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Heat mitigation for underground coal mine refuge alternatives

D.S. Yantek & L. Yan
NIOSH Pittsburgh Mining Research Division

ABSTRACT: Federal regulations require mines to place refuge alternatives (RAs) in under
ground coal mines in the United States. Because miners trapped in an RA could experience 
heat exhaustion or heat stroke, RA regulations mandate an apparent temperature (AT) limit 
of 35°C (95°F) in RAs. The National Institute for Occupational Safety and Health (NIOSH) 
conducted in-mine AT tests to evaluate three RA heat mitigation devices: a borehole air 
supply (BAS), a battery-powered air conditioner (BPAC), and a cryogenic air supply (CAS). 
The BAS limited the AT in a 60-person built-in-place (BIP) RA to 25°C (77°F) when the out
side air temperature was 10°C–23.9°C (50°F–75°F) with relative humidity from 50%–95%. 
During tests on a portable tent-type RA with a 29.4°C (85°F) mine air temperature, the 
BPAC and CAS kept the AT below 35°C (95°F). AT tests showed the CAS allowed for 12 
miners in a 29.4°C (85°F) 30-person BIP RA. RA manufacturers and mines can use this infor
mation to ensure RAs can meet the AT limit.

1 INTRODUCTION

Heat buildup inside a refuge alternative (RA) is a serious concern. Heat sources for an RA 
include the RA occupants and the RA’s carbon dioxide (CO2) scrubber system. RAs have 
a limited ability to dissipate heat due to the low thermal conductivity of mine strata materials. 
If conditions become severe enough, RA occupants could experience heat exhaustion or heat 
stroke (Bernard, 2011, OSHA, 2003). To guard against severe heat stress, federal RA regula
tions for underground coal mines specify a maximum apparent temperature (AT) of 35°C (95° 
F). The AT is a heat index that can be used to determine how severe a thermal environment 
appears (Steadman, 1979).

To ensure that the AT limit is not reached inside an RA, heat mitigation devices or occu
pancy derating could be necessary for warm or hot mines. The National Institute for Occupa
tional Safety and Health (NIOSH) examined the cooling capabilities of an air-conditioned 
borehole air supply (BAS), a battery-powered air conditioner (BPAC), and a cryogenic air 
supply (CAS) through RA AT testing in its Experimental Mine in Bruceton, PA. This paper 
discusses the results of heat mitigation device AT testing.

2 HEAT MITIGATION DEVICE DESCRIPTION

2.1  BAS – Borehole Air Supply

The BAS (see Figure 1) consists of a rotary blower powered by a 460-V electric motor with 
a power rating of 18.6 kW (25 hp). The BAS incorporates a 45-kW (154,000-BTU/hr) heater 
and a 39.3-kW (134,000-BTU/hr) air conditioner. The BAS can provide a maximum airflow 
of 2039 m3/hr (1200 CFM) at a pressure of 20.7 kPa (3 psi). At the minimum required fresh 
airflow rate of 21.2 m3/hr (12.5 CFM) per person (CFR, 2018, CFR, 2019, CFR, 2022), the 
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BAS can supply fresh air for 96 miners. To use the BAS, a flexible duct is connected from its 
outlet to the top of a borehole.

2.2  BPAC – Battery-powered Air Conditioner

The BPAC (see Figure 2) was developed as part of Broad Agency Announcement (BAA) Con
tract 200-2016-91901 with HDT Global (DRS, 2016). The BPAC was designed to keep the 
thermal environment of a 30-person portable RA under the AT limit in a 29.4°C (85°F) mine. 
The BPAC consists of a vapor compression refrigeration system attached to a movable, 
rugged frame. To match the required cooling load, the BPAC uses a variable-speed compres
sor with two variable-speed condenser fans. The BPAC is powered by a bank of 48-V lead 
acid batteries contained within a separate battery tray. The BPAC and its battery tray would 
be stored near an RA until needed post-disaster.

