev­
idence to suggest that refuge chambers or alternatives are 
impractical, but their use will be.challenging. The instal­
lation of refuge alternatives and the moving and mainte­
nance of such chambers will require an ongoing effort on 
the part of mine operators. There was a concern that the 
moving of refuge alternatives to advaru:c or retreat with 
mining could be difficult and possibly impractical. After 
a thorough investigation of this issue including numerous 
site visits. it was found that the moving of refuge alterna­
tives can be done safely aad feasibly (NJOSH, 2006a). 
Also, it is thought that it may be impractical to lmp?ement 
viable- refuge alternatives in the few mines that operate 
in very low ccal, e.g. le~ than 914 mm (36 in.). The find­
ing of the NlOSH research is that refuge alternatives, to 
facilitate escape and to serve as a refuge oflast resort, are 
practical for use in most underground coal mines. 
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Survbiablllty. Survivability focuses on the ability of 
refuge alternatives to ensure that the workers who use 
the alternatives will survive for a specific duration. The 
most crucial specifications for the survivability of miners 
who seek refuge in a chamber or sofe haven are: main­
taiping the structural integrity of the unit through an ini­
tial explosion; initiating and maintaining an atm<l~pbere 
that will support life; and providing for basic human 
needs. These parameters need only address tb.e support 
of life for a limited time under emergency conditions 
since refuge alternatives are not intended to serve as 
routine workplaces. Ultimately. the desired result is a 
survivable event and not neces.sarily the most comfort­
able experience. 

The likelihood of a refuge alternative to survive an 
explosion is enhanced by the integrity of sti:uctural de­
sign. the positioning of the alternative out of the expected 
direct explosion force path. by minimi1.ing the probability 
of being struck by flying debris, and by not locating the 
alternative near likely explosion/fire somces such as seals. 
belt drives, etc. 

Providing and maintaining a survivable atmosphere 
has generally been solved by chamber manufacturers. 
Oxygen is supplied from breathable grade (99% pure 
with no hannful contaminants) oxygen bottles, flowing 
through manifolds and ball float mete~ (Fig. 3). Carbon 
dioxide scrubbing has been accomplished in a number of 
ways including passive lithium or soda lime curtains (Fig. 
4), and air, or battery-powered fans pulling contaminat­
ed air through soda !ime cartridges (Fig. 5). Tho control 
of beat and humidity was not an issue for the inflatable 
chambers since there is considerably more surface area 
for the heat to dissipate. Initially. this was a problem in 
the rigid steel chambers, but recent simulation testing and 
short duration human occupancy testing has indicated 
that the steel chambers can also be operated at apparent 
temperatures below 3.5" C (95° F}. the WV standard for 
the combination of heat and humidity; 

Basic human needs such as water. food and toilet fa­
cilities can and have been successfully addressed by all 
chamber manufaclurers. All in all, there is no reason to 
believe that miners using a refuge alternative can not 
survive for the NJOSH recommended minimum duxation 
of48hours. 

Simulation tetting 
NIOSH, as part or its research and as required in the 

MINER Act, evaluated the performance of the West Vu-­
glnia approved refuge chambers. NIOSH developed a 
protocol to simulate human occupancy based on a spe­
cific set of performance standar®, The protocol was sub­
sequently peer-reviewed and implemented. 

The goals of the evaluations were limited to investi­
gating the C02 scrubbing. oxygen flow rates and the heat 
index (i.e .• apparent temperature during chamber op­
eration). In addition, the overall deployment and opera­
tion of the chambers were observed and evaluated. Of 
critical importance was a chamber's ability to maintain 
a breathable atmosphere. This included maintaining o~ 
above 19.5%, C0

2 
below 0.5%, and a maximum •appar: 

ent-temperature' of 35° C (95° F). The protocol defined 
the means of simulating human occupancy to facilitate 
the evaluation of the chambers as follows: the oxygen 
ftow rate was measured and removed from the chamber 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 



Table 3 

(a rate of 0.62 Umin (0.022 cuft/m) per occupant was 
desired); col was injected into the chamber based on the 
respiratory quotient or 0.8 or 0.51 Umin (0.018 cuftlm) 
per occupant; the beat from light bulbs was used to mimic 
the metabolic heat load of 117.24 W/hour (400 Btuihr) 
per occupant; and humidified air was (njected into the 
chamber ate rate of l.5 Uday (0.4 gpd) per man lo simu· 
late moisture frQm human respiration and perspiration. 
The evaluations were conducted continuously over a 96-
hour period unless developing problems necessitated 
shortening the evaluations. Four manufacturers provided 
ch am bees for testing. two inftatable and two rigid steel. 

1be testing revealed unanticipated shortcomings in 
some of the chambers. For instance, heat dissipation was 
more of a problem ia the rigid steel than the inflatable 
chambers, and the heat stress indeJC2 in both steel cham­
bers exceeded the levels established as acceptaole by the 
state of West Virginia. It should be noted that the ambi­
ent mine air temperature for the tests was in the raoge 
of 13-16° C (SS-60° F) with little if any airflow over the 
chambers. Ir the ste~ chambers were used in mines with 
ambient tcmperatuTCS closer to 21° C (70° F), as is found 
in some deep mines. the problem would be exacerbated. 
Three of the four chambers were unable to maintain co2 
concentrations below the level specified by West Virginia 
OMHST. while twc of the four chambers were unable to 
deliver oxygen for the duration of the test. Finally, the 
time to activate~ each chamber vUTied from a few min­
utes to more than 30 minutes in two cases. There is no 
consensus on what constitutes a reasonable activation 
time, but the time ta activate a specific chamber should be 
considered when eslablishing 1he maximum distaace that 
ii. chamber can be located from the face. These shortcom­
ings are sufficiently serious in three of the chambers to 
require correction before deployment. In most cases, but 
not aU, these shortcomings should be correctable, or have 
already been corrected, wi1h minor technical changes, the 

addition of clear i.mtructions, and/or improved design/ 
engineering. 

Te.sting also reveale4 deficiencies with the documen­
tation provided for each chamber, and this information 
has been discussed with the manufacturers. As a result, 
NibSH initiated research to define and develop im­
proved documentation. Additional opportunities for im­
proving the usability and performance of chambers were 
noted. Finally, the results of the simulated evaluations 
indicate the need for independent evaluations ancl testing 
beyond the chamber manufacturers. Computational mod­
eling and other engineering and mathematical analyses 
proved lo be inadequate. 

Re-eval1111tians 
To address some of the deficiences found during 

the simulated occupancy evaJuations, some additonal 
evaluations were conducted, modifications observed and 
chamber manufacturer test results analyzed. One manu­
facturer's redesigned curtain stands were vfewed and 
found to be sufficiently strong to prevent tipping. Their 
oxygen ftow meter problems were also addressed and a 
96-haur test was observed that indicated the tluctuat­
ing flow was corrected. Another manuf.acturer's all-steel 
chamber was subjected to a repeat evaJuation at Lake 
Lynn. This evaluati.on lasted l4 hours until a steady state 
condition was reached and demonstrated the chwnber's 
ability to remain below 35° C (95° F) apparent lempera-

'Wcse Virginia spcciiled •apparent temperature'" u a murure of 
heawress and established an upper limit of 35° C (95° F), which is 
r~ooable llJJd is coim:fVllti ve. 
1 lbit is the elapsed time {ram arrMog at tbe chamber until the 
environment.al systern&i.nside the c:llambnhave hegun to function. 
Tiiis time would i111:lude the setup and ln&tion time for a.a inftat­
able chamber in addi1io11 10 tlte time required to start the oxygt111 

flow and C()~ SCJ\lbbing inside oftlle cJiambCT . 
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hssiva lidlU.. cU111io1 for JCrubbing Cll'llGI .tioxide. 

ture. Finally, one manufacturer. without ~OSH p~ci­
pation,completed a short-term hum.an sabjec:t evaluation. 
The results of the human occupation test were sent to and 
reviewed by NIOSH for verification that the scrubber 
containers were redesigned to prevent spillage and that 
the apparent temperature met the West Virginia stan­
dard. 

Recommtndations 
NIOSH's Report to Congress on refuge alternatives 

contained many recommendations concerning the char­
acteristics of refuge alternatives for use in underground 
coal mines (Table 2) (NIOSH 2007). A more complete 
explanation of the recommendations can .be fou.n~ in 
the original report at: http://www.cdc.gov/ruosl_llmmmg/ 
mineract/pdfs/Report_on_Refuge_Alternahves_Re­
search_l2·07.pdf. 

Chamber deployment in U.S. underground 
coal mines 

Depl~ent posslbilllfes.. The number of ~erground 
coal mines in the U.S. in 2005 and 2006 was estimated to 
be between 600 and 670 (EIA 2006 and NIOSH 2006b). 

Air pnwered soda llme earfion dioxide acnihllar system. 
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MSHA data from August 2007 on mechanized mining 
units (MMU's) places the number of :MMU's at 873 and 
the total underground mines at appro.ximately 464. Ac­
cording to the individual states. the number of operating 
underground coal mines ~ceeds 800 as seen in Table 3. 
Despite this variation, if all underground coal mines in 
the U.S. were required to have a refuge chamber on each 
working face, it is estimated that from 450 to more than 
1.000 chambers might be required. 

Number and type of chambers ordered. Although the 
exact numbers and t}'pe1; of chambers ordered, sold and 
delivered is not readily identifiable because information 
from all chamber manufacturers was not obtained, some 
preliminary numbe~ are available. 

Fust, according to Bruce Watzman, vice president for 
Safety and Health with the National Mining Associa­
tion, in tc;stimony before the Senate Subcommittee on 
Employment and Workplace Safety. the underground 
coal mining industry has spent $53 million for 752 total 
facilities to maintain trapped miners (Watzma11, 2008). 
Also, from infonnation provided by chambeT manufac­
turers. as of August 2008,approximately 980 orders have 
been placed for rigid and inftatable refuge chambers, or 
bulkhead type S)'$tems. More than 90% of the chambers 
ordered were soft·side deployable (inHatable). It was also 
reported that more than 540 units have been delivered to 
underground coal mines in Alabama, Colorado.. lllinois, 
Indiana, Kentucky, New Mexico. Ohio, Oklahoma, Penn­
sylvania, Utah, Virginia and West Virginia. The greatest 
number of units were deliven::d to West Virginia (ap­
proximately 36% ). 

Secondly, the capacity has been selected to cover the 
maximum number of expected users. based on between­
shift and hot·seat change outs of personnel. The result 
is inflatable chambers of up to 36 person capacity being 
ordered. Finally, ordeis by the larger coal companies have 
been placed on a company-wide basis, resulting in cham­
bers being placed not only in West Vrrginia mines but also 
in the company owned mines in other states as well. 

Problems and oonc:ems with underground deploy· 
ment. NIOSH has heard minimal nega!ive feedback 
about the deployment of the chambers, which is inter­
preted as little if any problems have been encountered. 
Issues have been mentioned concerning training, ie, avail­
ability of training models, in·mine or outside training. etc. 
In addition, at lea.5t two mines found that the rubber door 
seals had deteriorated after the chambers sat outside 
for the winter. These were replaced prior to deploying 
the chambers underground. It does raise questions as 
to the environmetaJ conditions that could lead lo sealing 
problems. Recently. a problem bas surfaced concerning 
the apparent temperature in refuge chambers employed 
in mines where the ambient temperature is greater than 
13-16° C {55-60° F). This could force a reduced occupancy 
requirement in somes cases due to expected apparent 
temperatures above 35° C (95° F). These might need fur­
ther investigation. 

MSHA proposed refuse alternatives rules 
The MJNER Act required the Secretary of Labor to 

report on proposed regulatory changes within 180 days 
of receipt of NIOSH's refuge alternatives report. In re-
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spoose, MSHA published a Notice of Propo$cd Rule 
Malting on Refuge Alternatives for Underground Coal 
Mi.a es oo June J 6, 2008 (MSHA. 2008}. At the time of the 
preparation of this manuscript. the comment period was 
dosed, public hearings completed and MSHA was in the 
process of developing the final rule. The proposed rule 
contains many of NIOSH's recommendations found in 
the report to Congress, as well as solutions to other criti~ 
cal issues, a result of ongoing communications as part of 
the MSHAINIOSH Refuge Alternatives Working Group 
and MSHA's diligent investigative efforts since passage 
of the MINER Act. 

Summary and conclusions 
The 2006 mine disasten1 and subsequent passage of 

the MINER Act bas led to the developmen1, testing and 
deployment of refuge alternatives in underground coal 
mines in the U.S. Specifically. a number of manufactur­
ers have researched, developed, built and supplied refuge 
chambers to the coal industry. 

The state of West Virginia has passed legislation re­
quiring the: use of refuge chambers in all the underground 
mines of that state and has approved a number of refuge 
chambeni. MSHA bas proposed rules for the use of refuge 
alternatives in alt U.S. underground coal mines. NlOSH 
bas conducted numerous research efforts to investigate 
tb.e utility, practicality and survivability of refuge alterna­
tives in underground coal mioes, performed survivability 
analyscli of a number of chambers and provided recom­
mendatiollll for use in the rule making process. Finally, all 
rese~h has Jed to the conclusion that refuge alternatives 
have the potential for saving the lives of mine workers if 
they are part of a comprehensive escape and rescue plan 
and if appropriate training is provided.• 

Discl1im1r 
The findings and conclusions in this report have not 

been formally disseminated by the National fostitute for 
Occupational Safety and Health and should not be con­
strued to represent any agency detennination or policy. 
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1. INTRODUCTION 

The National Institute for Occupational Safety and Health (NIOSH) has contracted 

o·ponnell Consulting Engineers. Inc. (OCEI) to provide an understanding of the heat 

transfer mechanisms associated with mine refuge chamber occupancy and the correlation 

between variables involved in the performance of refuge chambers. 

The purpose of this research task is to address the heat and occupancy issues associated 

with the use of refuge chambers in underground mining operations. In particular, there is 

an interest in addressing the relationship between the chamber internal apparent 

temperature and external ambient mine temperature. It is also desirable to understand the 

de-rating capacity of refuge chambers based on the expected internal apparent 

temperature as the external mine temperatures increase. Finally) knowledge of the time it 

will take for a chamber to reach 95°F apparent temperature at full occupancy given 

varying external mine temperatures is desired. This research considers the specific heat 

load and humidity generated by occupants, carbon dioxide scrubbing system, and other 

known heat and humidity sources, as well as chamber specific information. 

