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ABSTRACT 
Federal mining regulations in the United States mandate 

that underground coal mines install refuge alternatives (RA) for 

miners to seek refuge after an inescapable disaster. RAs are 

required to isolate and protect occupants from hazardous 

conditions and to provide a life-sustaining, breathable air 

environment for a minimum of 96 hours. According to federal 

RA regulations, an RA’s oxygen levels (%O2) must be 

maintained between 18.5%–23% with carbon dioxide levels 

(%CO2) less than 1%. Once an RA is occupied, due to human 

breathing, the %O2 can decrease, and %CO2 levels can 

increase quickly. One method of providing an RA with a 

breathable air environment is to use a borehole air supply 

(BAS) to provide fresh air from the surface, purge existing 

harmful gases, and prevent harmful gas build-up. RA 

regulations require air supplies to provide air at 12.5 cubic feet 

per minute (cfm) per person. To investigate the minimum fresh 

air flow (FAF) rate needed to maintain interior %O2 and %CO2 

within the mandated ranges, researchers conducted testing in a 

modified shipping container that represented the volume of an 

RA. During these tests, propane (C3H8) combustion and 

additional CO2 supplied from cylinders were used to match 

human O2 consumption and CO2 generation. The FAF rate 

supplied to the shipping container was varied to determine the 

minimum FAF rate required for the %CO2 inside the shipping 

container to stabilize below 1%. The test results showed that 

the minimum FAF rate was between 1.76–2.12 cfm per person. 

Therefore, the mandated per-person FAF rate provides a 6x–

7x safety factor. Test results also showed that the %O2 range 

requirement was satisfied for the entire range of tested FAF 

rates from 1.76–12.5 cfm per person. 

In this paper, researchers from the National Institute for 

Occupational Safety and Health (NIOSH) provide a repeatable 

test method that can be used to evaluate the FAF rate versus 

1 Corresponding author. Cdegennaro@cdc.gov 

interior gas concentrations (%CO2 and %O2) for various 

occupancy levels to ensure a breathable air environment within 

a refuge alternative. This paper also discusses federal RA 

regulations and previous NIOSH research. Additionally, this 

paper provides an experimental concept and set-up description, 

including the C3H8 combustion and supplemental CO2 delivery 

with gas flow rates used to simulate human breathing, data 

collection sensors, laboratory modifications, and safety 

measures. Lastly, the paper discusses test results, including the 

amount of time taken to reach hazardous interior %CO2 and 

%O2, as well as %O2 and %CO2 resulting from several FAF 

rates that have been used to validate a predictive model. This 

test method could be adopted to evaluate breathable air 

environments in refuge alternatives and confined enclosures in 

various industries. 

Keywords: Refuge alternatives, carbon dioxide, breathable 

air, confined space 
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%CO2 carbon dioxide concentration 

%O2 oxygen concentration 

BAS borehole air supply 

BIP RA built-in-place refuge alternative 

C3H8 propane 

CO2  carbon dioxide 

cfh  cubic feet per hour 

cfm  cubic feet per minute 

FAF fresh air flow 

HBS human breathing simulator 

NIOSH National Institute for Occupational 

Safety and Health 

O2 oxygen 

ppm  parts per million 

PRVTS pressure relief valve test stand 

RA refuge alternative 
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1. INTRODUCTION 
Federal regulations mandate underground coal mines in the 

United States to position refuge alternatives (RA) 1,000 feet 

from the working face and 30 minutes travel distance (walking) 

outby for miners to seek refuge following a disaster where 

escape is not possible. RAs must be designed to provide a life-

sustaining environment for a minimum of 96 hours by meeting 

several criteria for approval [1]. One of the most crucial 

functions of an RA is providing a breathable air environment, 

which is partially defined as one with 18.5%–23% oxygen 

levels (%O2) and carbon dioxide levels (%CO2) below 1% with 

excursions not to exceed 2.5% [1].  