2.3  CAS – Cryogenic Air Supply

The CAS (see Figure 3) was developed as part of BAA contract 200-2016-91194 (Cryo Life Sup
port Systems, 2016). The CAS was also designed to keep a 30-person RA under the AT limit. 
The CAS maintains air as a liquid at cryogenic temperatures until gaseous air would be needed 
in the event of a mine emergency. The primary components of the CAS are a cryocooler and 
a 2000-L horizontal dewar. The CAS uses a water-cooled, 480-V cryocooler with a power con
sumption of 7.5–7.8 kW (Yan et al., 2017, 2020, 2021). Liquid air is created by filling the dewar 
with the necessary quantities of liquid nitrogen and liquid oxygen to generate liquid air with the 
desired oxygen concentration. A pressure switch that senses the dewar pressure cycles the cryo
cooler on and off as needed to maintain the air inside as a liquid.

Figure 1.  Pictures of a BAS for RAs.

Figure 2.  Picture of a BPAC connected to a portable tent-type RA using flexible duct.
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In the event of a mine emergency requiring breathable air from the CAS, the following pro
cedure would be followed. First, power to the CAS would be turned off. Next a vacuum- 
jacketed hose would be connected from the CAS to a heat exchanger positioned within an 
RA. A pressure buildup valve on the CAS would be activated to allow vapor pressure from 
the dewar to force liquid air to flow to the heat exchanger. As the liquid air passes through the 
heat exchanger, it would absorb heat from the surroundings and become gaseous air at 
roughly 5°C–15°C (41°F–59°F), thus providing cooling to the RA.

3 APPARENT TEMPERATURE (AT) TESTS

NIOSH researchers developed an AT test method to evaluate the thermal environment of RAs 
(Yantek, 2014, 2019). This test method uses devices called simulated miners (SMs) to provide 
the representative metabolic heat from actual miners and heated water tanks to provide the rep
resentative heat input from an RA’s CO2 scrubber system. The SMs and heated water tanks use 
electrical resistance heaters as heat sources. The SMs also served to provide moisture input to 
the RAs via vapor or simulated sweat using water from the heated water tanks. The heat input 
for the SMs was set at 117 W per person, and the heat input of the heated water tanks was set 
to 27.5 W per SM (Yantek, 2014, 2019). During the AT tests, the total heat input was controlled 
using programmable variable autotransformers (PVAs). The heat input from the heated water 
tanks was controlled via manual variable autotransformers (MVAs).

Each of the heat mitigation devices were tested using either a built-in-place (BIP) RA, port
able tent-type RA, or both. The BAS was tested on a 60-person BIP RA constructed inside 
the NIOSH Experimental Mine in Bruceton, PA. The BPAC was tested on a 20-person port
able tent-type RA that was installed in a crosscut in the Experimental Mine. The CAS was 
tested on the 20-person portable tent-type RA and a 30-person BIP RA.

3.1  Setup for BAS testing in 60-person BIP RA

The 60-person BIP RA was built by constructing two stoppings using two layers of solid 
20.3-cm-thick (8-in-thick) concrete blocks at either end of an entry. The interior dimensions of 
the BIP RA are 13.7-m (45-ft) long by approximately 6.1-m (20-ft) wide and roughly 
2.0-m (6.5-ft) high. The BIP RA floor is a nominally 20.3-cm-thick (8-in-thick) layer of con
crete, and the roof and ribs are covered with a roughly 25.4-mm-thick (1-in-thick) layer of 
shotcrete. The BIP RA is approximately 30.5 m (100 ft) below the surface.

The BAS delivered air to the BIP RA via a borehole located near the left rear corner (when 
viewed from the entry door). A 2.4-m-long (8-ft-long), 20.3-cm-diameter (8-in-diameter) PVC 
pipe was connected to the borehole to provide a long straight section to allow for accurate 
measurement of the delivered airflow. The outlet of the PVC pipe delivered the air near the 
right rear corner (when viewed from the entry door). The BAS delivered air at a nominal 

Figure 3.  Picture of a cryogenic air supply for refuge alternatives.

552



volumetric flow rate of 1317 m3/hr (775 SCFM), which is slightly higher than the required 
21.2 m3/hr (12.5 SCFM) of fresh air per person for 60 people. The BAS air conditioner was 
set to deliver air at a dew point of 12.8°C (55°F).