The following tasks, listed in the Statement of Work (SOW), are addressed in this Report: 

Task 1. - Provide a brief description of the thermodynamic heat transfer 

processes, i.e. radiation, convection and conduction, accompanying the 

occupation of a refuge chamber during a mine emergency; 

Task 2. - Develop heat transfer equations and an appropriate heat transfer 

modeling program; 

Task 3. - Detennine the baseline predicted maximum apparent temperature (heat 

+ humidity) inside one rigid steel refuge chamber for an ambient mine 

temperature of 55°F and expected heat load and humidity at full occupancy; 
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Task 4. - Provide the correlation between internal apparent temperature and a 

range of extema) mine temperatures (55 to 95°F, or until no heat transfer occurs) 

for one rigid steel refuge chamber at full occupancy; 

Task 5. - Provide an estimate for occupancy de-rating based on the expected 

internal apparent temperature remaining at or below 95°F for various mine 

temperatures using the results of Task 4, for one rigid steel refuge chamber; and 

Task 6. - Provide an estimate of the maximum time of acceptable occupancy, at 

the manufacturer's recommended full capacity, and the estimated internal 

apparent temperature remaining at or below 95°F, resulting from a range of 

external ambient mine temperatures (55 to 95°F, or until no heat transfer occurs) 

for one rigid steel refuge chamber. 

2. OVERVIEW OF REFUGE CHA.MBER FUNCTIONAL REQUIREMENTS 

Following several coal mine accidents, safety legislation was approved in 2006 to 

provide refuge chambers miners could access while waiting to be rescued. These refuge 

chambers are to provide the miners with necessary oxygen, food, water, livable 

temperature, and a way of eliminating harmful gases such as carbon dioxide and carbon 

monoxide for up to 96 hours. Due to the possibility of power loss in the mine as a result 

of an accident, all necessary life support systems must be designed to function 

independently of the mine's normal electric power system. Maintaining an acceptable 

combination of temperature and humidity, which defines the apparent temperature inside 

the chamber, is of major concern. Other important issues are the methods of providing 

oxygen, eliminating carbon gases from the air inside the chamber, and reducing the 

humidity in order to sustain miners' lives. 

There are two types of temporary refuge chamber designs presently available, hard-shell 

(metal) and inflatable soft-shell (vinyl or rubber) units. The condition inside a hard-shell 
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chamber at the time of the accident or inside a soft-shell chamber right after it is inflated 

is refen-ed to herein as the chamber Initial Condition. If the hard-shell chamber has been 

sealed prior to entering the mine, the temperature, humidity~ oxygen level, and carbon 

dioxide level are the same as when the unit was sealed. If the chamber has been accessed 

while in the mine, the Initial Condition would be similar to that of the mine interior 

environment. As miners enter the chamber, the temperature, humidity, and carbon gas 

levels begin to rise, and the oxygen level begins to decrease. The chamber temperature 

can be maintained at a safe level as long as the heat generated inside the chamber gets 

transferred to outside the chamber. The chamber air temperature and humidity rise as the 

mine environment temperature outside the chamber rises. 

The best scenario for the chamber interior temperature is to reach an acceptable steady 

state condition following the initial rise in the chamber's interior temperature. However, 

the ability to achieve this acceptable steady state condition depends on the mine's 

envirorunent temperature. If the mine environment temperature is high, the steady state 

apparent temperature may not be acceptable to support the miners. An increase in the 

internal chamber temperature due to the heat generation fTom the miners' bodies and the 

scrubbers reduces the heat transfer from the chamber to the surroundings, further 

increasing the chamber temperature. In addition, providing sufficient oxygen, 

eliminating carbon dioxide from the air inside the chamber, and keeping the humidity 

under control are necessary for sustaining miners' lives. The apparent temperature, 

which is a measure of an acceptable temperature, is based on the combination of heat and 

humidity. MSHA has limited the apparent temperature to 95°F for refuge chambers. The 

apparent temperature as a function of relative humidity and dry bulb temperature is 

presented in Table 1 and as a graph in Figure 1. The oxygen and carbon dioxide can be 

calculated based on the number of miners and their occupancy time period independent 

of the unit interior temperature. 

Theoretically, if the oxygen supply is unlimited, the carbon gases are removed using 

scrubbers, and humidity is kept under control using desiccants many miners can survive 
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much longer than the required 96 hours. The exception is if there is excessive heat 

generated in the mine in the close vicinity of the chamber. 

3. CONTROL OF TRANSIENT REFUGE CHAMBER CONDITIONS 

In addition to providing the necessary food, water, and sanitary facilities that are outside 

the scope of this study, maintaining proper levels of oxygen, carbon gases, temperature, 

and humidity are essential to support the miners in a refuge chamber. Human breathing 

consumes oxygen and expels carbon dioxide and water vapor. Therefore, in a closed 

system like a refuge chamber, the consumed oxygen needs to be replaced and carbon 

dioxide needs to be removed. The ratio of carbon dioxide produced to oxygen consumed 

is defined as the "Respiratory Quotient". The Respiratory Quotient varies from 0.8 to 1.0 

depending on the person's activity level. Based on the MSHA regulations, breathing 

supplies should be designed to provide 1.32 CFH of oxygen and remove 1.08 CFH of 

carbon dioxide per miner. 

The concentration of oxygen in the earth's atmosphere is approximately 20.8%. Air is 

considered oxygen deficient when oxygen concentration falls below 19.5%. The effects 

of various oxygen concentration levels are tabulated in Table 2. According to 30CFR 

Part 7.508 the recommended level of carbon dioxide in the chamber should not exceed 

1.0%. The effects of various carbon dioxide concentration levels and the exposure times 

on humans are sho'\.\-n in Table 3. The physiological tolerance time for various carbon 

dioxide concentration levels is tabulated in Table 4. 

There is always the possibility of high concentration of carbon monoxide in the chamber 

due to nearby fire and explosions in the mine. According to MSHA (30CFR Part 7.508) 

the recommended level of carbon monoxide in a refuge chamber is 25 ppm. An increase 

in the concentration from 200 to 800 ppm could result in headaches to convulsion in 45 

minutes and insensibility in about 2 hours. 
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Oxygen may be provided in the chamber by different methods such as bottles of 

compressed medical grade oxygen stored in the chamber. Carbon dioxide may be 

removed using chemicals such as lithium hydroxide or soda lime. The use of t11ese 

chemicals results in generating or removing heat from the chamber that should be taken 

into account in the heat transfer and analyses. Detailed analyses and efficiency of various 

methods of replacing the consumed oxygen and removing the carbon gases are feasible 

but are not in the scope of this study. Such analyses should be included for accurate 

modeling and simulation of refuge chambers. 

According to 30CFR Part 7.505, refuge chambers should withstand 15 psi 

overpressurization for 2 seconds and 300 °F flash fire. Design modifications could be 

made to the chambers to make them more robust against potential external loads resulting 

from fire and explosions. These loads could be in the form of overpressurization, 

pressure spikes during short time periods, dynamic blasts, and impacts from projectiles 

such as cribs and roof fall materials. Design improvement and modifications could be 

accomplished using reliable finite element modeling and simulations. Such analyses 

could be used to quantify the improvements that could be achieved by various design 

changes. 

An important factor in maintaining a livable environment in a refuge chamber is the air 

relative humidity. The relative humidity "<1>" of an air-water mixture is defined. as the 

ratio of the partial pressure of water vapor "pt in the mixture to the saturated vapor 

pressure of water "Pws .. at the same temperature. Relative humidity is normally 

expressed as a percentage by the following equation: 

Graphs in Figure 2 show that it takes less than t 8 hours for a single miner to fully 

saturate the air at 90"F temperature with zero humidity in a 464-cubic feet chamber. 

Time to 100% saturation decreases linearly with increase in percentage of initial 

saturation. For instance, for the initial chamber at 90°F temperature and 75% humidity 

ratio, the time to l 00% saturation would be less than 4.5 hours. For the same chamber at 
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60°F, the time to saturation with 0% and 75% relative hwnidity would be less than 7 

hours and 2 hours, respectively. The calculation detail is presented in Appendix A. 

Graphs in Figure 2 also indicates that the change in temperature has a small effect on the 

partial water vapor pressure, however, it has a large effect on the saturated water vapor 

pressure, as shown in Figure 3. 

Table 1. Apparent Temperature Chart 

Relative TEMPERATURE (°F) 

Humidity(%) 70 75 fil! 85 90 95 100 105 110 115 120 125 130 135 

0 
5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 

100 

64 69 73 78 
64 69 74 79 
65 70 75 80 
65 71 76 81 
66 72 77 82 
66 72 77 83 
67 73 78 84 
67 73 79 85 
68 74 79 86 
68 74 80 87 
69 75 81 88 
69 75 81 89 
70 76 82 90 
70 76 83 91 
70 77 84 93 
70 77 85 95 
71 78 86 97 
71 78 87 99 
71 79 88 102 
71 79 89 105 
72 80 90 108 

83 87 91 95 
84 88 93 97 
85 90 95 100 
86 91 97 102 
87 93 99 105 
88 94 101 109 
90 96 104 113 
91 98 107 118 
93 101 110 123 
95 104 115 129 
96 107 120 135 
98 110 126 142 
100 114 132 149 
102 119 138 
106 124 144 
109 130 150 
113 136 
117 140 
122 150 
126 
131 

99 103 
102 107 
105 111 
108 115 
112 120 
117 127 
123 135 
130 143 
137 151 
143 
ISO 
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Apparent Air Temperature vs Dry Air Temperature 
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Figure 1. Apparent Temperature v. Dry Bulb Temperature and Relative Humidity 

a e eels o XYi T bl 2 Effi f O •en c tr . L oncen at10n eves 
Concentration of Oxygen in Air 

Effect on the Human Body 
(percent by Volume) 

Over 24 Increase risk of fire 

18 Slight increase in breathing rate 

17 
Faster, deep breathing, possible 

impaired judgment 

15 
Dizziness, buzzing in ears. rapid 

heartbeat 

13 
May lose consciousness with 

prolonged exposure 

9 Fainting, unconsciousness 

7 Life endangered 

6 Convulsive movements, death 
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Table 3. Effects of Carbon Dioxide Concentration Levels 

Carbon Dioxide Exposure Time Effects 
Concentration % 

Loss of controlled and purposeful activity, 
17-30 Within 1 minute unconsciousness, convulsion, coma, and 

death 
I,ess than 

I to several minutes 
Dizziness, drowsiness, severe muscle 

10 - 15 twitching, and unconsciousness 
7- 10 Few minutes Unconsciousness or near unconsciousness 

Headache, increased heart rate, shortness of 
7- 10 1.5 minutes to I hour breath, dizziness, sweating, and rapid 

breathing 
6 1 - 2 minutes Hearing and visual disturbances 
6 Less then 16 minutes Headache and dyspnea 
6 Several hours Tremors 

4-5 Within a few minutes 
Headache, dizziness, increased blood 
pressure, indomitable dyspnea 

3 1 hour 
Mild headache, sweating, and dyspnca at 
rest 

2 Several hour Headache, dyspnea with mild activity 
1 Longtime No effect 

Table 4. Physiological Tolerance Time for Various Carbon Dioxide Concentrations 

Concentration of Carbon Dioxide in Air Maximum Exposure Limit 
(percent by Volume) (Minutes) 

0.5 indefinite 

1.0 indefinite 

1.5 480 

2.0 60 

3.0 20 

4.0 10 

5.0 7 

6.0 5 

7.0 Less than 3 
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4, HEAT TRANSFER MECHANISM IN REFUGE CHAMBERS (SOW Task 1) 

Heat generated in the chamber gets transferred to the chamber's interior walls, through 

the walls, and then to the mine environment. Heat is transferred by conduction, 

convection, and radiation from heat sources inside the chamber, namely from miners' 

bodies and scrubbers, to the chambers interior wall through the air. Due to low air 

conductivity, the amount of heat transferred by conduction is small. Since there is air 

movement inside the chamber, most of heat is transferred by convection. There is also 

some radiation heat transfer within the chamber. Heat is transferred though the chamber 

wall thickness by conduction only. Due to the chamber's thin wall thickness and its 

material conductivity, there is a minimal heat flow resistance and a small temperature 

drop across the chamber's walls. Adding insulation to the walls protects the chamber 

from external heat due to fire and explosions, however, it also reduces the chamber's 

beneficial heat flow to the outside when chamber's inside temperature is higher than the 

outside. The benefits of increasing the wall's external heat transfer surfaces, such as 

installing fins, can be quantified using finite element modeling. Fins should be protected 

from getting damaged during hauling and placement of the chamber inside the mine. 

From the chamber outside wall surfaces heat is transferred by convection and radiation to 

the mine's interior surfaces. The amount of heat transferred by conduction in the air is 

small. Since the air flow outside the chamber is stagnated, the heat transfer coefficient 

between the chamber exterior surfaces and the air is relatively small, resulting in a low 

convection heat transfer. Due to low heat transfer by conduction and convection, 

radiation heat transfer is the prominent heat transfer mode. Radiation is affected by the 

level of humidity in the air surrounding the chamber. 

Appropriate heat transfer models were developed. to simulate the heat flow between the 

chamber internals and the mine envirorunent. Finite element technology was employed to 

construct and perform the analyses. 
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5. FINITE ELEMENT ANALYSES (SOW Task 2) 

S.1 Geometry 

A three-dimensional model of a typical mine refuge chamber was constructed to quantify 

the heat flow between a refuge chamber and its surroundings. This model consisted of 

more than 37,000 three-dimensional solid elements. The finite element model included 

the chamber, men, carbon dioxide scrubber, and the mine environment. Model 

dimensions were based on one of the Strata's hard-shell refuge chambers that was made 

available for evaluation. This chamber was designed to hold up to 20 miners. The 

overall dimensions of the model were 96" wide 72" tall and I 15" long with 0.25" thick 

walls, resulting in approximately 464 ft3 of internal volume. 

A cross-section of the chamber showing two miners sitting across from each other, a box 

in front of them representing a dioxide carbon scrubber, and the mine walls is presented 

in Figure 4. Figure 5 shows the 3~dimensional view of the chamber, cut and expanded at 

the middle. The finite element mesh density of the chamber model is reproduced in 

Figure 6. This model was built to simulate the chamber performance for up to 20 miners. 

5.2 Steady State Anahses 

A number of three dimensional finite element steady state thermal analyses were 

performed on the above-described model simulating various conditions. These 

conditions were based on varying the number of miners in the chamber, the temperature 

of the mine walls, and the air temperature outside the chamber. The heat flow from each 

person was set at 400 BTU/hr and their skin temperature was set at 93°F. The heat flow 

generated by the carbon gas scrubbers was set at 87 BTU/(hr-person). 

Figures 7 through 11 show dry bulb temperature distributions in the chamber for the case 

of20 miners with the mine wall and air temperatw·e at 60°F. Figure 7 shows 3-D view of 

the air temperature distribution on a vertical plane across the center of the chamber. 

Figure 8 shows 3-D view of the air temperature distribution on a vertical plane at the 
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center of the chamber. These graphs show the increase in the air temperature near the 

carbon dioxide scrubber. The air temperature distribution on the plane across the body of 

a miner sitting in the middle of the chamber is reproduced in Figure 9. Figures 10 and 11 

show the air temperature distribution on two horizontal planes at the miners, head and 

feet levels, respectively. 

The temperature values throughout the chamber are averaged to represent the average dry 

bulb temperature in the chamber. Generally the mine's air and wall temperatures are 

approximately the same and in equilibrium u11less an explosion or fire occurs. The effect 

of the change in the mine' s air and wall temperatures and also the number of miners on 

the average dry bulb temperature in the chamber are presented in Figures 12 and 13. 