 

RA regulations also include a space requirement of 15 

square feet per person and a volume requirement of 30–60 cubic 

feet per person based on mine height [1]. For example, a mine 

height of 54 inches or greater corresponds to 60 cubic feet per 

person. These requirements limit the allowable number of 

occupants within an RA. RA manufacturers must take this into 

account during the design phase. Likewise, mine operators must 

also consider this as well as the number of miners, contractors, 

and visitors that may be present in a working area at any given 

time when determining the appropriate size and type of RA for 

certain areas.  

 

Three types of RAs are approved for use in underground 

U.S. coal mines including portable and built-in-place (BIP RA) 

variations [2]. The portable classification includes two types: 

rigid steel and tent-type. Portable RAs provide a breathable air 

environment via O2 cylinders. Federal regulations state that 

these RAs must provide O2 at a rate of 1.32 cfh per person via 

the O2 cylinders [1]. A BIP RA is essentially a mined-out area 

with a stopping and man-door installed to create a permanent 

room. To create a breathable air environment, BIP RAs can also 

use O2 cylinders at the previously mentioned flow rate or a 

borehole air supply (BAS) with a fan or compressor located on 

the surface to provide breathable air at a rate of 12.5 cfm per 

person [1]. Since hazardous gas levels may exist within the RA 

after entry, adequate controls must be implemented to limit an 

additional build-up of gases produced by occupants. 

 

Existing standards and previous research studies on the 

relationship between ventilation and %CO2 as well as health 

effects of %CO2 and %O2 were reviewed. CO2 exposure can 

produce adverse health effects, such as respiratory symptoms 

and decreased cognitive performance, at concentrations ranging 

between 1,000 ppm–10,000 ppm and as low as 500 ppm in 

some cases [3–9]. The ASHRAE ventilation standard 62.1 

states that a ventilation rate of 15 cfm per person will limit the 

%CO2 to 1,000 ppm [10]. Two studies citing this standard state 

that complaints have been reported of poor air quality for 

concentrations between 700–800 ppm [11, 12]. Additionally, 

the Occupational Safety and Health Administration (OSHA) 

considers an atmosphere consisting of less than 19.5% O2 to be 

O2 deficient and immediately dangerous to life or health 

(IDLH) and recognizes that negative health effects can occur in 

some workers performing work-related tasks [13, 14]. Other 

research shows that adverse health effects resulting from 

exposure to O2 deficient environments do not occur until the 

%O2 falls to 16% or below [15, 16]. However, federal RA 

regulations aim to prevent the RA atmosphere from reaching 

these low concentrations by preventing the build-up of and 

removing harmful gases from the RA as well as providing 

sufficient breathable air to maintain a minimum of 18.5% O2. 

 

A critical RA regulation component examined in this study 

is the minimum amount of fresh air necessary to prevent the 

build-up of CO2 while providing enough breathable air. As 

previously mentioned, %CO2 must be maintained at 1% or less 

with excursions no greater than 2.5%. For RAs that use O2 

cylinders to provide a breathable air environment, CO2 

scrubbers are needed because O2 is not provided at a high 

enough rate to yield sufficient air exchange to prevent CO2 

build-up. These RAs use CO2 scrubbing systems, which are 

available as soda lime or lithium hydroxide cartridges or 

curtains that remove the CO2 from the environment through a 

chemical reaction which generates heat and moisture. RA CO2 

scrubbing systems must be designed to remove 1.08 cfm per 

person of CO2 [1]. Generally, RAs that implement a BAS do 

not require CO2 scrubbing systems as the higher fresh air flow 

(FAF) rate provides enough air exchanges to prevent CO2 build-

up. However, the relationship between the FAF rate and 

occupied RA %CO2 is unknown. Therefore, NIOSH 

researchers investigated the relationship between the FAF rate 

and occupied RA %CO2 to determine the possible safety factor 

provided by the 12.5 cfm per person FAF requirement. This was 

accomplished by simulating human O2 consumption and CO2 

generation for a desired number of occupants while providing a 

range of FAF rates to the enclosure and monitoring the interior 

conditions. 