The air temperatures and relative humidity (RH) levels inside the RA were measured using 
Vaisala HMP155 (Vaisala, 2022b) and HMP110 Humidity and Temperature Probes (Vaisala, 
2022a). For ease of reference, the RA was split into three equal-sized hypothetical sections: 
Section 1, Section 2, and Section 3. One Vaisala HMP155 was placed in the center of Section 2 
at mid-height, one Vaisala HMP110 was placed at the center of Section 1 at mid-height, and 
one Vaisala HMP110 was placed at the center of Section 3 at mid-height. Averaging resistance 
temperature detectors (RTDs) with a length of 1.2 m (4 ft) were used to monitor the air tem
perature at additional locations.

The nominal total heat input was set to 8670 W to provide the representative metabolic 
heat input of 60 occupants. The SMs were evenly distributed using 6 SMs across the width of 
the BIP RA with 10 SMs along the length of the BIP RA. Because borehole air supplies pro
vide enough air to dilute miner-generated CO2, heated water tanks were not needed. The 
water tanks were used only to provide moisture via the SMs.

3.2  Setup for BPAC and CAS testing in 20-person portable tent-type RA

The 20-person portable tent-type RA was deployed in an entry in the Experimental Mine. Two 
insulated walls were built to create an isolated test area. One wall was about 3.0 m (10 ft) from 
the metal box of the RA, and the other wall was about 3.0 (10 ft) from the tent end of the RA. 
The insulated-wall frames were built using 2x4 wooden studs spaced 40.6 cm (16 in) from center 
to center with a layer of 50.8-cm-thick (2-in-thick) polystyrene foam attached to each side of the 
wall frame. The cavities of each wall were filled with fiberglass insulation batts.

The air temperatures and RH levels inside the RA were measured using Vaisala HMP155 
(Vaisala, 2022b) and HMP110 Humidity and Temperature Probes (Vaisala, 2022a). For ease 
of reference, the RA was split into three equal-sized hypothetical sections: Section 1, Section 2, 
and Section 3. One Vaisala HMP155 was placed in the center of Section 2 at mid-height, one 
Vaisala HMP110 was placed at the center of Section 1 at mid-height, and one Vaisala 
HMP110 was placed at the center of Section 3 at mid-height.

The mine air temperatures around the RA were measured using Lascar Electronics EL- 
WiFi-T+ High Accuracy WiFi Temperature Data Loggers (Lascar Electronics, 2022). Four 
data loggers were positioned over Sections 1, 2, and 3 of the tent and over the RA’s metal box 
midway between the RA and the mine roof. Four data loggers were positioned around the 
sides of the RA, and one data logger was positioned at either end of the RA. These six data 
loggers were positioned at mid-height and 30.5 cm (12 in) from the RA.

The heat input was set to the nominal value corresponding to 30 occupants, 4335 W. This 
value was selected because each device was designed to provide cooling for an RA with 30 occu
pants. The SMs provided a nominal 3510 W, and the heated water tanks provided a nominal 
825 W. Be-cause the space and volume inside the 20-person RA is less than would be required 
per RA regula-tions, these conditions are more severe than those of an actual 30-person RA.

To represent a hot mine, the mine air temperature around the RA for these tests was ele
vated to 29.4°C (85°F) using portable thermostatically controlled space heaters that were posi
tioned around the RA. The heaters were on for the entire duration of the tests. The test was 
begun as soon as the desired mine air temperature was reached.

3.3  Setup for CAS testing in 30-person BIP RA.

The 30-person BIP RA was created by partitioning the 60-person BIP RA with an insulated 
wall. The resulting BIP RA was 6.86-m (22.5-ft) long by approximately 6.10-m (20-ft) wide 
and roughly 1.98-m (6.5-ft) high. The insulated-wall frame was built using 2x4 wooden studs 
spaced 40.6 cm (16 in) from center to center. A layer of 50.8-mm-thick (2-in-thick) polystyrene 
foam was attached to each side of the wall frame. The cavities between the studs were filled 
with fiberglass insulation batts.
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The air temperatures and RH values were measured using Vaisala HMP155 and HMP110 
Humidity and Temperature Probes located at the centers of three equal-sized hypothetical sec
tions: Section 1, Section 2, and Section 3. One Vaisala HMP155 was placed in the center of 
Section 2 at mid-height, one Vaisala HMP110 was placed at the center of Section 1 at mid- 
height, and one Vaisala HMP110 was placed at the center of Section 3 at mid-height. The 
mine strata surface temperatures and temperatures at depth were measured using patch-style 
Class A RTDs and PVC rods with RTDs affixed.