Figure 12 shows the average dry bulb temperature in the chamber for I 0, 14, 16, and 20 

miners when the rnine's air and wall temperature were equal. Figure 13 shows the 

change in the average dry bulb temperature in the chamber for 20 miners vs. mine wall 

temperatures of 55 to 95°F for mine air temperatures of 55, 65, 75, 85, and 95°F. 

All above temperature plots are for the chamber dry bulb without accounting for 

humidity in the air. The combination of the air temperature and hwnidity defines the 

apparent air temperature (see Figure 1 and Table 1) which is the measure of "feels like" 

comfort for the human body. Figures 14, 15, and 16 show the change in the apparent 

temperature of the chamber at various levels of relative humidity for 20, 10, and 8 miners 

vs. the change in the mine· s equal air and wall temperatures, respective! y. 

5.3 Transient Analyses 

Transient thermal analyses were performed to detennine the time that it takes from when 

the miners enter the chamber until the thermal condition inside the chamber reaches 

equilibrium. All temperatures were set to 60°F at time equal to zero. The change in the 

chamber average dry bulb temperature for 8, 10, 14, 16, and 20 miners when the mine's 

air and wall temperature were equal to 60°F is plotted in Figure 17. This plot indicates 

that the temperature in the chamber reaches the steady state condition in about 3 6 hours. 

This data is plotted on a semi-log scale in Figure 18. The change in the chamber apparent 
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air temperature for 20 miners when the mine's air and wall temperature were equal to 

60°F, 75°F, and 90°F are plotted in Figures 19, 20, and 21, respectively. Similar plots for 

10 and 8 miners in the chamber are plotted in Figures 22 through 27. 

5.4 Analyses Results 

Finite element heat transfer analyses results show that for the refuge chamber considered 

herein, the heat flow from the chamber to its environment is more sensitive to the mine 

interior wall temperature than the air temperature sunounding the chamber. 

Analyses results show that the chamber air gets oversaturated in a relatively short time. Jt 

takes less than 1.8 hours for 10 miners to fully saturate the air at 90°F temperature with 

zero humidity in a 464-cubic feet chamber. This shows the importance of humidity level 

in extending the capacity and occupation times of mine refuge chambers. 

5.4.1 SOW Task 3 

Task 3 in the Statement of Work (SOW) involved determining the baseline predicted 

maximum apparent temperature with an ambient mine temperature of 55°F and full 

occupancy. Figure 14 illustrates this relationship for ambient mine temperatures of 55°F 

to 95°F. The apparent temperature for various relative humidity at an ambient mine 

temperature of 55°F varies from approximately 82 to 97°F. For instance, at dry 

conditions, the predicted maximum apparent temperature is approximately 82°F while at 

100% RH. the maximum predicted apparent temperature is 97°F. Similar results for 10 

and 8 miners are presented in Figures I S and 16, respectively. 

5.4.2 SOW Task 4 

Task 4 involved providing the correlation between internal apparent temperature and a 

range of external mine temperatures, again at full occupancy. Figure 14 also illustrates 

this relationship. The internal apparent temperature reaches 95°F at various external 

temperatures and internal RHs. For instance, the apparent temperature reaches 95°F at 

80°F mine temperature and 50% RH. At 100% RH, the chamber is estimated to be above 
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95°F apparent temperature at 55°F mine temperature. Similar results for 10 and 8 miners 

arc presented in Figures 15 and 16, respectively. 

5.4.3 SOW Task 5 

Task 5 requested an estimate of occupancy de-rating for various external mine 

temperatures with the chamber remaining at or below 95°F apparent temperature. 

Figures 14 through 16 provide an estimate of the occupancy de-rating needed as the 

external mine temperatures increase. Where each of the RH lines cross the 95°F apparent 

temperature line indicates the external temperature at which occupancy de-rating must 

occur. For instance, if occupancy is halved to 10 miners as shown in Figure 15, the 

exterior mine air/wall temperature can be only 62°F at 100% RH and as high as 95°F at 

dry interior conditions for the chamber's apparent temperature to remain at or below 

95°F. 

S.4.4 SOW Task 6 

Finally, Task 6 requested a time of acceptable occupancy, at full capacity and internal 

apparent temperatures at or below 95°F, for various external mine temperatures. Figures 

19 through 27 illustrate these relationships. Figure 19 illustrates that at full capacity, 60°F 

external mine temperature, and regardless of the RH, the apparent temperature reaches 

95°F in approximately 9 hours, reaching a maximum of 102.5°F in approximately 40 

hours after occupation. At higher external mine temperatures of75°F and 90°F, as shown 

in Figures 20 and 21, time of acceptable occupancy is reduced dramatically. Similar 

results for 10 and 8 miners are presented in Figures 22 and 27. 

6. DISCUSSION AND RECOMMENDATIONS 

The work performed herein was concentrated on the basic heat transfer mechanisms 

governing the heat flow and heat balance between a typical refuge chamber and its 

surrounding envirorunent in the mine using finite element analyses. There are many 

variables involved in designing and evaluating the capacity of a reliable refuge chamber 

to support miners for a desired time period. These variables include temperature, 
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humidity, oxygen, carbon dioxide, carbon monoxide, chamber's dimensions, ch.amber's 

material of construction, chamber's fire resistancy, chamber's structural integrity when 

subjected to external pressure, and the chamber's placement in the mine for optimum heat 

flow. Under the conditions considered in this Report (see Figure 2). it only takes a few 

hours for a single person to increase the level of humidity to full saturation. Therefore, 

the humidity level must be kept under control for successful use of chambers. 

At the present time, in order to design or evaluate the performance of a refuge chamber, a 

comprehensive heat transfer, thermodynamics, and structural analyses must be 

performed. These analyses involve computational fluid dynamics (CFD), finite element 

(FEA) analysis, and engineering calculations. OCEI recommends performing an 

extensive parametric evaluation of the effects of all the variables involved in the design 

of a reliable refuge chamber. In these transient evaluations, the chamber d:ry bulb 

temperature and relative humidity as a function of time will be monitored and quantified. 

A detailed evaluation of all heat sources (the sensible and latent heat loads) in the 

chamber including humans, chemical reactions, scrubbers, and other equipment will be 

included. The exact concentration of gases present in the chamber will be considered to 

make sure the system is functioning as required for maintaining livable conditions for 

miners. Factors affecting the flow of heat between the chamber and the mine include 

mine air transient temperature due to potential fire or explosions, mine wall temperature 

gradient, air flow and movement around the chamber (if any), level of humidity and gases 

in the mine air affecting the radiation from the chamber to the mine walls, conductivity of 

the mine wall materials, and distances belween the chamber outer surfaces and the mine 

walls. 

Based on the results of such a study, an interactive stand-alone software program can be 

developed for design and verification purposes covering various designs of refuge 

chambers, without having to perform time consuming CFD and/or FEA analyses and 

simulations on each individual unit. 
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Certain input values and assumptions for the above-mentioned work may need to be 

verified by testing, experimentation, or physical modeling. To reduce the cost and 

increase the efficiency of these verification tests, CFD and FEA modeling can be 

employed to define the test procedures and parameters. 

Presently refuge chambers are not designed to withstand the potential excessive heat 

created by a fire. As discussed in this Report, increases in the mine environment 

temperature could reduce or even reverse the heat flow from the chamber. This issue 

should be addressed on a priority basis in future work. 
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Chamber Mine Air Mine Walls 

Figure 4. Cross-Section of the Chamber Showing Two Miners across from Each Other 

Figure 5. 3-Dimensional View oft11e Chamber Cut in the Middle 
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Figure 6. Chamber Finite Element Mesh Density 

8' 261"erson S1••dr S1tte lhe.rmol 

Figure 7. 3-D View of the Chamber Temperature Distribution 

O'Donnell Consulting Engineers, Inc. 

Ttmptr>tUl't) 
T)'pt; T en<1p<1'-t1Jr( 

Uft!t:'f 
T1mt: 1 

M•<: !Q9.31 
M;mS7.9a9 

l09.i4 
!Dl.65 

91.946 
§1 

92.m 
86.53 

ao.m 
15,ll~ 

69.405 
~3.691 
5J,9S9 

Page 20 



Finite Element Simulation of Mine Refuge Chambers 

9: 10 P•11on St•>dy Shte Thom.! 
TcmpNwreO 

Typt:Ttmperaturc 
Unit; "f 
Tititc: l 

M•>t 11'1.;6 
Min: SS.<2 

1GU6 
IOML 
!i.264 

~ ~l.IH 
Bl.165 
81.616 
!M67 
10.~l.$ 

S4.DS9 

S9.42 

Fi 8. Air Tem rature Distribution on the Chamber's Vertical Center Plane 

Bo 2U P•u-Sl•:.dr St•I• The< ... •I 
T<'mptt.w.ue 5 

Type: Tttnperoture: 
Uoit:"F 
Tirne:1 l 

Mn:!l.015 
Mm:60.3Q 

~i.m 
~9.4(7 

85.8~~ 

t2.111 
n.m 
14.US 
nm 
61.6U 
6).98 

60.347 

Figure 9. Air Temperature Distribution on a Plane across the Body of a Miner Sitting in 
the Middle of the Chamber 

O'Donnell Consulting Engineers, Inc. Page 21 



Fi11ite Element Sim1tlation of Mine Refuge Chambers 

S: 211 Peucn Sle-4y Stote Tbu11&1 
T ttnpttltUrt e 

Typt~ TtMpentut"C 
Unit •f 
Timt:t 

Mo:c:!Os.16 
Min:&l.753 

109.:IS 
104.01 
98.18' 
'3.~'12 

H.lfl) 
e2.m 
11.422 
72.lll 
67.00 

61.J53 

Figure 10. Air Temperature Distribution on a Horizonta] Plane at the 
Miners' Head Level 

B: 20 l'mon StudJ SI •le Thw•ll 
Ttmp~'•lvrt 1 

T~Tcrnptr~tu.-. 

IJ.a: 'f 
Time; ! 

Mu,9Ull 
Min:5j.666 

nm 
U.Jll 
n.m 
ti.Pl, .. 
11.m 
•uu 
I D.)<f 

'1.0l• 
i.l.l1 

51.606 

Figure 11. Air Temperature Distribution on a Horizontal Plane at the 
Miners~ Foot Level 

O'Donnell Consulting Engineers, fnc. Page 22 



Finite Element Simulation of Mine Refuge Chambers 

100 

..._ 16 Miners 

····---,-
"'IP 14 Miners 

-...10 Miners 

55 60 65 70 75 80 85 90 95 

T mine_ air= T mine_walls (0F) 

Figure 12. Average Dry Bulb Temperature in the Chamber for 10, 14, 16, and 20 Miners 
vs. Mine Air and Wall Temperatures 

100 ..... - - .---- i "---··· -·--1 
l I 

I l 

..,. 55 °f Mine Air 
_.. 65 °f Mine Air 

- 75 °f Mine Air 
-+-85 °F Mine Air 
-95 °F Mine Air 80 ~ __ __,_ ___ ...___ __ _._ ___ _._ _ __ __ .. _. -·-- ----······- - -

55 60 65 70 75 80 85 90 

T mine_wans (OF) 

figure 13. Average Dry Bulb Temperature in the Chamber for 20 Miners 
vs. Mine Wall Temperatures of 55 to 95°F 

95 

O'Donnell Consulting Engineers, Inc. Page 23 



Finite Element Simulation of Mine Refuge Chambers 

~~. :1 G450: ,...---~0-r~-~-R-H--.---... __ ---- _· ___ 1-- ~ 
~ · --··--·· 60% RH 

--70% RH 
):!. 130 -80% RH 
1: 
~ 120 -90% AH 
8: -100% RH 
< 110 
~ e 100 

~ 
'- 90 
(!) 

"E ] 80 
(.) 

70 

60 ~~--J .... _ __.___ 
55 60 65 70 75 80 85 90 95 

T mine_air" T mine_walls fF) 

Figure 14. Average Apparent Chamber Temperature at Various Relative Humidity 
Levels for 20 Miners (Full Occupancy) vs. Mine's Equal Air and Wall Temperatures 

160 
-Ory 

150 -50%RH 

70 

60 

'"'""'"60% RH 
'~700.k RH 
-80%AH 
-90%RH 
-100% RH 

~--· .. - ... -........... _, 

55 60 

_.___. __ ____. ___ _._ ___ ..__ __ ., -····--···-

65 70 75 80 85 90 95 

Figure 15. Average Apparent Chamber Air Temperature at Various Relative Humidity 
Levels for 10 Miners vs. Mine's Equal Air and Wall Temperatures 

O'Donnell Consulting Engineers, Inc. Page 24 



Finite Element Simulation of Mine Refuge Chambers 

1 so .----------~--ory 
. ··--;-··- .. ----· . 

u...­
~ 160 
ci. 
E 
4> 
I­

-50%RH 
········-·60% RH 
---70% RH 

-80%RH C 140 
!!! -90%AH 
cu 
§: -100% RH 
~ 120 1 - ·Limit 95°F 1--t--

rn ···--
~ 
Q) 

~ 100 1---+-

60 '---·--'---..1.._ 

55 60 65 70 75 80 85 90 95 

T mine_atr= T mine_walls {°F) 

FiglU'e 16. Average Apparent Chamber Air Temperature at Various Relative Humidity 
Levels for 8 Miners vs. Mine's Equal Air and \Vall Temperatures 

85 ~-- '" ..-----

~ 
i...----

CL ~ 
~ 80 

~ 
- --~-... ~ 

i..--

~ 
~ I-

~ 
- ...... _.,. .. _ 

75 ·- -20 Miners co v 1::- -16 Miners 
0 

-14Miners Q) 
Ol 

-10 Miners ~ 
Q) 70 

__ .. __ 
-·--··-·· 

~ 
\.. 
Q) 

- a Miners --·-
D 
E 
tu 65 ................. _.,,,,_ ... ,,,,,,.,, ....... .t:; 
(.) 

60 ----·- ---- ..... , ... _, __ 
0 12 24 36 48 60 72 84 96 

Time (Hours) 

Figure 17. Average Dry Bulb Chamber Temperature for 8, 10, 14, 16, and 20 Miners 
vs. Occupancy Time for Mine's Air and Wall Temperatures of 60°F 

O'Donnell Consulting Engineers, Inc. Page 25 



Finite Element Simulation of Mine Refuge Chambers 

85 - --···· 
_v---

,,~ L/: ~ "' 
....... 
u. 
!?_... 80 
ci. 

- _.. .... -- v 
E 
~ 
.J.l 

~ 75 
i?::-

0 
41 
C) 

~ 70 
~ .. 
Q) 

..Q 

E 
~ 65 
(.} 

·-

~ 

i.i"'• ---_ .. •• -- 1olo - .. i.i -- lo 

--

~ 

""""' 
~ 

:_,...,- ~ r;; 

~ ~ 
;.... 
...... i.o' 

v i... ..,. .... 
:;:.....--...-

! 