 
2. EXPERIMENTAL SET-UP AND METHOD 
2.1. Concept and overview 

The first matter that was addressed was the human O2 

consumption and CO2 generation simulation approach. 

Researchers determined that C3H8 (propane) combustion was a 

feasible method to consistently consume O2 and generate CO2 

at predictable rates. Another component of the experimental 

concept was identifying a FAF delivery source. A pressure 

relief valve test stand (PRVTS), developed by NIOSH for 

previous RA-related research on relief valves, was repurposed 

to provide controllable FAF because it incorporates a variable 

frequency drive to adjust the speed of a centrifugal fan, which 

in turn adjusts the FAF rate [17]. In addition, the PRVTS uses 

an air flow measurement station to measure the volume flow 

rate of air provided. Researchers determined that a shipping-

container-based laboratory reasonably mimics an RA. O2 and 

CO2 sensors were installed inside the laboratory to monitor 

%CO2 and %O2 for data collection purposes. 

 

2.2. C3H8 (propane) combustion 
C3H8 combustion is a well-known chemical process that 

can be easily controlled by adjusting the C3H8 and combustion 

air flow rates. The combustion process consumes C3H8 and O2 

and generates CO2 and water. The O2 needed for combustion is 

supplied in the form of atmospheric air which has an average 
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composition of 79% nitrogen and 21% O2. Therefore, 

researchers used the C3H8 combustion reaction equation (Eqn. 

1) to calculate the flow rates that were required to maintain 

complete combustion [18].  

 

C3H8 + 5O2 = 3CO2 + 4H2O  (1) 
 
Eqn. 1 was applied to C3H8 combustion using mass flow 

controllers to set the rates of C3H8 and combustion air. All mass 

flow rates were established on a per-person basis to allow 

scaling for a desired number of represented occupants. The 

known input used in Eqn. 1 was the per-person O2 consumption 

of 1.32 cfh or 0.80 grams/minute specified by the RA 

regulation. By setting the per person O2 consumption and the 

number of represented occupants, researchers calculated the 

mass flow rates of C3H8 and combustion air needed. 

Approximately 20% excess combustion air was used to ensure 

complete combustion. The mass flow rate of CO2 generated by 

combustion was also calculated as 0.66 grams/minute using 

Eqn. 1. The mass flow rate of CO2 generated by human 

breathing was estimated using the CO2 removal rate specified 

in the RA regulation: 1.08 cfh or 0.90 grams/minute per person. 

Since C3H8 combustion generates less CO2 than human 

breathing, supplemental CO2 was required to match the CO2 

removal rate. Table 1 shows all gas mass flow rates used during 

testing on a per-person basis.  

 

Table 1: Mass flow rates for C3H8 combustion and 

supplemental CO2. 
 

Type of gas 

Approximate mass 

flow rate per person 

(grams/minute) 

O2 to be consumed 0.80 

C3H8 needed to consume O2  0.22 

Combustion air (including 20% excess) 4.45 

CO2 from combustion 0.66 

CO2 from human breathing 0.90 

Supplemental CO2 needed 

(Human breathing - Combustion) 

0.24 

 
2.3. Human Breathing Simulator (HBS) 

Rather than designing and developing a novel C3H8 

combustion device, researchers used a commercially available 

Dyna-Glo C3H8 gas smoker with two burners to burn C3H8 and 

act as a human breathing simulator (HBS). This is an ideal 

apparatus for testing since burning C3H8 is its intended purpose, 

and it has a simple, compact, and easily modified design. 

 

Controlling the combustion process was crucial to ensure 

consistent burning throughout testing. To ensure that all 

combustion air delivered to the smoker was measurable, a 

sealed combustion chamber was created by sealing all gaps and 

openings beneath the burners and between the smoker’s legs. 