In order to evaluate the CAS in hot-mine conditions, the interior of the BIP RA was pre
heated to a strata surface temperature of 29.4°C (85°F) using a 30-kW heater that was posi
tioned near the center of the BIP RA and six MVA-controlled baseboard heaters that were 
distributed within the BIP RA. The 30-kW heater and the baseboard heaters were operated 
together to rapidly increase the BIP RA air and strata surface temperatures. After the initial 
preheat period, the 30-kW heater was turned off and the MVAs were iteratively adjusted so 
that the mine strata temperature stabilized at about 29.4°C (85°F) for 8 hours prior to begin
ning the test.

The number of occupants that could be housed in the BIP RA with the CAS operating was 
determined through a set of iterative tests. To provide cooling, liquid air was delivered to the 
BIP RA from the CAS to a heat exchanger located inside the BIP RA. Because it was assumed 
that CO2 scrubbers would be necessary for a CAS, the total heat input for each test was the 
number of SMs used times 144.5 W, which includes 117 W to represent metabolic heat input 
and 27.5 W to represent CO2 scrubber heat input. The liquid airflow rate from the CAS was 
kept roughly constant. Small adjustments to the flow rate were made in an attempt to keep 
the AT below 35°C (95°F) and to ensure that the liquid air would last for 96 hours.

3.4  AT calculation

To develop an equation to calculate the AT, or heat index, using the dry-bulb air temperature 
and relative humidity, Rothfusz carried out a multiregression analysis on the tabular data 
from Steadman (Rothfusz, 1990). The National Weather Service refined this approach to cal
culate the AT. For dry-bulb air temperatures above 26.7°C (80°F) and an RH above 13%, the 
AT was calculated using (National Weather Service, 2023):

where T is the dry-bulb air temperature in °F amd RH is the percent relative humidity. If 
Equation 1 resulted in an AT below 26.7°C (80°F), the following simplified formula was used 
to calculate AT (National Weather Service, 2023)

4 RESULTS

4.1  BAS tested in 60-person BIP RA

The BAS was able to keep the AT below the AT limit. The highest AT was calculated to be 
24.2°C (75.5°F) and this occurred in Section 1, which was furthest from the location of the air 
delivered from the BAS. The air temperature in Section 1 varied from 20.2°C–24.0°C (68.4°F– 
75.2°F) with an average of 22.6°C (72.7°F), and the RH ranged from 54.4–80.7% with an aver
age of 62.9%. The AT in Section 1 varied from 20.2°C–24.2°C (68.3°F to 75.5°F) with an aver
age of 22.6°C (72.7°F). For these tests, the outside air temperature ranged from 9.2°C–25.8°C 
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(48.6°F–77.5°F) with an average of 17.7°C (63.8°F), and the outside RH ranged from 36.8%– 
95.2% with an average of 72.0%.

4.2  BPAC tested in 20-person portable tent-type RA

The BPAC unit kept the AT under 35°C (95°F) until battery issues occurred during testing, and 
the test was ended prior to 96 hours (refer to Figure 4). The average mine air temperature near 
the RA varied from 28.3°C–29.4°C (83°F–88°F). The test was expected to last for 96 hours, but 
higher than expected power consumption caused the BPAC’s main breaker to trip at about 38 
hours. With the breaker tripped, the AT increased from about 29.4°C (88°F) to about 37.8°C 
(100°F) within about 2 hours. After the breaker was reset, the BPAC was able to bring the AT 
below 35°C (95°F). However, the battery ran out of power around 60 hours, so the test was 
terminated. Just prior to the batteries running out of power, the AT was 33.3°C (92°F).

4.3  CAS tested in 20-person portable tent-type RA

The mine air temperature around the RA was elevated to a nominal 29.4°C (85°F). After the 
first 18 hours of the test, the actual average mine air temperature around the RA varied from 
about 28.3°C–29.4°C (83°F–85°F) as shown in Figure 5. For the first 20 hours of the test, the 
CAS was able to keep the AT below 35°C (95°F). However, due to ice build up on the heat 
exchanger inside the tent, the AT exceeded 35°C (95°F) after about 18 hours. After 48 hours, 
researchers temporarily halted the test to enter the tent and remove the builtup ice from the 
heat exchanger. When the test was resumed, the CAS kept the AT below 35°C (95°F) from 60 
hours until about 90 hours, when the CAS ran out of liquid air. Without cooling from the 
CAS, the AT climbed to 60°C (140°F) in less than 8 hours.