, 
~ -~~ / ~~ .. ..,,,,,.-

/ ~ ~ /ti ~L 

~ "'"' 
-20 Miners 

,..~ ~ 
!;' .. "' ,,-'"' -16 Miners 

~ ~ ~ "' ~ / -14 Miners ... ~ "' -, . 
~~ v -10 Miners 

~ "" .. ~ -8 Miners 
"' ~ .. 

...... .,. 

·-·---... •·· .... _ 60 
0.01 

_L .. J 
0.10 1.00 10.00 100.00 

Time (Hour} 

Figure 18. Average Dry Bulb Chamber Air Temperature for 8, I 0, 14, 16, and 20 Miners 
vs. Occupancy Time for Mine's Air and Wall Temperatures of 60°F 

105 

-.. 100 
u.. 
0 ._... 
ci. 95 
E 
Q) 
~ 90 'E 
Q) 

(ij 
Q. 85 
~ 
Q) 80 Q) 

~ 
<II 

~ 75 .... 
Q) 
.0 
E 70 
! 
c..> 

65 

60 

-·······-----·---·-····---,.~-~~~~~-~ ~~~·~ 

-RH=0% 
-RH=20% .. " 

--~·--·--AH = 40% 
-RH=60% 
-RH=80% / 

1--~1~-1-11-1-+-H-H---l--l--hll't-it-H+l---l---l-l-l-+-H-+i 
.l't' -RH= 100% 

Limit 95°F -- -·- - -- - - -­. l l 'I ~ ~ ~ . 
I ; i ! 

·- ·-·Y 
/ 

0.0 0.1 1.0 

Time (hour) 

10.0 100.0 

Figure 19. Average Apparent Chamber Air Temperature vs. Occupancy Time of20 
Miners for Mine's Air and Wall Temperatures Equal to 60°F 

O'Donnell Consulting Engineers, Inc. Page 26 



~ 11 100 

~ 

Finite Element Simulation of Mine Refuge Chambers 

0.1 

... - -· ...... 

1.0 

Time (hour) 

10.0 100.0 

Figure 20. Average Apparent Chamber Air Temperature vs. Occupancy Time of20 
Miners for Mine's Air and Wall Temperatures Equal to 75°F 

150 

- 140 ,______,_ 
LL e_... 

60 ~----L~~~~~--'---'---'-·L 

O.Q1 0.10 

rrn 

.l-U..L--'---'---Jl-1-.LLJ..LL ........ .L._L...JL..L..LLJLL 

1.00 

Time (hour) 

10.00 100.00 

Figure 21. Average Apparent Chamber Air Temperature vs. Occupancy Time of20 
Miners for Mine's Air and Wall Temperatures Equal to 90°F 

O'Donnell Consulting Engineers, Inc. Page 27 



Finite Element Simulation of Mine Refuge Chambers 

100 -· 
-RH = 0% 

95 -RH=20% .. .. - . - - - - .... ·---- ..._,i-.""'--J 

"' ·· AH = 40% 
90 -AH=60% - ~-

-RH=80% 
85 -RH= 100% 

Limit 95°F 
80 

0.10 

--· ·"" - -
-·· 

1.00 

Time (hour) 

10.00 100,00 

Figure 22. Average Apparent Chamber Air Temperature vs. Occupancy Time of I 0 
Miners for Mine•s Air and \Vall Temperatures Equal to 60°F 

120 

[ 110 
ci. 
E 
QI 

!;:: 100 
c 
~ 
lU 
0. 

~ 90 
QI 

ei 
G> 

~ 80 
L. 
QI 
.c 
E 
(II 

<3 70 

- .. --·· -
-RH=0% 
-RH= 20% 

RH=- 40% 
-RH =- 60% 
-RH::80% 
-RH = 100% 

- Limit 95°F -.... ~--

.. ~.~.·'{!: .:i ~· ,~ ....... .. -·--· ~··· "'- -'• 

-60 
0.01 

J_~ 
~-L....-- ••• 

-··-

- -,_ .. 

~ 
.. 

~ 
i,..-

.-"".'.'.: 
i,.; i,..-..... ... ~~ 

..... ::..-"" ;:;; .... 
" ~ ....... 

·-----
..,,,,-

.... ~ ........ 

0.10 

--

/ 
,; 

-I • • ....-i-... 
,_.,. 

~n -
... ,_.., 

.. ~ 
I; ~ ;VI 
II~'• 
:.::;-
; 

I 

-

-"-·· -···-1-

1.00 

Time (hour) 

---
~ --

_ ,,. . _,_ 

, ..... - - _._ .... 
.... _ ... 

I 

I 

-·· - -~-

.. ··-

····-

10.00 100.00 

Figure 23. Average Apparent Chamber Mr Temperature vs. Occupancy Time of IO 
Miners for Mine's Air and Wall Temperatures Equal to 75°F 