An Alita AL-400 air pump was located inside the laboratory 

and plumbed into the closed space below the burners via a 

flared duct to minimize the inlet velocity and turbulence to 

maintain a stable flame. Locating the air pump within the 

laboratory ensures the burners are provided combustion air 

from inside the laboratory in a similar manner as RA occupants 

in a real-life scenario. An Alicat Scientific MCR-250SLPM 

mass flow controller was installed outside of the laboratory in 

line with the air pump to allow access for combustion air mass 

flow rate adjustments during testing without entering the 

laboratory. Likewise, an Alicat Scientific MC-10SLPM mass 

flow controller was installed in line between the C3H8 burner 

and C3H8 cylinders to precisely control the amount of C3H8 

delivered to the combustion chamber. 

 

Continuous and clean combustion was an essential 

component of the HBS to ensure the recorded data represented 

human O2 consumption. Incomplete combustion could generate 

carbon monoxide which would negatively affect test results and 

could compromise safety within the laboratory and test area 

[18]. Aluminum HVAC ductwork was mounted on top of the 

smoker, and a Michell XZR200 Oxygen Analyzer, an 

Edinburgh Sensors Guardian NG, and a Bacharach Fyrite 

InTech Efficiency Analyzer were installed to measure the %O2, 

%CO2, and flue or combustion gases, respectively. The 

combustion gas analyzer was most significant because it 

indicated any carbon monoxide generation. These data verified 

clean combustion as a safety check and were not recorded. 

 

As stated above, for a specified O2 consumption rate, the 

CO2 generation rate from C3H8 combustion is less than the 

generation rate from human breathing. Therefore, a simple CO2 

delivery system consisting of a CO2 cylinder, regulator, and a 

Cole Parmer 10 L/min Masterflex mass flow controller was 

incorporated into the HBS to add supplemental CO2 to match 

the CO2 generated by people for a given O2 consumption rate. 

The mass flow controller was installed on the outside of the 

laboratory like the others allowing researchers to adjust the gas 

flow rate during testing without entering the laboratory. 

 

Additional safety measures were taken to ensure the flame 

remained stable throughout testing. Researchers modified the 

smoker and installed two sight windows near the flame. The 

first was for a video camera to monitor the flame which should 

remain a blue shade and relatively steady. A Rel-tek Spot Fire 

flame detector that monitored the presence of a flame was 

installed at the second window and served two purposes. If the 

flame went out, C3H8 would continue flowing into the smoker 

and create a potentially explosive environment. Therefore, the 

flame detector’s main function was to shut off C3H8 flow via a 

solenoid valve installed on the C3H8 delivery line if no flame 

was detected. The secondary function of the detector was to 

notify researchers if there was no flame using an audible strobe 

alarm. 

 

2.4. Laboratory and sensors 
Researchers modified a standard 8’ x 8’ x 20’ steel 

shipping container into a test laboratory. The laboratory’s floor 

area was 160 square feet with a total volume of 1,280 cubic feet. 

An enclosure of this size satisfies the RA volume requirements 

for 21 people. Ventilation ductwork with check valves on the 

inlet and outlet was installed on the laboratory to provide fresh 
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air to the interior using the PRVTS. A man-door was installed 

on one side of the shipping container as an access location. 

Once all modifications to the laboratory were complete and all 

equipment was installed, the double doors on the end of the 

shipping container were closed and sealed using expanding 

foam. Also, all penetrations created to install any gas fittings, 

data cables, or power lines on the laboratory were sealed using 

duct seal compound. Additional gaps on the man-door were 

sealed using duct seal compound and aluminum tape during 

testing to minimize loss out of the laboratory and to maintain 

positive pressure.  

 

Various data-related sensors were installed inside the 

laboratory to measure interior conditions. Three Macurco OX-

6 O2 sensors and two CTI GG-CO2 CO2 sensors were installed 

to monitor the interior %O2 and %CO2. The O2 sensors have a 

range of 0%–25% by volume. The CO2 sensors have a range of 

0%–5% by volume. Two of the O2 sensors and the CO2 sensors 

were located approximately 6.5 feet and 13 feet from the end of 

the laboratory. The third O2 sensor was positioned near the HBS 

air pump to verify the %O2 in the combustion air.  