4.4  CAS tested in 30-person BIP RA

The BIP RA was preheated to a mine strata surface temperature of 29.4°C (85°F). The corres
ponding mine strata temperatures at 0.15-m (6-in), 0.61-m (24-in), and 1.22-m (48-in) deep 
were 29.4°C (85°F), 24.4°C (76°F), and 14.4°C (58°F), respectively. With the CAS operating, 
tests were conducted with the heat input of 24, 16, and 12 miners. The cryogenic airflow rate 
was adjusted to keep the AT below 35°C (95°F) and to have enough liquid air to last 96 
hours. An 8-hour-long test with the heat input of 12 miners was conducted without the CAS 
for comparison.

When the heat input was set to that of 24 miners, the AT was 37.4°C (99.4°F) when the 
CASran out of liquid air at 91 hours (refer to Table 1). With the heat input of 16 miners, the 
CAS lasted the entire duration, but the AT reached 35.2°C (95.3°F), just over the AT limit. 

Figure 4.  (a) Mine air average temperature and (b) RA interior temperature and %RH for BPAC AT 
test.
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The CAS kept the AT below 35°C (95°F) with the heat input corresponding to 12 miners, but 
at 91 hours, the CAS ran out of liquid air. At this time, the AT was 30.3°C (86.6°F). For the 
test without the CAS with the heat input of 12 miners, the AT reached 40.7°C (105.2°F) after 
just 8 hours.

5 DISCUSSSION

The BAS was able to keep the AT well below the AT limit. In addition, the BAS had no perform
ance issues during testing. However, the outside atmospheric conditions were not as severe as 
desired, as the dry-bulb air temperature was a maximum of only 25.8°C (77.5°F). Ideally, the 
BAS would be evaluated with an outside air temperature matching that of southern mines, such 
as the ones in Alabama, which are hotter than other United States underground coal mines. In 
Brookwood, AL, July is the hottest month with an average high temperature of 33.1°C (91.6°F) 
and an average RH of 73% (Weather U.S., 2022). Furthermore, to ensure adequate cooling in 
Alabama-mine-like conditions, the BIP RA should be preheated to 29.4°C (85°F) as was done 
with the evaluations of the BPAC and the CAS.

The BPAC was able to keep the AT below the limit, but higher than expected power con
sumption caused issues with the unit’s power system. Because the device uses a compressor 
that adjusts to the cooling demand, and the cooling demand was greater than expected, the 
power consumption exceeded the capacity of the batteries and of the circuit breaker. In order 
to ensure the device could last for an entire 96 hours, the battery capacity would have to be 
increased. Under the test conditions here, the unit operated for about 60 hours. Therefore, the 
battery capacity would need to be increased by about 60% to ensure the BPAC could operate 
for 96 hours. The BPAC would need to satisfy federal requirements for permissibility in under
ground coal mines. As tested, the BPAC was not evaluated subject to these requirements.

Figure 5.  (a) Average mine air temperature and (b) average RA interior temperature, %RH, and AT 
for CAS AT test.

Table 1. Summary of CAS AT test results for a 29.4°C (85°F) 30-person BIP RA.

Parameter Test 1 Test 2 Test 3 Test 4

Number of SMs 24 16 12 12
Test Duration 96 hrs 96 hrs 96 hrs 8 hrs
CAS used Yes Yes Yes No
Time when CAS empty 91 hrs 96 hrs 91 hrs –
AT when CAS empty 37.4°C (99.4°F) – 30.3°C (86.6° F) –

AT at end of test
48.1°C 35.2°C 37.9°C 40.7°C
(118.6°F) (95.3°F) (100.3°F) (105.2°F)
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The CAS was able to provide enough cooling to keep the 20-person portable RA below the 
AT limit, but it had issues with ice buildup on the heat exchanger, and it ran out of liquid air 
prior to the end of the 96-hour test. The heat exchanger design must be capable of having ice 
buildup removed easily without risking damage. For the 20-person portable RA test, the CAS 
2000-liter dewar had about 1850 liters of liquid air inside at the beginning of the test. During the 
test, the CAS was set to deliver liquid air to the heat exchanger inside the tent at a nominal rate 
of 220 liters/min. However, the CAS had limited flow rate control capability, so the actual flow 
rate exceeded the target amount. Better flow control capability would be needed for a final 
product.