O'Donnell Consulting Engineers, f nc. Page 28 



Finite Element Simulation of Mine Refuge Clwmbers 

~ 
140 

~~~runm~~~~l~i~,~~tanm::~~O]]] ci.. 130 b 
E /" I 11 
~ 120 t=:::t~~,.,.m~r !/ I ,. - - - .. "- - RH = 0% 

*o. 110 / J I I -RH=20% 
~ 100 -'--"""' -- -: ,.·1--1~ _._I - , ,,__ ....... _ i---1----1-1---1-1-1~-· :: :~ : :~~ 

~ ~---~·~~~ .... ........ -~'":~~-:::.i..ri~ .... , .. ,,,,w.- - -- -- •• -RH= 80% 
~ 90 t:::::t.:-::· :t::~~~ ..... .,.L -t-:aio'f+!-tt - - - - -RH ;:: mo% 
.... -~"" .2 ~....J....JU.~4#+-_,---1 limit 95°F 
E 80 
2 
u 70 1--+---•-+-J.-+++1+---+-1--+-; 

60 _,, .. ___ _,___,__.._..._._ .......... ...___ 

0.01 0.10 1.00 

Time (hour} 

10.00 100.00 

Figure 24. Average Apparent Chamber Air Temperature vs. Occupancy Time of 10 
Miners for Mine's Air and Wall Temperatures Equal to 90°F 

100 -J::.O;,...,-,,._; . 

-RH =0% 

Li:' 95 
e.... 

-RH =20% 
...... ~· AH ·40% 

ci.. 
90 E -RH=60% ·--

Cl) 

I- -RH=80% 
'E 85 Cl) .... -RH = 100% --- -
:g_ 
~ 80 

- Umit95°F - ···--
i.--.- ... -

Cl) 
Cl 
~ 

75 Cl) 

~ .... 
41 

70 .a 
E 
cu 
.c 
(.) 65 

~·- , - ~</i/ uJ ... _ .... .< ~ / 
............ ,,. 

_/ /11 ...... r.·.-···· ..... -~ . 

~- / 
60 

0.01 0.10 

---

·- - --
... - - - -

- ··--
- ....... ~ .. .. 

~ 

.,,,. 
.-\~ .. •.. 
~ill-
~ .. 

----

1.00 

nme (hour) 

--- -- -· 
- - -· 

- - - · ;,,,,.-- .. 

v 
""" 

... .. I 
·--....... L .. 

I -
10.00 100.00 

Figure 25. Average Apparent Chamber Air Temperature vs. Occupancy Time of8 
Miners for Nline's Air and Wall Temperatures Equal to 60°F 

O'Donnell Consulting Engineers, Inc. Page 29 



Finite Element Simulation of Mine Refuge Chambers 

110 
-RH=0% 
-RH=20% ~~= .... t:-' I 

--- _ _ ..J.._ ... _ 

70 l;;.;;-;;,;;;;;~~l-t"~rlt-~--t--J-~-i-J-Htt---t---1-1-1- ~-1-1-.f----+----l-+-

:: C: =·-'--'--'--.1..-W-'-'----'--"---'--'-'- J_LI.-_ _,___,__,_L.L.LL..L.1--- _..__.___,__,~.LI 
0.01 0.10 1.00 

Time (hour) 

10.00 100.00 

Figure 26. Average Apparent Chamber Air Temperature vs. Occupancy Time of 8 
Miners for Mine•s Air and Wall Temperatures Equal to 75°F 

-RH=0% 
~ 140 -RH= 20% 
u. 
~ ._.,,,."·"··RH= 40% 
ci.. 130 
E 
QI 

~ 120 
c 
Q) 

ii 110 
Ji 
& 100 1--i---1--1 

!!! 
<I> 

~ 90 ... 
Cl) 

-C 
E 60 
l'll .. 
(.) 70 

l 60 .___,___._.l--L-L.l...LI..J.----1_L-l--'-L..l- -·---- .__J- --'-.l....L.L.Ll-'---..L--L...L_L__J_J. . .w..J 

0.01 0.10 1.00 

Time (hour) 

10.00 100.00 

Figure 27. Average Apparent Chamber Air Temperature vs. Occupancy Time of8 
Miners for Mine's Air and Wall Temperatures Equal to 90°F 

O'Donnell Consulting Engineers, Inc. Page 30 



Finite Element Simulation of Mine Refuge Chambers 

7. BIBLIOGRAPHY 

1. Evaluation of the Steady-State Environmental Conditions in a I 0-man Rescue, 
Chamber with the Floor Resting on the Ground, Strata Product (USA) Inc., 
12/1112006. 

2. Estimation of the Steady-State Environmental Conditions in a 10-man Rescue, 
Chamber with the Floor Resting on the Ground, Strata Product (USA) Inc., 
11119/2006. 

3. Coal Mine Rescue and Survival System, Volume I, Survival Subsystem, 
Westinghouse Electric Corp., Contract No. H0101262~ Sept. 1971. 

4. ASHRAE Handbook, Fundamentals, 2005. 

5. Coal Mine Rescue and Sw·vival System, Volume Ill, Rescue Subsystem, 
Westinghouse Electric Corp., Contract No. H0101262, Sept. 1971. 

6. Coal Mine Refuge Chambers, Design Concept & Provisions, Mine Escape 
Planning and Emergency Shelters Workshop, National Academy of Sciences 
Washington, DC, April 18, 2006. 

7. Coal Mine Rescue and Survival System, Volume V, Executive Summary, 
Westinghouse Electric Corp., Contract No. H0101262, Sept. 1971. 

8. Description, Specification, and Work Statement for Refuge Alternative 
Request for Proposal, 2007-N-09190. 

9. Parametric Design of a Coal Mine Refuge Chamber, by Michael Fasouletos, West 
Virginia University Master Thesis, 2007. 

10. Rowan & Associates PTY LTD report "Design Basis Report 
Considerations: Deployable refuge chambers for use in underground coal 
mines," May 26, 2007. 

11. Appendices A & B from Foster-Miller Phase II Draft Final Report "Refuge 
Alternatives in Underground Coal Mines,'1 Dec. 2007. 

12. Mine Refuge Chamber Summary, Manufacturers - Volume I, the National 
Technology Transfer Center, Wheeling Jesuit University, Contract No. 254-2006-
M-l 9l05, Nov. 2006. 

O'Donnell Consulting Engineers, Inc. Page 31 



Finite Element Simulation of Mine Refuge Chambers 

13. Mine Refuge Chamber Summary, Related Reports - Volume II, The 
National Technology Transfer Center, Wheeling Jesuit University, Contract No. 
254-2006-M-19105, Nov. 2006. 

14. Summary of U.S. Mines with Refuge Chambers, the National Technology 
Transfer Center, Wheeling Jesuit University, Contract No. 254-2007-M-l 9413, 
Feb. 2007. 

15. Assessment of Mine Refuge/Rescue Chamber Technologies, The National 
Teclmology Transfer Center, Wheeling Jesuit University, Contract No. 254-2007-
M-20145, Sept. 2007. 

16. Mine Rescue and SUI'vival, Final Report, Committee on Mine Rescue and 
Survival Techniques, National Academy of Engineering, Contract No. 8190606, 
Mar. 1970. 

17. Underground Mine Disaster Survival and Rescue: An Evaluation of 
Research Accomplishments and Needs, Committee on Underground Mine 
Disaster Survival and Rescue, Commission on Sociotecbnical Systems, 
National Research Council, Contract No. JO 100014, 1981. 

18. Research Report on Refuge Alternatives for Underground Coal Mines, Office of 
Mine Safety and Health, December 2007. 

19. Development of Guidelines for Rescue Chambers, Volume I, Foster-Miller, 
Contract No. J0387210, Oct. 1983. 

20. Development of Guidelines for Rescue Chambers, Volume 2, Appendices, 
Foster-Miller, Contract No. J03872 l 0, Oct. 1983. 

21. Chapter 5, Potential Blast Loadings for Refuge Station Bulkhead Design from 
Foster-MiJJer Phase II Draft Final Report "Refuge Alternative in Underground 
Coal Mines," Dec. 2007. 

22. Summary of explosions and refuge chambers, complied by NIOSH staff. 

23. Response to specific questions on refuge chambers and explosion pressures. 

24. Coal Mine Rescue and Survival System, Volume II, Communications/Location 
Subsystem, Westinghouse Electric Corporation, Contract No. H0101262, Sept 
1971. 

25. Summary of portable refuge chamber costs, complied by NIOSH staff. 

26. Coal Mine Rescue and Survival System, Volume IV, Program Evolution and 
Management, Westinghouse Electric Corp., Contract No. H0101262, Sept. 1971. 

O'Donnell Consulting Engineers, Inc. Page 32 



Finite Element Simulation of Mine Refuge Chambers 

27. Bluhm Burton Engineering Final Report "Review of Best Practices 
Regarding the Use of Refuge Chambers in South Africa," Sept. 2007. 

28. Peer-reviewed protocol for survivability evaluations, June 2007. 

29. Letter report concerning survivability evaluations of refuge chambers 
Conducted by NIOSH, December 19, 2007. 

30. Summary data table for survivability evaluations of refuge chambers 
Conducted by NIOSH, December 19, 2007. 

31. Federal Register, Refuge Alternatives for Underground Coal Mines, Final Rule. 
Department of Labor, Mine Safety and Health Administration, 30CFR Parts 7 & 
75, Wednesday, December 31, 2008, pp: 80656- 80700. 

O'Donnell Consulting Engineers, Inc. Page 33 



Finite Element Simulation of Mine Refuge Chambers 

APPENDIX A 

Water Vapor Partial and Saturation 
Pressure Calculations 
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Vol:= 463.7ft
3 

lb 
ml man:= l.32---

24-hr 

ft ·lbf 
Rgas := 1545.4 

lb·R·mol 

lb 
M 1 :=18·--

lb·mol 

mrRrT6o 
P60 := Vol 

0.055 

0.33 

m1 ,,. 0.66 ·lb 

1.32 

l.98 

3.056x 10- 3 

O.ot8 

0.037 

0.073 

0.11 

Rt = 85.856 ft· lbf 
lb·R 

·moHb 

Chamber Volume 

Water from 1 man per 24 hours 

Ideal Gas Constant 

Hours in the chamber 

Water from 1 man in 1,6, 12, 24, 
and 36 hours 

Water Molecular weight 

Water Molar mass 

Specific gas constant tor water vapor 

Chamber air Temperature 

Water vapor partial pressure in 
1 to 36 hours at 60°F 

Chamber air Temperature 
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mrRrT90 
P90 := Vol 

t := G~) 

Tk :== (t - 32)·~ + 27~ 
9 

7235 
77, 345+ 0.0057T k--

T k 

T = (305.222) 
k 288.556) 

P ·:::.-e-------·Pa ws . 

(
0.977) 

rosat = ·lb 
0.379 

. "\at 
Timtto sat :.,.. --

- m1man 

Water vapor partial pressure in 
1 to 36 hours at 90°F 

Temperature for saturation 
pressure calculation in °F 

Temperature for saturation 
pressure calculation K 

Saturation pressure for water 
vapor 

Saturation pressure for water 
vapor at 60°F and 90°F 

Water weight in full saturation at 
temperature of 60F and 90°F 

Time to saturation from initial 
0% to 100% at 90°F and 60°F 

This indicates that for the assumed chamber volume of 464 cubic feet it takes less 
than 18 hours tor a single miner to fully saturate the chamber air that had zero 
humidity at 90°F. The time to 100% saturation decreases linearly with increase in 
percentage of initial saturation. If the initial chamber humidity ratio was at 75% at 
90°F, the time to reach 100% saturation would be less than 4.5 hours. 
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1.0 Introduction 
The following report summarizes a Thermal Analysis of Underground Coal Mine Refuge Chambers, Contract No 
200-2011-41690, awarded by the Centers for Disease Control and Prevention to ThermoAnalytics, Inc., dated 
September 15, 201 l. 

1.1 Executive Summary 
This report describes a thermal analysis of occupied refuge shelters and the surrounding mine following a uaumatic 
event whkb compels miners to take shelter over a four-day duration. The objective of this work is to furnish 
NIOSH/OMSHR with engineering expertise. providing mine workers with the most thermally survivable refuge 
chambers possible. This objective was addressed by simulating thermally stressing conditions which could not be 
safely tested with real human subjects. Factori; such as mine initial temperature, shelter type, and the number of 
occupants were varied in lhis work. The outcome of these 91Udies is a series of predictions of the thermal 
environmenl within the refuge, and lhe associated human core temperature response to those conditions (core 
temperature can be considered an impoctant survivability indicator in heat stress situations). 

The models described in this document were developed using ThermoAnalytics' validated commercial heat transfer 
prediction code, RadTherm vt 0.3. Three different mine refuge shelters were modeled: 

1. Rigid stee1 shelter with 14 people 
2. 3.5' tall inflatable tent with 26 people 
3. 5.5' tall inflatable tent with 36 people 

The work was organized into sht unique simulation studies, which are described in the neict sr.ctioos. Certain high~ 
level observations can be drawn based on the overall outcome of this now-completed work. These observations are 
described in detail within the body of this repotl, and are summarized here: 

• The analysis indicates that certain thermal conditions, known to occur underground, could ca11se extreme 
physiological stress to miners over a four-day period within a refuge chamber. 

• The mine ribs, roof, and floor in cfose proximity to the occupied shelter do not behave as an infinite heat 
sink. Consequently. the type of material found in the seam, and the seam size, affect tfte thermal 
environment that miners experience. 

• Air flowing through the mine at the location of the occupied shelter can significantly affect its temperature, 
either positively or negatively, depending on the temperature of the air. 

• lncreasing the thermal JtWss of the rigid shelter tends to keep the interior temperalures lower by absorbing 
more heat generated within lhe shelter. 

Note: Significant conclusions are called out in bold text at the end of each section of this report. 
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1.2 Task Description 
Table 1 shows the six tasks defined for the project. While each task was relevant to the overall goals of the project, 
the tasks were not worked in numerical order. Tasks I , 5, and 6 were completed first because they included creatK>n 
of the baseline models, and answered questions about how to be.sl model the interaction between the shelter and 
mine seam. The remaining tasks (2, 3, 4) involved modifying the baseline models and iterating to better understand 
how shelter material properties, mine environment, and arr flow affected the shelter environment. 

Section 2 of this report describes the work and assumptions that went into creating the baseline shelter models 
{Tasks 1, 5, 6). Section 3 describes the parametric studies that were done to expand the knowledge gleaned from the 
baseline models (Tasks 2, 3, 4) 

Table 1 • Task desuintions 

Detailed Requirements, by Task (from SOW) 

Task l: Examination of the heat transfer mechanisms associated with che occupation of mine 
refuge chambers including lhe heat generated by lhe occupants. 
Please note that the manpower estimate to meet this objective includes constru.ctfon of two refuge 
models, deve.!e>pment of the mine mcxiel itself and developmen1 of human o~upant models. 
Task?: Sensitivity study of bow material proputies of refuge chamber ccmstructions affect heat 
transfer, and trial optimizations of material prooenies 
Task 3: Determination of how the mine environment, i.e. temperarnres of the mine air and mine 
structure surfaces. imoacts the thermal environment inside refu1.1e chambers 
Tuk 4: Analysis of how the ambient mine air affects the heal tr•nsfer from the chamber into the 
mine, including investigating how air flow and possible stratification (i.e. cold near floor and 
warm near roof) of the mine air affects the tliermal environment inside reful?e chambers 
Task 5: Examination of the heat conduction path between the chamber and mine floor, including 
determination of the contact resistance between chamber/skid and ground, and subsequent effect 
on heat tnmsfer from the structure into the mine floor 
Task 6: Determination of whether the mine structure and/or mine air acts as an infinite heat sink, 
i.e. does thermal interaction with rhe chamber cause a significant rii.-e in lbe ~mperature of mine 
structure and/or mine air 
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1.3 Hea1 Transfer Overview 
The.re are three primary modes of heal transfer - conduction, convection. and radiation. Conduction is heat transfer 
wi1hin a solid object. Convection is heat transfer between a solid surface and an adjacent fluid (e.g. air). Thermal 
radiation is heat transfer between two solid objects by electromagnetic waves, mostly in the infrared wavelengths. 
All 1hree heat transfer modes must be modeled along with the thermal interaction of the human occupants in order 
to accurately characterize the thermal behavior of a mine refuge chamber. Figure l shows a schematic detailing the 
heat ttansfer mechanisms associated with a mine refuge chamber. Heat is transferred within lhe shelter by 
conduction, convection, and radiation*. It is then transferred through the walls by conduction, and finally to the 
mine structure by conduction. convection, and radiation. This report will provide detailed descriptions of how these 
heat transfer mechanisms were modeled in order to characterize the thermal environment within mine refuge 
chambers and the effects on occupants. 

~gdlatlcn :a;1ch<:-ft.~~ 

b~twes-n r;i l rt~ $t.'lt-ctwe 
a~lil !!tt-Sl~t ~Jt1l'i!'rlor 

'· 

, ' 
Convection between mine 
air and mine structure and 
shelter exterior. Advection 
ofmfne arr. 

fl;o.;hi~tlc.n a>"ll-'1' tft 
ltt-!\.'"'P.''l h:Jntans ;nd 
s ht11e; Jnie ·10~ 

··, ... ,.,.': . . ,·· · ··'· ~ 

• ·~:· • • .J' . ~· .... , 

Heat generated by h s, 
scrubbers 

I 1~ 
Cor1Yectlon bstween 

k :S:t/!:\ht1mans e"d•h•ltit• Jrtlllt\Of 

Conduction between 
shelter and ground 

Figure 1 ·Heat transfer associated with refuge chambers 

*Note: The heat loss from the human occupants was modeled to also account for the cooling effect of 
evaporation from sweat and respiration; however, the subsequent warming of the mint shelter wolls due lo 
crnulensation of that moisture was not considered in the cu"ent effort. Preliminary studies indicate that the 
inner surface temperature:s of the shelter would be affected by this latent heat transfer. It is recommended tluzl 
future ftt1dies be performed w quantify the rtsulting increase in umperature of the waltr following their 
dewpoint being reached in order to assess the additional conlTibution to the sensible thermal load on the 
occupanu. 
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2.0 Baseline Model Description 
Three different mine refuge chambers were modeled for this project: 

• Rigid steel shelter with 14 people 
• 3.5' tall inflatable tent with 26 people 
• 5S tall inflatable tent with 36 people 

3D CAD geometry of the rigid steel refuge chamber and a 3.5' tall inflatable tent was received from Strata Products. 
· T Al modified the geometry so that a finite element shell mesh coold be applied. Also, the 26 person tent geometry 

was modified to create a 5.5' call 36 person tent. The following sections describe the individual shelter thermal 
models, and the engineering assumptions that went into the baseline models. 

2.1 Rigid Steel Shelter 
Figure 2 shows the St.rata Products steel refuge chamber. Figure ·3 shows a wireframe view of the mesh 
representat]on of the steel refuge chamber. The mine seam geometry is represented with a shell element mesh. 
Thickness was modeled virtually with RadTherm "multi~laycr" parts. The roof, ribs and floor were modeled as 
bituminous coal with a total thickness of 6'. and discretized with 24 layers (each layer 3" 1hick). All models in 
Sections 2.1 through 2.6 used this mine configuration. 
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Figure 2 • Strata Products steel refuge chamber 
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Figure 3 • Wireframe mesh view of the rigid shelter (green box represents coal seam) 

Figure 4 shows a cut away view looking down on the rigid shelter. Fourteen humans were modeled (highlighted 
geometry). Figure 5 shows temperalure results at the end of a 96 hour simulation where lhe initial mine ambient 
temperature was 75"F. The only heat sources are the humans and COi scrubber. 
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Figure 4 • Cut away view of rigid shelter geometry. Hmnans highHghted with blue, green represents coal seam. 

75.0 77fij 95.1 98.0 

Flgw-e S ·Cut away view of rigid sh;it;r temi>erature prediction after 96 hours (7S°F initial mine and shelter 
temperature) 
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Table 2 summarizes the boundary conditions in the baseline rigid chamber model. 
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Table 2 • Ri2id sbelter boundanr condilioDB 
Shelt~r Rigid Steel 

Material: A36 Steel 
Shelter dimensions 
ILxWxH\: 20.5' x 8.3' x 5.8' 
Shelter weight 
(modeled): -210001bs 
Thermal Emmisivity: 0.9 

None for wheeled 
Conduction to mine: shelter 

3 W/m~,K (Stagnant air -
Convection : natural convection} 

16.2 W per person 
C02 Scrubber: aoolied to air in shelter 

Mint Strata froQf1 ribs, 
froor) 

Material: Bituminous coal 
Thickness: 6 fl (24 laversl 

Surlace Area: 2329 tt2 
Thermal Emissivity: 0.95 

Huma!]s 

Number of People: 14 (slttlna on benches) 
Average activity level 
!METl: 1.1 
Clothing: t-shirt and boxer shorts 

0.01 m2-KNI (legs to 
Contact Resistance: bench) 
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2.2 26 and 38 Person Inflatable Tent 
The 26 and 36 person inflatable tents were modeled in the same manner as the rigid steel chamber. Table 3 
summariil:eS the boundary condicions for the baseline tent models. Figure 6 shows a wireframe view of the 26 

. person tent. The 26 person tent model consists of 44,(64 shell elements, while the 36 person tent model has 51,997 
sllell elements. Figure 7 shows a cut away view of the 26 person tent, and Figure & shows a similar view of the 36 
person ten!. The occupants were positioned lying on the noor in the 26 person tent due to the limited height A mix. 
of sitting and lying occupants were modeled in the 36 person tent. 

Shelter 

Material: 
Shelter dmensions 
(lxWxH): 
Shelter weight 
(modeled): 
Thermal Emissivitv: 

Conduction to mine: 

Convection: 

C02 Scrubber: 

Mi!lf Strata (rggf. Cl~~ 
floor) 
Material: 
Thickness: 
Surface Area: 
Thermal Emissivity: 

Humans 

Number of Peoole: 
Average activi1y level 
!MET!: 
Clothing: 

Contact Resistance: 
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b d Table 3 • Inflatable tent nun ary conditions 
26 man inflatable tent 

Tent: Polyurethane 
Case: A36 Steel 

29' x 12.4' x 3.5' 

-170lbs (tent onlv) 
0.9 

0.01 m2-KN/ contact 
resistance (tent to mine floor) 

3 W/m~·K {Stagnant air -
natural convection) 

16.2 W per person applied to 
air In shelter 

Bituminous coal 
6 ft <24 lavers) 

4323 ft2 

0.95 

26 llavina on floor) 

1.1 
t·shirt and boxer shorts 

Q,01 m2·K/W (legs, torso, 
arms. and head to tloor) 
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36 man inflatable tent 
Tent: Polyurethane 

Case: A36 Steel 

32.3' x 12.4' x 5.5' 

-2101bs (tent onlvl 
0.9 

0.01 m2-K/W contact resistance 
ltent to mine floor) 

3 Wlm'·K {Stagnant afr -
natural convection\ 

16.2 W per person applied to 
air in shelter 

Bituminous coal 
6 ft 124 lavers\ 

5988 tt2 
0.95 

36 (7 lay!ng on floor, 
29 sittina on floor\ 

1.1 

t-shirt and boxer shorts 

0.01 m2·l<NJ (legs, torso, arms, 
and head to 11oorl 
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Figure 6 • Wke frame mesh mw of 26 person tent 
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Figure 7 • Cut away view of 26 person tent geometry 
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Figure 8 • Cut away view ~f 36 person tent geometry 

Figure 9 shows a cut away view of the 36 person inflatable tent with surfac~ temperatures after 56 simulated hours. 
56 !tours is when the average occupant core (rectal) temperature reached 1 Ol.3°F, which is the compensated heat 
stresii limit. The initial mine temperature was 7S"F. 

75.0 78.7 82.S 86.3 9DO 93.8 97.S 101.3 105.0 

Figure 9 • Cut away view of 36 person tent t.emperature prediction after 96 hours (7S°F initial mine temperature) 
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2.3 Human Thermal Modeling 
RadTherm's human thermoregulation model was used to simulate the heat generated by the shelter occupants, and 
to dc<crmine the miner's skin and core temperatures. Thermoregulation is the process by which the body attempts to 
maintain a constant core temperature, and includes shivering, sweating and changes io skin blood flow. Segmented 
thetmoregulation models are the most accurate way to predict the body's core temperature when subjected to 
transient, asymmetric environments. The thermoregulation model calculates tissue temperatures fot a human body 
as described by a surface mesh. A surface mesh is essential to the accurate calculation and application of non­
uniform boundary conditions (radiation. conduction and convection) present in a mine refuge shelter. 

The human thermal module in RadTherm is based on a e<>mplex physiological model in which the b<Jdy is divided 
into 20 segments (face, head, neck, chest, right and left shoulders, etc) [3,4,5}. As Figure 10 shows. the model 
accounts for metabolic heating. shivering. sweating, respiration, and vasomotion. The model uses multilayer parts 
to charactcriz.e lhe transporl of heat and moisture through tissue and clotfting layers. Clothing is defined by its 
thermal resistance, evaporative resistance, and local clothing area factor. By solving the bio-heat transfer equation, 
the roodel predicts skin, tissue, blood, and body core temperatures based Qn environmental condition&, clothing, and 
activity level. 
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An important determinant in the amount of heat generated by humans is their activity level. (n a refuge ch.amber. 
tne occupants will spend most of their time inactive but there wiJJ be periods of accivity such as maintaining the 
C02 scrubbers. eating. etc. Activity level is commonly specified in metabolic units, mec. 1 met;;; 58. l W/m2 where 
the area.is the total skin surface area. An activity level of l.l met was used for this analysi~. An activity level of LO 
correspond~ to sitting, awake (2). An activity level of 1.2 corresponds to standing, or light activity while sitting. 
The RndTherm human model takes activity level as an input. but the metabolic heat rate is a variable that will 
increase as the human's core temperature rises above the set point. 

The standard aduh male defined by Fiala (3, 4) was used in the !i.imulations. This corresponds to a 16211> man with 
14% body fat. and closely matches a SOth percentile European male. 

In conditions of high heat stress, the body's core tempera<ure provide.-. the "best" single physiological measure to 
prooict the onset of heal-related medical conditions. For example, military training guidelines for work·rest cycle<; 
are based on achieving core temperatures of no more than 10l.3°F for "compensated heat stress." Core temperature 
below these levels can be sustained with "few'' persons incurring exhaustion from heat strain. "Compensatro heat 
stress" exists when heat loss occurs at a rate in balance with heat production so that a steady-state (internal body) 
core temperature can be achieved at a sustainable level for a requisite activity [1]. A core temperature above 
10t.3°F is indicative of hyperthermia; higher core temperatw-es (approximately 104<)F) signal the onset of heat 
stroke. 

The l 01.3"F core temperature safety limit for uncompensated heat stress is conunonly employed in experimemat.ion 
involving human subjects. This value is listed in the US Army and Air Force Technical Bulletin entitled: "He.it 
Stress Control and Heat Casualty Management" [I]. The compensated heat stress limit is typicalty used in the 
context of human simulation because, a) the environment is inherently cont.rolled; and b) there is no danger to 
actual human subjects l6J. 
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2.4 Humidity Modeling 
The chambers were initially modeled with constant 90% and 100% interior relative humidity. Figure l I shows a 
plot of the interior air temperature and average hum.an core temperature for che 26 person tent. The initial mine 
temperature was 70°F. Con~tant relative humidity of 90% and 100% was modeled. At the higher relative humidity, 
sweating is less effec.tive which eventuaiJy causes their core temperature to rise. Moisture content of the air inside a 
refuge chamber has a significant effect on the thermal comfort of the occupants. 
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Figure 11- Tent Interior air temperature with constant 90% and 100% relative humidity (70~F initial mine 

temperature) 

The sensitivity of the humans to humidity level suggested th.at it is necessary to know the humidity level inside of 
the refuge chambCis. A custom RadTherm script was devefoped. to model the transient changes lo the absolute 
humidity inside the shelter so that the correct relative humidity could be applied as a boundary condition for proper 
respiration and sweat evaporation modeling. The inputs to the model are the shelter dimensions, ambient air 
pressure, and initial relative humidity. The script accounts for respiration, sweat evaporation, latent heat delive1y 
rate provided per person by the scrubber (11.3 W) and the dry air delivery rate provided by the bottled air. The 
exfiltrated air mass flow rate is computed based on the dry air delivery rate and the current humidity ratio of the 
shelter. The bottled air mass flow rate delivery rate is approximated as a constant value based on a nominal bottled 
air pre.<1sure of 20MPa (typical of a S liter steel bottle). 
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Figure 12 shows predicted relative humidity in the 26 person tent. Initial temperature in the tent and mine wa~ set to 
70°F, and initial humidity was set to 40%. The model predicted the humidity to rise to 100% in 18.5 mioutes. Based 
on this result, relative humidity was assumed to be constant 100% in subsequenl models. 
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Figure 12 • Predicted interior relative hwniclity vs. time for 26 person tent (70°F initial mine temperature. 40% initial 
RH) 

*Note: The humidity model described above accounted for sweat evaporation from the people, moisture output 
by the CO, scrubber, and moisture transport from the 11he1Jer. It di4 not account for comknsation on the walls of 
the shelter. The relative humidity inside of the shefJer may not reach 100"/c if some of the evaporated moisture 
CQndensed on the shelter walls. 
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2.5 Coal Seam Modeling (Task 6) 
Previous analyses have assumed that the mine acted like an infinite heat sink (7}. RadThcrm allowed for a detailed 
thermal model of the mine roof, ribs and floor to lest the infinite heat sink assumption. fjgure 13 shows the 
predicted intecior air temperature in the steel chamber wtten the thermal mass of the coal is taken into account 
versus when an infinite heat sink is assumed. When an infinite heal sink is assumed (pink plot), the temperature of 
the chamber interior air rises to a steady state value as the shelter heats up. When the temperature of the coal is 
calculated (blue plot), the temperature of the interior air rises as the shelter and surrounding coal absorb the heat 
generated by the humans. 

- Chamber Interior Air - Modeled Coal Seam I 
- I-chamber Interior Air - Infinite Heat Sink@ 75F1 -_ _______ . _ _ _______ __J 
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Figure 13 - Rigid sheller interior air temperature plots for calculated coal temperatur~ and Infinite heat sink 
assumption (75°F initial mine temperature) 

Figure 14 shows a similar plot for the 26 person tent. The lent interior air reaches a steady slate value much quicker 
thaa for the rigid sheller when an infinite heat liink is assumed. This is because the tent has very liule thermal mass. 
The tent heats up very quickly when the occupants and scrubber start adding heat. The conclusion drawn from these 
results is that it is necessary to predict the temperature of the mine strata and account for its thermal mass. A.n 
infinite heat sink assllmption would result in an 8°P error for the rigid shelter interior air temperature and a 15°F 
error for the inOatable cent interior air. 
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Figure 14 - Tent interior air temperature plots for predicted <'OBI temperature, and infinite heat sink asswnptiori (26 
person tent, 70°F Initial mine temperature) 

The mine seam gwmetry was modeled a few different ways to determine the effect on shelter temperatures. Figure 
15 shows two mine geometries side by side. The rigid shelter was initially moueled with rough surface geometry 
and steel plates on the mine ceiling. The seam model wa.'I changed to a smooth box, without steel 100( bolt plates, 
and the resulls were very similar. Results in the rest of the report came from models with a smoath bo,.; scam 
without roof plates, for all three shelter variants. 

RadTherm models surfac.-es using a thin shell mesh, but thickness is assigned to the mesh and modeled virtually. 
The !nlne strata was modeled as 6' thick for all models in this report The roof, rib and Ooor thicknesses were 
initially varied to determine the effect of thickness, but 6' was determined to be enough to accurately account for 
the therma I behavior of the mine. 
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Bituminous coal was used for the baseline shelter analysis because it has the lowest Utermal conductivity among 
typical coals, and is also lhe most conunonly mined coal in the United Stales, L<>w thermal conductivity is worst 
case because less heat gets conducted into lhe coal and away from the refuge chamber. The thickness of coal was 
initially varied, but a total thickness of six feet was chosen. The total 6' depth was modeled as 24 three inch layers. 
This was done so that the temperature gradient into the depth of the coal could be captured. Figure 16 shows a plot 
of temperature vs. depth for three different locations around the 26 person tent. For this case, the heat generated. 
inside of the tent that is transferred to the mine strata penetrates about three feet into the coal over the course of 96 
hours. 
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Figure 16 - Temperature profile through the depth of the coal at various l!)Catlons (Bituminous coal, 26 person knt, 
709 F initial mine temperature) 

Section 2.5 Conclusions: It is necessary to accoWlt for the thermal mass and conductivity of the mine strat.a, 
as it does not behave like an infinite heat sink. 

Mine Shelter Thermal Analyi;it1 
Prepared By: Mark Klein 
Report#: 3102-001 
Revision: 3.0 Page 19 of39 

ThermoAnalytictS, Inc. 
23440 Airpark Blvd. 
Calumet, MI 49913 

{906) 482-9560 



§I] Thermollnalytic:s 
Date: 8117no12 

Mine Shelter Thermal 
Incorporated Analysis 

Status: Final 

Thermal afld /rt/rarf<! Sollwar• Revision: 3.0 

2.6 Air Stratification (Task 4) 
The results shown in previous sections came from models where the air outside of the shelter was assumed to be 
uniform temperature (no air stratification). These models used RadTherm to predict the uniform air temperature in 
the miT1e. It is llk.ely that the air in the mine will become stratified as the shelter and mine environment heat up, 
e.~pecially if there is n<> air ilow through the mine. The effect of air stratification was studied using RadTherm 
coupled with a StarCCM+ computational fluid dynamics (CPD) model. 

Figure 17 shows how RadTherm interacts with the CFD model for a coupled solution. The CFD model predicts 
convection coefficients on the shelter and mine surfaces, and mine air temperatures. The RadTherm model accounts 
for heating due lO lhe occupants and scrubber, conduction. and radiation. Data is passed back and forth between the 
two models in an iterative loop. The resull of the coupled simula1ion i5 ~hown in Figure 18. After 96 hours, there 
was approximately a 5°f temperature difference from the floor to the ceiling of the mine. 

RadTherm Convection 

(Thermal simulation) 
coefficients & nuid Star.CC..M+ 

temperatures 

• Predicts surface temps (h & Tftrm) (CFO simulation) 

accounting for all modes ~ • Predicts convective heat ... 
of heat transfer 

Surface transfer coefficients, air 

• Accounts for heat temperatures temperatures, and air 

generated by people and ff wal) flow patterns 

air scrubber 

Figure 17 - Coupltd thermaVCFD solution method 
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Figure 18 - Coupled thermal/CFD alr and surface temperature results {26 person tel)t, 70°F Initial. stagnant mine air) 
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Figure J9 shows a transient temperature plot comparing the coupled model to the RadTherm-only {no CPD) model. 
After 96 hours the RadTherm-only model under-predicts the tent interior air temperature by 0.9°F, when compared 
to the coupled model. The coupled model predicted higher air temperatures near the shelter, while the RadTherm­
on!y model spread the he.at throughout the entire mine seam volume. However, the small increase in accuracy did 
not justify using the more complicated and tirrie consuming coupled model for the rest of the analyses. 
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Figure 19 • Comparison of results between <:oupled CFD solution and simplified RadTherrn solutioo (no CFD) 

Section 2.6 Conclusions: Neglecting air stratification causes a shelter air temperature under-prediction of 
less than 1°F. 
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3.0 Parametric Analyses 
Several parame<ric analyses were performed to better understand hGw differenl boundary conditions affect the 
refuge chamber environment. Mine strata material, mine seam size, contact resistance between the shelter and mine 
floor, mine ambient teruperalure, mine air flow, and mine shelter materials were all varied. 