The CAS tests on the 30-person 29.4°C (85°F) BIP RA showed promising results. With the 
heat input of 24 occupants, the unit was able to keep the AT below 37.8°C (100°F) for 91 hours. 
A small increase in liquid airflow rate and a larger volume of liquid air would have allowed the 
unit to provide enough cooling to bring the AT below 35°C (95°F) and to last the full 96 hours 
with 24 occupants. The tests with the heat input of 16 occupants showed the CAS would have 
kept the AT below 35°C (95°F) with a slight increase in liquid airflow rate. The tests highlighted 
the importance of having good flow control.

One of the challenges with the CAS is that this is a novel technology for mining applica
tions. Because gas suppliers do not currently offer liquid air, mines would have to mix their 
own liquid air, or a supplier would need to be convinced to provide this commodity. Another 
challenge is the maintenance of a CAS in a mining environment. This would require the devel
opment of a maintenance schedule and instructions. It is likely that a vendor would need to 
provide maintenance services.

6 CONCLUSIONS

All three devices were able to reduce heat buildup within the RAs. The BAS would need to be 
tested in more severe thermal conditions like those in southern mines to ensure the device would 
be capable of keeping the apparent temperature (AT) below 35°C (95°F). Both the BPAC and 
CAS were able to keep the AT under 35°C (95°F), but both devices had issues. The BPAC needs 
improved battery capacity. In addition, the BPAC would need to pass permissibility testing. The 
CAS would benefit from a heat exchanger design that is less prone to ice buildup and has 
improved flow control.

To ensure hot mines can be kept under the AT limit without occupancy derating, cooling 
devices would need to be used with RAs. The devices tested here could all serve this need. 
The BAS is closest to being a usable product. The BPAC and CAS need some additional 
improvements before they are ready to be used to provide cooling to RAs in productions 
mines.

7 LIMITATIONS

The heat mitigation devices were evaluated only in the NIOSH Experimental Mine. If an 
actual mine has less conductive strata, the resulting ATs would be higher. The BAS evaluation 
was not conducted with hot outside ambient conditions or a preheated mine, both of which 
would be more severe than the tested conditions. All of the devices described in this publica
tion would require additional development prior to implementing them in commercial mines.

8 DISCLAIMER

The findings and conclusions in this report are those of the author(s) and do not necessarily 
represent the official position of the National Institute for Occupational Safety and Health, 
lefts for Disease Control and Prevention. Mention of any company or product does not con
stitute endorsement by NIOSH.

557



REFERENCES

Bernard, T. E. 2011. Physiological analysis of human generated heat in a refuge alternative. NIOSH 
Contract Report 254-2011-M-40932. Tampa, FL, University of South Florida.

CFR. 2018. Code of Federal Regulations, 30 CFR 7.506, Breathable air components. Washington, DC, 
U.S. Government Publishing Office. https://www.govinfo.gov/content/pkg/CFR-2018-title30-vol1/pdf/ 
CFR-2018-title30-vol1-sec7-506.pdf

CFR. 2019. Code of Federal Regulations, 30 CFR 75.1506, Refuge alternatives. Washington, DC, U.S. 
Government Publishing Office. https://www.govinfo.gov/content/pkg/CFR-2019-title30-vol1/pdf/ 
CFR-2019-title30-vol1-sec75-1506.pdf

CFR. 2021. Code of Federal Regulations, 30 CFR 7.508, Harmful gas removal components. https:// 
www.govinfo.gov/content/pkg/CFR-2021-title30-vol1/pdf/CFR-2021-title30-vol1-sec7-508.pdf.

Cryo Life Support Systems. 2016. Refuge alternative heat mitigation system utilizing advanced liquid air 
technologies. Broad Agency Announcement (BAA) Contract 200-2016-91194. Pittsburgh, PA, USA, 
the National Institute for Occupational Safety & Health. https://www.cdc.gov/niosh/mining/research 
program/contracts/contract_200-2016-91194.html.