3.1 Mfne Strata Material and Seam Size Study (Task 6) 
A uniform bituminous coal seam was assumed in the baseline models described in Section 2 because it was worst 
case. A range of common coal mine materials were examined for task 6. Table 4 sho~ the mine seam materials 
that were ex.amined. 

T bl 4 Th lmln I e . ennal orooer1ies or common coa e strata miiterlaJs 
!Anthracite Bitwninous 

Coal Coal Limestone Sandstone 
K:onductivity 

(W/m-K) 0.49 P.33 1.3 2.3 
Specific Heat 

(Jlkg-K) 1260 1380 908 92() 

bensity 
(kg/m3) 1506 1346 2300 moo 

Figure 20 shows the temperature into the depth of the rock below the 26 person tent, for different mine scrata 
compositions. For the bituminous/limestone case, the mine floor was modeled with 3" of bituminous e-0al then 
limestone for the rest of the 72" depth (same is true for Anthracite/Sandstone). The surface temperature was lowesl 
for the anthracite/sandstone floor because sandstone has the highest conductivity which allows the heat to diffuse 
into the rock. Figure 21 shows a transient temperature plot for the same four cases. 
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Figure 20 • Temperature profile through the depth for different mine strata compo.dtions (7&°F initial mine 
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Figure 21 - Transient results for 26 person tent in different mine seams (70°F initial mine temperature) 
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Figure 22 shows the effec!s of varying the size of lhe coal seam. A mine seam with a larger volume will take longer 
to heat up because more rock surface area is available to absorb heat. 
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Figure 22 - Coal seam size resulb for 26 person infiatable tent {70°F initial mine temperature) 

Section 3.1 Conclusions: A mine strata consisting of rock with higher thermal condllctlvity will keep the 
mine shelter cooler than rock with low thtrmal conductivity. Also, a larger mine seam will keep the shelter 
cooler than a small mine seam. 
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3.2 Mine Ambient Temperature Study {Task 3) 
As shown in the task 6 results (section 3.1), the mine environment can have a significa.nt impact on the temperature 
inside of a refuge chamber. The purpose of Task 3 was to determine how the ambient mine environment affects the 
refuge chamber environment. All three shelters were modeled in a uniform bituminous coal seam with stagnant air. 
The initial (ambient) temperature of the mine and shelteJ were varied. Table S summarizes the conditions that were 
modeled, and the results for each condition. The "Time to reach heat stress" column gives the amount of time 
predicted for the average human core temperature to reach l 0 I .3°F. The core temperatures (rectal temperature) of 
all occupants were averaged. 

Thi SM' bl :t te d a e . meam en mperature stu 1y swnmarv 
Initial Temoerature 

~helter 'mine ambient. Fi 
~o 

Rigid - 14 people 
o5 
70 
15 
so 

60 
65 

rTent - 26 people 10 
75 
80 

60 
65 

Tent - 36 people 70 
:15 
80 
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Figure Z3 - SW'face temperature results @ 96hrs for each of the shelters (7S"F initial temperature) 

Figure 23 shows surface temperature results for _the three shelters after 96 hours. It also shows the relative size of 
the mine seam for each of the thre.e shelters. The mine seam was scaled so that the mine seam surface area per 
person would be the same for each model. Section 3.1 showed that the size of the mine seam has a significant effect 
on the shelter interior because of the thermal mass of the mine rock. Keeping the mine surface area per person 
constant between the three shelters makes the 1esults more comparable. 
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Figure 24, Figure 25, and Pigure 26 show transient plots of occupant core temperature and shelter in1erior air 
temperature for the three shelters. For a given initial temperature, the rjgid steel shelter kept its occupants under the 
heat stress limit longer than either of the inflatable tents. The main reason for the rigid shelter providing a safer 
thermal environment is its thermal ma§s. The heavy steeJ construction of the rigid shelter means it has a lot of 
thermal mass, which t.akes longer to heat up than a l~ghtweight tent. 

The core tempernture plot for the 80°F case in Figure 24 has a steep slope because the shelter environment reaches 
a temperature where the occupants are no longer able to get rid of excess body heat. 
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Figure 24 - Mine ambient temperature sl\Jdy results for the rigid steel sheller 
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Section 3.2 Conclusions: Ambient mine temperatures greater than 70°F may cause extreme physiological 
stress to the shelter occupants. The rigid steel sheltel" was predicted to maintain a cQoler thermal 
environment than either of the inflatable tents. 
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3.3 Mine Shelter Conduction Study (Task 5} 
Conduction from the bottom of che shelter to the mine floor can account for a significant portion of the heat loss. 
Modeling the conduction in RadTherm requires knowledge of the contact resistance between the shelter and mine. 
The purpose of cask 5 was to quantify the contact res istance and run the model with a realistic range of values. 
Table 6 summarizes the contact resistances that were used for the 26 person tent. A contact resistance of 0.01 m2

-

KIW was used in the baseline models (nominal re.~istance in Table 6) as th~ lower limit for a compliant material in 
contact with a rough surface. Figure 27 shows the tent interior air temperature calculated when the contact 
resistance was varied. Varying the contact resistance was found to have very liule impact on the thermal 
environment inside of the lent. 

-

Tabl~ 6. Contact resistance variations for inflatable tent 

!Baseline: 100% of floor area in 
R"=[ l .00/R"norn]· l=R"nom ~ontact @ nominal resistance 

IAll l: 25% offloor area has lmm air R" = [.25/R"gap + .75 / R"nom]-1 
gap 
IAlt 2: 100% of floor has I mm air gap R"=[ 1.00/R"gap]- l 
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Figure 27 . Tent interior air temperature calculated with three tent to mine Door contact resistances (70°F initial mlne 
temperature) 
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The rigid steel shelter geometry received from Strata Products had wheels, which lift the bottom face of the shelter 
about 6'' off of the mine floor. There is effectively no conduction to the mine floor when the shelter has wheels. but 
there is coavection lo the air and radiation lo the mine floor. If the wheels were removed, the bottom of the steel 
structure would contact the mine floor. A contact resistance of 0.01 m2-K/W was assumed for this case. Figure 28 
shows the int~or air temperature calculated for these two cases. These results show that conduction to the floor 
when the shelter does not have wheels removes about the same amount of heat from the shelter as convection and 
radiali.on for the case wich wheels. 
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Figun 28 • Rigid shc:lter Interior air lemperatu.re for a shelter with wheels (no conductioo) and no wheels (conduction 
from melter to mine floor) 

Se<:tion 3.3 Conclusions: Changes in contact resistance between the in11atable tent and mine Ooor was shown 
to have very little effect on the intecior environment. Contact between the bottom of the rigid shelter and the 
mine Ooor (no wheels) resulted in a similar shelter interior air temperature to the case where the bottom of 
the shelter was lifted off or the floor (with wheels). 
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3.4 Mine Air Flow (Task 4) 
All models shown previously have assumed stagnanl mine air because that is likely worst-case from a thermal 
perspective. Forced air flow through the mine was modeled in Task 4 to quanlify its thermal effects on an inflatable 
tent. The effect of air flow through the mine seam was fim predicted using RadTherm coupled with a CFD model. 
The initial mine., shelter, and upstream air temperatures were modeled as 70°F. Figure 29 shows surface and air 
temperatwes predicted by the coupled model for 7150 cfm of air flow through the mine. Figure 30 shows a plot 
comparing tent interior air temperatures for varying levels of air (low through the mine seam. Mine air flow keeps 
the shelter much cooler than the stagnant air case because heat generated in the shelter gets transported away 
(advection). and the mine seam near the cent is kept cooler. An air flow of 1430cfm th.rough the mine kept the 
shelter interior air 6°F cooler than stagnant mine air. Figure 3() a!Sco compares the coupled model to the RadTherm­
only (no CFD) model. A.-. shown in section 2.6, the RadTherm-only model under-predicts the lent interior air 
temperature by a small amount (0.7°F in this case). 

time = 96 hours 
Air temperatures above pink line Air velocity = 0.82 fVs 

Surface temperatures below pink line 
Temperature (F) 

M.CXJO 70.800 73.600 76.400 79.200 82.CXJD 

~~:-· ·····---~~==~- ·zm Figure 19 • Coupled therm.aVCFD temperalure prtdictions for (),82ft/s (7150 CFM) mine air flow 
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Figure 3() ·Mine air flow effect on tent interior air kmperature (26 people, 70°F initial temperature) 

Section 3.4 Conclusions: Ak flow through the mine was predicted to keep the shelter interior cooler by 
approximately 7°F. 
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3.5 Mine Shelter Material Study (Task 2) 
Material properties of the rigid shelter and inflatable tent were varied with the goal of reducing the maximum 
interior cemperatures in the shelter. 

The inflatable tents were constructed of O.Smm thick polyurethane in the baseline models. The material was 
changed to pvc and aluminum to determine whether the thermal properties of the tent material bad any effect on the 
interior environment. Aluminum is not a realistic material for an inflatable tent, but it was simulated because it bas 
a very high thermal conductivity. Figure 31 shows the interior air temperature in lhe 26 man tent for the three 
different tent materials. After 96 hours, the interior air temperature difference between the three materials was only 
0.23°F. The thermal conductivity had very little effect because the temperature changes slowly over the four day 
period. A1so, the difference in thermal capacitance of the three materials had very little effect because the tent is 
thin and doesn't have much thermal mass. 

75°f was used as the initial mine and tent temperature because that case was shown to be stressing for the 
occupants (Section 3.2, Figure 25). A thermally stressing case was cho:-;en so that differences in $heller construction 
materials would have a more significant impact on the shelter temperatures. 
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It was predicted by the models in Task 3 that the rigid steel shelter provides a safer thermal environment than the 
inflatable tents because it takes more energy to heat up. The thickness (thermal mass) of the steel shelter was varied 
in order to gain a better understanding of the thermal beha.,.ior. Figure 32 shows the resul<s of varying the thickness 
of the steel shelter. For the ''thin steel'' case, all frame and sheet metal pans of the shelter were changed to 1/16" 
thick, reducing the total shelter weight from 2 l ,277lbs to 63 t 81bs. The "thick steel" shelter had the same frame as 
the baseline shelter, but all sheet metal parts were twice as thick as baseline. As expected, the thick steel shelter 
stayed cooler because of the extra thermal mass. Figure 33 shows the shelter thermal mass effect on occupant core 
temperature, while Figure 34 shows surface temperatures for the thin steel and thick steel cases. 

The "high emissivity" ca~e in Figure 32 used the baseline shelter, but the thermal emissivity of the surfaces was 
raised from 0.9 to 0.95. This was a small change with a small effect on interior air temperature, but in general a 
higher thermal emissivity will allow more heat to radiate to the mine seam. 

80°F was used as the initial mine and shelter temperature because that case was shown to be stressing for the 
occupants (Section 3.2, figure 24). A thermally stressing case was chosen so that differences in shelter construction 
would have a more significant impact on the shelter temperatw-es. 

Shelter Shelter Frame Skin Surface Interior Air 
Model MateriCJI Weight(lb) Thickness Thicknes5 Emissivity T~@96hrs 

Baseline Steel 21.zn Y.t" Y.t"to W' 0.9 94.00 

High Emissivity Steel 21,277 Y." Y4"fD%" 0.95 93.88 

Thin Steel Steel 6,318 1/16" 1/16" 0.9 95.41 

Thick Steel Steel 261886 %" %"to 1" 0.9 93.66 
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Figure 32 ·Material effects on the rigid shelter interior air temperature (14 people, 80°F initial tf.Inptrature) 
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t1gure 33 - Shelter thermal capacitance effect on human core temperature (14 people. 80°F initial temperature) 
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Figure 34 ·Surface temperatures after 96 hours for thin and thick steel shelters (14 people, 80°F initial temperature) 
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The previous two plots showed thal additional thermal mass provides a thermal benefit to shelter occupants. Table 7 
compares the thermal capacitance of steel to aluminum. Aluminum has a higher specific heat value than steel. This 
means that if the mass of an aluminum and steel part were the same, it would take more energy to raise the 
lemperamre of the atuminum parr. Aluminum is also less den~e, so it takes more material volume to achieve the same 
mass. The baseline steel shelter was ·changed to aluminum. and the thickness of the frame and sheet metal were 
increased to get the same overall shelter weight. figure 35 shows the resulting interior air temperatures and occupant 
oore temperatures. For the same shelter weight, the aluminum shelter keeps the occupant core temperatures below the 
heat stress limit (l01.3°F) for the full four days. while the occupants in the baseline shelter exceed the limit at 2.6 
days. 

Tbl7S I dl h a e . tee an a wrunum t enna c.apac tance 
Specific Shelter Thermal 

Heat Mass Capacitance 
Ma,tei:iaJ (J/kg-K) (kg) (J/K) 

Slee! 461 9660 4.5 x 106 

Aluminum 884 9660 8.5 x 106 
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Figure 35 • Interior air temperature and human core ttmperature for baseline steel rigid shelter and thick aluminum 
rigid shelter (14 people, so•F initial temperature) 
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Soction ~-S Conclusions: Thermal properties of the inflatable tent material have very little impact on interior 
temperatures. Thermal capacitance docs have an effect on the interior temperatures in the rigid shelter 
because there is significantly more thermal mass than Che inflatab[e tents. Increasing thermal mass will 
benefit the shelter environment for the mine conditions that were simulated. 

4.0 Conclusions 
The preceding report ~ummariz.es thermal analyses conducted with an objective of quantifying the lhermal 
environment of underground refuge shelters. The scope of the work has taken into account a number of variables, 
including type of mine shelter. number of human occupants, and sire and ambient temperature of the coal seam. 

The analysis has resulted in several high-level observation:1 that relute directly to the original objectives of this 
work: 

• The analysis indicates that certain thermal conditions can cause extreme physiological stress to miners over 
a four-day period within a refuge chamber (Section 3.2) 

• The mine seam cannot be assumed to behave as an infinite heal sink (Section 2.5) 
• Mine seam size affects shelter temperatures. A larger mine seam ha~ more thermal capacitance, and 

caus longer to heat up thao smaller seam (Section 3.1) 
• A miae consisting of more conductive rock will keep the shelter cooler (Section 3. l) 

• Air flowing through the seam at 1be location of the occupied shelter can significantly affect irs temperature, 
either positively or negatively depending on the temperature of the air (Section 3. 4) 

• Shelter thermal mass benefits the occupant~ by absorbing energy and keeping the occupants cooler (Section 
3.5) 

The thermal environment of the refuge has been characterized by its ambient temperature over a 96-hour duration, 
and also through human core temperature predictions for simulated mine workers l1C<:upying the shelter. The 
outcome of lhe work has shown that conditions inside a refuge can cause occupants physical sensations ranging 
from mild discomfort to extreme physiological stress, depending on the ambient temperature of the seam. 

Our intent as authors was not to assess the relative safety of a mine refuge under any of the specific conditions we 
analyzed. Rather, our objective has been to accurately quantify the heat transfer mechanisms affecting che refuge 
environment, and lo determine the effect those mechanism~ have on the thermal environment of the refuge and on 
the physiology of a mine worker occupant. 
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Bauer, Eric R. (CDC/NIOSH/OMSHR) 

Fro.m; 
Sent: 
To: 

Pete Rynes <plr@thermoanalytics.com> 
Friday, July 13, 2012 10:54 AM 
Bauer, Eric R. (CDC/NIOSH/OMSHR) 

Subject Re: Abstracts for SME Annual Meeting 

Eric, 
lf you can stay till the afternoon of th~ 16th ("'lpm), there would be tlme lo visit the Quincy Mine: 

http:Uwww.keweeriawheritagesites.orn/slte-gujncv mlne.obp 

It's a pretty Interesting place to visit. 
Pete 

On 7/10/201211:07 AM, Saua-, Eric R. (CDC/NIOSH/OMSHR) wrote: 

Gentlemen, 

As I befieve we have discussed previously, I would like each of you to consider submitting an abstract for 
the Society of Mining Engineers (SME) Annual Meeting, Feb. 24-27, 2013, to be held in Denver, CO. I am 