DRS. 2016. Development of Heat Mitigation Systems for Refuge Alternatives (ras) used in Underground 
Coal Mines. Broad Agency Announcement (BAA) Contract 200-2016-91901. Pittsburgh, PA, USA, the 
National Institute for Occupational Safety & Health. https://www.cdc.gov/niosh/mining/researchpro 
gram/contracts/contract_200-2016-91901.html.

Lascar Electronics. 2022. Lascar Electronics EL-WiFi-T+ High Accuracy WiFi Temperature Data 
Loggers. Accessed on 1/13/2023. https://www.lascarelectronics.com/easylog-el-wifi-tplus.

National Weather Service. 2023. The Heat Index Equation. Weather Prediction Center. Accessed on 1/ 
13/2023. https://www.wpc.ncep.noaa.gov/html/heatindex_equation.shtml.

OSHA. 2003. 1910.146 - permit-required confined spaces. Occupational Safety and Health Administra
tion (OSHA). https://www.osha.gov/laws-regs/regulations/standardnumber/1910/1910.146.

Rothfusz, L. P. 1990. The heat index equation (or, more than you ever wanted to know about heat 
index). Fort Worth, Texas: National Oceanic and Atmospheric Administration, National Weather Ser
vice, Office of Meteorology, SR 90–23. https://www.weather.gov/media/ffc/ta_htindx.PDF.

Steadman, R. G. 1979. The assessment of sultriness. Part I: A temperature-humidity index based on human 
physiology and clothing science. Journal of Applied Meteorology and Climatology, 18, 861–873. https:// 
journals.ametsoc.org/view/journals/apme/18/7/1520-0450_1979_018_0861_taospi_2_0_co_2.xml.

Vaisala. 2023a. Humidity and Temperature Probe HMP110. Accessed on 1/13/2023. https://www.vaisala. 
com/en/products/instruments-sensors-and-other-measurement-devices/instruments-industrial-measure 
ments/hmp110.

Vaisala. 2022b. Humidity and Temperature Probe HMP155. Accessed on 1/13/2023. https://www.vaisala. 
com/en/products/weather-environmental-sensors/humicap-humidity-temperature-probe-hmp155.

Weather U.S. 2022. July weather forecast Brookwood, AL. Accessed on 1/13/2023. https://www.weather- 
us.com/en/alabama-usa/brookwood-weather-july#temperature.

Yan, L., Fernando, R., Yantek, D., Carr, J., Reyes, M., Degennaro, C., Yonkey, J. & Srednicki, J. 2021. 
Storage time and venting characteristics for cryogenic air supplies on cryocooler shutdown. The 21st Inter
national Cryocooler Conference. Boulder, CO. https://cryocooler.org/resources/Documents/C21/085.pdf.

Yan, L., Yantek, D., Lutz, T., Yonkey, J. & Srednicki, J. 2017. Heat mitigation for underground coal 
mine refuge alternatives using cryogenic air or borehole air supplies. ASME International Mechanical 
Engineering Congress and Exposition. American Society of Mechanical Engineers.

Yan, L., Yantek, D., Reyes, M., Whisner, B., Bickson, J., Srednicki, J., Damiano, N. & Bauer, E. 2020. 
Cryogenic air supply for cooling built-in-place refuge alternatives in hot mine. Mining, Metallurgy & 
Exploration, 37, 861–871.

Yantek, D. 2014. RI 9695 - Investigation of temperature rise in mobile refuge alternatives. Publication 
No. 2014–117, US Department of Health and Human Services, Centers for Disease Control and Pre
vention. National Institute for Occupational Safety and Health, Office of Mine Safety and Health 
Research. https://www.cdc.gov/niosh/mining/UserFiles/works/pdfs/2014-117.pdf.

Yantek, D.S., Yan, L., Damiano,N.W.,Reyes, M.A., and Srednicki, J.R.. 2019. A test method for evalu
ating the thermal environment of underground coal mine refuge alternatives. International Journal of 
Mining Science and Technology 29(3): 343–355. https://www.ncbi.nlm.nih.gov/pmc/articles/ 
PMC9278555/.