co-dlalr of a refuge session. The abstract should be 150 to 200 words that de5crlbes the research you 
have completed, or expect to complete, under the contracts with NIOSH. If accepted, I would hope that 
you can provide a paper and then attend and present at the me.eting. 

Ple;ise note that any travel expenses will be your responsibility. 

All abstracts must be submitted by August 16 so the sooner you can get me a Word document the 
better. t believe th<Jt as thE! session co-chair I must submit the abstracts. 

Give me a calf to discuss. 

Thanks, Eric 

Eric R. Bauer, PhD, PE, Mining Engineer 
Musculoskeletal Disorders Te;;m I Human Factors Branch 
Office of Mine Safety and Hea Ith Research 
NIOSH I Pittsburgh Research Laboratory 
PO Box 18070 I 626 Cochrans Mill Road 
Pittsburgh, PA 15236 

Ph 412-386-6518 
Fax 412-386-6764 
Email ebauer@cdc.gov 

www.cdc.gov/niosh/mining 

/}8 71-C &t/11·-/tlt 



Pete Rynes 
Infrared Analysis Manager 
Office: 906-492-9560 ext . 202 
Mobile: llbXSJ I 
plr@tg~rmoanalytics.com 
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lO:OSAM 
A Comparison of PhotogrammetJ:y and Laser Sa.nning for 
Deformation Monitoring in Underground Min.es 

B. Fahrman1, E. Westman1 and M. Golparvar-Far<P; 1Mining 
Engineering, Virginia Tech, Blacksburg, VA and 2Civil Engineering, 
Virginia Tech, Blacksburg, VA 

Regular measurement of deformation in underground mine openings can reveal 
potential groU11d control hazards. Traditional deformation t11ooitoring instnl· 
nients give only point measurements. Photogrammetry and laser scanning, how­
ever, both allow fur quick, accurate determination of spatiaJ coordinates over a 
wide area. Analysis of successive point clouds generated from photogrammetry 
or laser scanning can provide an effective means of widespread deformation 
monitoring. This paper presents a comparison between photogrammetry and 
laser scanning by analyzing JD point clouds taken before and after a series of 
progressively larger n'b excavations in an entry at an underground coal mine in 
the eastern US. Discussion includes the time and financial resources required for 
each method as well as lbe ability to be certified as MSHA-permissible. 

10:25AM 
Practical UAV Applfoa.tions for Mining and Minerals Exploration 

M. Banlett; Newmont Mining Corporation, Greenwood Village, CO 

Mining and exploration have used aerial pbotogrammetry for yeazs to map min­
ing operations, explore for mineral deposits, and evaluate the environment. 
Unmanned aerial vehicles are becoming more common outside of the defense in­
dustry and new plllforms offer the opponunity to quickly collect high quality, 
aerial photos at a fraction of the cost of satellite or standard commercial data. An 
evaluation of a fixed-wing UAV indicatrs that this platform can provide aerial 
photo coverage over a 2 to 6 km2 area per flight with a spatial resolution of ap­
proximately 5 tO 20 cm &om a flight elevation of ISO to 500 m AGL. Data can be 
easily resolved to a GIS map provided suitable ground control points arc incor­
porated. Newmont can sucocssfully U$C the data to provide quid: volume calcula­
tions for tailing dam and mineral SIOCkpiles, land use surveys, disturbance map­
ping and area calculations, environmental remtdiation surveys, and provide 
high-quality mapping photos for new exploration area. We e11vision the use of 
UAV data to supplement existing commercial and satellite photogrammetry 
where detailed informatioo is required quick.Jy and where cloud cover prevenlS 
timely photo missions. 

WEDNESDAY, FEBRUARY 27 AFTERNOON 

Coal & Energy: 
Coal Preparation 

2:00 PM •Wednesday, February 27 

Chair: D. Tao, University of Kentucky, Lexington, KY 

2:00PM 
Introductions 

2:05PM 
Nanobubble Column Flotation for More Efficient Coal Recove:ry 

A. Sobhy, R. Honaker and D. Tao; Mining Engineering Depanment, 
University of Kentucky, Lexington, KY 

Froth flotation is a widely used, cost effective coal cleaning process. However, its 
high process efficiency is liltlired to a narrow particle size rangi: between apprax· 
imately 10 and 100 µm. Beyond thts range, the efficiency of &oth flotation de· 
creases sharply, especiilly for diffkult-to-floa.t coal fines of weak hydrophobicity 
(e.g., oxidized coal). This study was aimed at enhaiicing recovery of an Illinois 
fine coal sample using a flotation column l'ealUring a hydrodynamic cavitation 
nanobubble generator. nanobubbles that are mostly smaUer than I µm can be 
fonned selectively on hydrophobic a>al particles from dissolved air in fine coal 
slurry. Results indicate that combustible recovery of a -LOO mesh coal was in· 
creased by 20-50% for different size fractions and that flotation rate was increased 
by at least 41 % in the presence of nanobubbles. Other major advantages of the 
nanobubble process inclu.U: lower collector dosage and air consumption since 
nanoobubbles are produced from air naturally dissolved in water and chey aa as 
a secondary collector on panicle surf~es. thereby resulting in considerably lower 
operating COSIS. 

2:25PM 
Use of Fatty Acids in Oxidized Coal F1ota.tion 

R. Dube and R. Honaker; Univ. of Kentucky, Lexington, KY 

Oxidized coals are generally difficult to float using conventional aliphatic hydro­
carbons such as diesel fuel oil. The formation of c.uboxyl, carbonyl and hydroxyl 
oxygen groups on the coal surface decreases die hydrophobic du..racter of the 
coal surface. A flotation study was conducted oo a naturally oxidized bituminous 
coal to identify chemicals and process conditions providing acceptable recovery 
and selectivity performances. Laboratory tests revealed that fatty acid colleetotS 
blended witlt standard fuel oil provided the desired performances. The operating 
conditions including sluny pH, flotation time a.nd rea.gent dosage levels were 
studied to identify the conditions providing the optimum results. Compared to 
the typical chemical use and operating conditions, the fatty acid and fuel oil 
blend provided an increase in combustible recovery ll:tat exceeded 30 absolute 
percentage points while achieving an acceptable selectivity. 

2:45PM 
Commercial Application of Dry Cleaning of a High Sulfur Coal 

B. Parekh', R. Tschantz' and J. Pilcher; 'FGXSepTech, LLC, 
Lexington, KY; 'Imperial Technology, Canton, OH and 3Eagle Rh>t!r 
Mining, Harrisburg, lL 

Dry separators for coal cleaning have a long history of application in the coal .. 
The dry coal cleaning processes typically has lower capital and operalin& costS, 
requ~d no wa>1e water treatment or fine wasre impoundment, provided lower 
product moisrures and needed ltss stringent permitting requirements. A commer­
cial unit cap3ble of processing up to 250TPH was installed in 2011 at the Eagle 
River Mining located a.! the Harrisburg, lliinois. The plant f!owsheet involves 
reroing the ROM coal ro an Accderaior set to reject mineral matter large than 3-
inch size particles. Minus 3 inch particles are proccssttl using the FOX Dry Coal 
separator. The ~d contlW:iing about 16% ash and 6% total sulfur produces a 
clean coal with 8% ash and 3.2% sulfur at a yield of 70% and combustible recov­
ery of 90%. The reject$ from the Accelerator and FGX separator has more than 
15% sulfur. The paper will present an economical dara on the process. 

3:05PM 
Ultrafine Spiral Sepuator Cin:uit Performance Evaluations for 
Bituminous Coal 

F Peng and M. Yang; West Virginia Univ., Morgantown, WV 

Most of coal preparation plants, flotation circuit is used for ultrafine cleaning. 
The flotation process requires reagenlS which increase operating costs and may 
cause contamination for tailings underground injection. As an alternative, spiral 
separator, a gravity based concentrator, has been applied for ultrafine cleaning 
using lower llowrate than that of fine spiral separator. To evaluate the ultrafine 
spiral performance, in-plant coal samples are collected from prooessmg rnediurn 
volatile bituminous coal. Particle sizing and float-sink analysis axe conducted at 
various size intervals. Size effects on the performance of ultrafine spiral are ..val­
uared. The characteristic parameters of the distribution functions include proba­
ble error and specific gravity separation were deri\'ed by CUlVe-litting to the sepa­
ration perfottn.aJl.oe dau. The parameters values, Ep-0.47--0.12 at SG50-2. l-1.S 
fur clean coal, and Bp-0.44·0.12 at SG50-2.50 -1.52 for dean coal+middlings 
for ultrafine spiral separator are obtained To maintain the high quality of prod­
ucts from ulrrafine spital separation circuiJ: is presented and discussed. 

Coal & Energy: 
Refuge .Alternatives 

2:00 PM • Wednesday, February 27 

Chairs: N. LaBranche, NIOSH, Pittsburgh, PA 
E. Bauer, NIOSH, Pittsburgh, PA 

2:00PM 
Introductions 

2:05PM 
Physinlogiw Analysis of Human Gaierated Hea.t 
n a Refuge Alternative 

T. Bernard; College of Public Health, Univ. of So. Florida, Tampa, FL 

Heat and sweat generation by occupants in a refuge alternative (RA) may be a lixn­
iting factor in demonstrating design capacity. In the final MSHA rule, an environ-

TbtS is the Technical Program as of September I , 2012. lT rs SUBJECT TO CHA!>:GE. Please see the Onsrte Program for final de-tails 
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mental limit based on the Srudma.n Apparent Temperature WI.! specified. An 
analysis of potential li:miting thermal conditions was llDderuken. The m.tjor con­
clusion was that an oo:upant Slll'rOg;ltc would be a.n effective testing vehicle to 
demonstrate AA capacity and that a thermal limit i.s not necessary. In summary, 
the following reco.mmendations were ma.de for testing an RA: (1) heat generation 
at 115 W per occupant; (2) reasonable surrogate occupant can be achi~d using a 
standard drum with a wetted swface co represent sweating; (3) an upper limit skin 
temperature of 95 ooF (35 ecC) for a swrogate occupant (this decision is independ­
ent of a limit on the RA environment) and ( 4) a limit based on the Steadman 
Apparent Temperature limit can be set higher (e.g., 105 to 115 «>F). 

2 25PM 
Dcl:llilc:d Thamal Analysis of an U.Ddagroon.d MUM! SJWter to 
Evaluate Thermal Burden on Mine: Worlcers 

M. Klein, M. Hepokoski and P. Rynes; Tbennal Modeling Group, 
ThennoAnalytics, Inc, Calumet, Ml 

Mine refuge shelters are designed to protect mine workers from baurd.ous cnvi· 
ronmental conditions after a mine disaster. These shelters primarily provide clea.o 
air and sustenance until con di ti cm a within the mine either become safe for human 
occupation or an evacuation is feasible. Prolonged exposwe to elevated tempera­
ture and humidity levels can result in a bea.t stress condition in which the human 
body is unable to maintain its core tl!mperatutc. Consequently, thermal condi­
nons within the shelter itself can pose a risk 10 buma.n safety over time. A detailed 
themW model of a mine refuge shelter wa.s created to evaluate the thermal bur­
den imposed on a group of mine workers over an exti:nded period of time. A 
moi>ture model was ~oped to track th<: transtent changes in bul!lldity \Vlthin 
the chamber, including evaporation from. sweat and respiration; moisture from 
the ait cleaning equipment; and condensation on the walh. An integrated thtt· 
moregulation model was wed to simulaie the humans and to provide a measure 
of the degree of heat mess in temu of their core temperature. 

2:45PM 
Threc-dimellSional CFO Modeling of Purging From 
Refuge Chamber 

L. Wang, M. Thiruvengadam. J. Tien and Y. Zheng; Missouri S&T, 
Rolla, MO 

The MINER Act of 2006 mandared that all underground c:oalmines must install 
a.od maintain tefuge chambers. ~ya.IC also commonly used in metal iPld OOll· 

m.eu1 mines. Refuge chambers serve as a ~mporary melter in case of emer~ncy. 
Several factors affect the performance of a refuge chamber: beat production in­
sick the chamber and introduction of CO wbm chamber doors are opened. 1'hil 
study examines the CO purging pro~ss a.nd to de1:ermine total air quantity and 
time necessary to lower the CO concentration to safe levels for different inlet/ out­
let configurations using three-dimension.al runulation tedmique. The study uses 
Reynolds Averaged Navier Stokes and continuity equations along with the 
$J'Ccies transport model assuming unifonn air-CO mixing initially in the refuse 
chamber. The heat transfer of any kind is neglected aod the purging process is u­
rumed to talre place isothermally. The swul.ud k-"' model is utilized for simulat­
ing rurbulcnce in lhe flow field. This research provides useful guidelines in devel­
oping an efficient mategy for purging refuge chamber 

3:05PM 
lldugc CbalDbers in US Coal Mines 

C. Slaughter, L. Wang and J. Tien; Missowi S&T, Rolla, MO 

With the passage of the Mine Improvement and New Emergency Response Act 
of 2006 (MINER Act of 2006} ancl the Mine Safety and Health Administrations 
Refuge Shelter Final Rule, coal mines were required to have available Refuge 
Alternatives for emergency siruations. These alternatives have been in place for 5 
years and many valuahle insights have been gained in their use, design and loca.­
tion underground. Thls paper will conduct a preliminary su:ivey of refuge cham· 
ber use in the coalfield and lessons learned by coal tornpanies and give some gen­
eral consensus guidelines for the practical use of Refuge Chambers. 

3·25PM 
bmoutions In Cryogenic Bnathing Technologies 

C. Blalock; BCS Life Support, LLC, DeLand, FL 

For a numbtt of years the state·of-!he-att for breathing technology in mine rts­
~"Ue, and self-rescue bas been open<ircuit compressed air, or closed crrcuit rc­
breathets. While there h;rve been improvemeuu made to these devices, there are 
stiU sipificant limitations, mostly concerning beat, and duration. The advent of 
the refuge alteniative echoed the same limitations, and then some. Limited space 
for air supply systems forced the me of compressed oxygm, introducing a new set 

of hazards. And, heat elimination is still a nagging problem. The use of cryo­
genic liquid air has long been seen by some as a pie-in-the-sky solution to many 
of these issues. In fact, NASA b.a.s been usillg liquid air for decades, but for a few 
nagging technical issues, LAlr bas not been adopted for widespread use. Recent 
developments have begged a new look at Cryogenic Life Suppon, triggering a 
joint research project between NASA a.nd :-IIOSH to develop these innovations. 

Coal & Energy: 
Surface Mining II 

2•00 PM •Wea .e d . .y, February 27 

Chair: G. Buchan, Alpha Natural Resources, Waynesburg, PA 

Z:OOPM 
Introductions 

2:05PM 
Fatigue Failure Modeling of Cable Slwvel Dipper 

M. R.aza1 and S. Frimpong2; 'Mllling Engineering Dept, Missouri 
S&T, Rolla, MO and 'Mining Engineering Dept., Missowi S&T, 
Rolla, MO 

Cable shoveh are the primary eicavatirm units fur many surfaet! mining opera· 
lions. Modt:rn cable shovels ca.n scoop loo+ tons per pass. During the excavation 
operation the sh~I front-end assembly is subjected to considerable stresses re· 
suiting in stress loo.ding and failure. Further, the repeated loading and unloading 
cycles cause the fatigne tailure in cable shovel components, specially the ftont­
end oomponents (i.e. teeth, dipper-n-teeth assembly, and dipper). The stress and 
fatJ.gUe failure of shovel components re1ult in reduced efficiency, increased down· 
time, and higl>er operating oosts for the shcwel. This research, after modeling the 
stress loading of the shovel, models the fatigue behavior a.nd crack propagation 
life of the cable shovel dippe. The fatigue beb.ivior is modeled in MSC 
ADAMS/FATIGUE software and the fatigue-life for different aack lengths, at 
the critical parts of the dipper, is estimated for dipper. The researclt it critical to 
enhance the health and longevity of the table-shovel a.nd is expected to con­
tribute towards better und=t:andiog of tbe shovel failure, resulting in improved 
C'a)Domic Ii~ of the &ont-end componeots. 

2:25 PM 
The Economic and Technical A.specl3 of Mati:rial Handling 
Methods in Taft Copper Project 

B. Asi; Mining Industry, Kavosbgaran Consulting Engineers Co , 
Tehran, Islamic Republic of Iran 

Focusing on reducing cost.< by providing the best solutions and increasing the 
production rate with the most advanocd automation techniques will get a high 
profitable operation. Taft Copper Complex is located in Yazd province,TRAN. 
TCP consists of two copper mines are about 11 km apart, concentrator pl Mt and 
leaching plant. Plants feed will be supplied from both deposits. In this research 
bandliDg methods and their synthesis in a handling system of TCP for transport· 
ing the aushed ore from mines to concentrator pl&nt have been assessed. Then 
engineering md econo!J'lical calculations of a matmil Bow hare been done. Tbe 
co.nceptual design for altenlati~ handling systems hu been done. The rosts for 
altanative systems bm? been compared to thole developed for traditional meth­
ods Consequently the best practical technology to move the tni.terial has been 
chosen. Air.er a.nalyzmg truck versus belt haulage, it has been shown turning to 
ovcrl.and belt conveyor systems are more profitable The results show belt haulage 
equipment, maintenance and power cosl.!t are lower, ton-for-ton, thUI other meth­
ods of moving bulk materials. 

3:4SPM 
Green Field Project Surface Coal M.iae in Mississippi 

V. Lund, M. Jones and D. Bogunovic; North American Coal 
Corporation Liberty Mme, Bailey, MS 

Ove:r the pas.t 15 y=, the challenges faculg the mining industry have changed 
sigiiilicandy. Nottb American Coal dneloped 1 green field lignlte SUJfacc mine 
in central Mississippi in the tare I 990's and is currently in the proce5$ of ~op· 
ing iD second greenfield Op<!ration in south·eilstern Miuissippi. This newest op· 
eration i.s currently in the fmc year of development and is scheduled to go into 
production in the tlrird quarter of 2013. This paper highlight$ the challenges &J\d 
differences mine management encou.nrercd throughout the ~lopment phase of 
the mine and the expected pressures of a new sutfilce lignite mine. 
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