558

https://www.govinfo.gov
https://www.govinfo.gov
https://www.govinfo.gov
https://www.govinfo.gov
https://www.govinfo.gov
https://www.govinfo.gov
https://www.cdc.gov
https://www.cdc.gov
https://www.cdc.gov
https://www.cdc.gov
https://www.lascarelectronics.com
https://www.wpc.ncep.noaa.gov
https://www.osha.gov
https://www.weather.gov
https://journals.ametsoc.org
https://journals.ametsoc.org
https://www.vaisala.com
https://www.vaisala.com
https://www.vaisala.com
https://www.vaisala.com
https://www.vaisala.com
https://www.weather-us.com
https://www.weather-us.com
https://cryocooler.org
https://www.cdc.gov
https://www.ncbi.nlm.nih.gov
https://www.ncbi.nlm.nih.gov


Edited by
Purushotham

 Tukkaraja

w w w . r o u t l e d g e . c o m

CRC Press titles are available as eBook editions in a range of digital formats

Underground Ventilation

Underground Ventilation contains the proceedings of the 19th North American Mine 
Ventilation Symposium held at the South Dakota School of Mines & Technology (South 
Dakota Mines) in Rapid City, South Dakota, June 17-22, 2023. South Dakota Mines organized 
this symposium in collaboration with the Underground Ventilation Committee (UVC) of the 
Society for Mining, Metallurgy & Exploration (SME).

The Mine Ventilation Symposium series has always been a premier forum for ventilation 
experts, practitioners, educators, students, regulators, and suppliers from around the world 
to exchange knowledge, ideas, and opinions. Underground Ventilation features sixty-seven 
selected technical papers in a wide range of ventilation topics including: auxiliary and 
primary systems, mine fans, case studies, computational fluid dynamics applications, diesel 
particulate control, electric machinery, mine cooling and refrigeration, mine dust monitoring 
and control, mine fires and explosion prevention, mine gases, mine heat, mine ventilation 
and automation, occupational health and safety, renewable/alternative energy, monitoring 
and measurement, network analysis and optimization, and planning and design.

 
 

 

Underground 
Ventilation 
ED I T ED  BY  Purushotham Tukkaraja 



PROCEEDINGS OF THE 19TH NORTH AMERICAN MINE VENTILATION SYMPOSIUM 
(NAMVS 2023), 17-22 JUNE 2023, RAPID CITY, SOUTH DAKOTA, USA

Underground Ventilation

Edited by 

Purushotham Tukkaraja, Ph.D., QP

Mining Engineering & Management, South Dakota Mines, Rapid City, SD, USA



Front Cover Image: © Zitrón - Ventilation solutions for underground mines

First published 2023
by CRC Press/Balkema
4 Park Square, Milton Park, Abingdon, Oxon, OX14 4RN

and by CRC Press/Balkema
2385 NW Executive Center Drive, Suite 320, Boca Raton FL 33431

CRC Press/Balkema is an imprint of the Taylor & Francis Group, an informa business

© 2023 selection and editorial matter, Purushotham Tukkaraja; individual chapters, the 
contributors

Typeset by Integra Software Services Pvt. Ltd., Pondicherry, India

The right of Purushotham Tukkaraja to be identified as the author of the editorial material, 
and of the authors for their individual chapters, has been asserted in accordance with sections 
77 and 78 of the Copyright, Designs and Patents Act 1988.

All rights reserved. No part of this book may be reprinted or reproduced or utilised in any form 
or by any electronic, mechanical, or other means, now known or hereafter invented, including 
photocopying and recording, or in any information storage or retrieval system, without 
permission in writing from the publishers.

Although all care is taken to ensure integrity and the quality of this publication and the 
information herein, no responsibility is assumed by the publishers nor the author for any 
damage to the property or persons as a result of operation or use of this publication and/or 
the information contained herein.

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Library of Congress Cataloging-in-Publication Data

A catalog record has been requested for this book

ISBN: 978-1-032-55146-3 (hbk) 
ISBN: 978-1-032-55147-0 (pbk) 
ISBN: 978-1-003-42924-1 (ebk) 
DOI: 10.1201/9781003429241 



6 LIMITATIONS

Because the analysis presented here was performed on only two RAs with conditions from only 
five mines across the U.S. and one nonproduction mine, the results should not be assumed to 
directly apply to mine-specific RA installations. Additional testing or analysis would be neces
sary to determine occupancy derating percentages for a specific RA installation.
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