 

Aside from the O2 and CO2 sensors to measure the interior 

%CO2 and %O2, additional gas detectors were used to ensure 

safety during testing. Researchers used a Bacharach Leakator 

10 combustible gas leak detector to perform a safety check 

before each test. An RKI Instruments Beacon 800 gas 

monitoring system with several sensors was installed as the key 

safety system to monitor the interior %O2, carbon monoxide, 

and %CO2, as well as the C3H8 lower explosive limit (%LEL). 

The %LEL sensor was installed near the connection point 

between the C3H8 line and smoker. Two previously mentioned 

safety measures were used to monitor for a stable flame during 

testing—the video monitoring system and the Rel-tek flame 

detector. Vaisala HMP-110 temperature and relative humidity 

sensors were also installed inside the laboratory as a safety 

measure to ensure a safe temperature. 

 

2.5. PRVTS 
A pressure relief valve test stand (PRVTS) was chosen as 

the FAF delivery source [17]. The PRVTS consists of a 

centrifugal fan, variable frequency drive (VFD), and a 

VELTRON air flow measurement station. Adjusting the VFD 

allows for an air flow range of 100–1,100 cfm. The VELTRON 

measures the air flow in cfm or FAF rate. The PRVTS was 

positioned outside of the laboratory and connected to the 

existing laboratory ventilation inlet via insulated, flexible 

ductwork. In a mining application, this PRVTS is mimicking a 

BAS that would provide the breathable air to occupants within 

the RA. 

 

2.6. Data collection equipment  
A Data Translation DT9874 MEASURpoint data 

acquisition system was used to measure gas concentrations, 

temperature, relative humidity, FAF rate, and gas mass flow 

rates. All data were recorded at a sample rate of 0.5 samples per 

second with 24-bit resolution. A higher sample rate was 

unnecessary because the data did not change quickly. To reduce 

noise in the measurements, a software-selectable 16-point 

moving average was applied to all measured data. An 

application named QuickDAQ was used to log and visualize the 

real-time data which allowed researchers to ensure safe 

conditions were maintained and to determine if adjustments 

were required. Microsoft Excel was used for post-processing 

and data plotting. 

 

2.7. Procedure 
Prior to beginning a test, the data recording was started, and 

researchers used the Bacharach Leakator to check for leaks 

along the gas line and for C3H8 accumulation within the smoker. 

Once a safe gas line and smoker status was confirmed, the C3H8 

flow was started, and the burners were ignited. Next, 

supplemental CO2 was introduced into the laboratory once a 

steady flame was achieved. Then, the man-door was sealed, and 

testing began by initiating the PRVTS at the specified FAF rate 

of 12.5 cfm per person. Each mass flow controller was set to the 

flow rate needed to represent the number of occupants using the 

values from Table 1. Researchers allowed the test to continue 

for up to two hours for each FAF rate or until the interior %CO2 

stabilized. If the %CO2 stabilized below 1%, the FAF rate was 

reduced by 50%. If the %CO2 stabilized or increased above 1%, 

the FAF rate was increased by 50% of the difference between 

the current and previous FAF rates. This iterative method using 

integer multiples or divisions of the regulated FAF rate was 

implemented to identify the relationship between FAF rate and 

%CO2. 

 
3. RESULTS AND DISCUSSION 

Researchers conducted tests to investigate the relationship 

between the FAF rate delivered to an enclosed space and the 

resulting interior %CO2 averaged between the two sensor 

locations. The first test represented 21 occupants with the 

PRVTS delivering FAF at a rate of 12.5 cfm per person. The 

%CO2 stabilized at 0.2% after around 70 minutes, so 

researchers reduced the FAF rate by 50% to 6.25 cfm per 

person. Eighty minutes after reducing the FAF rate, the %CO2 

then stabilized at 0.37%.  Once this test concluded, researchers 

determined that the FAF rate needed to be reduced below the 

VELTRON measurable range to allow the %CO2 to increase 

and stabilize at 1%. Therefore, to ensure the minimum FAF rate 

was greater than the lower measurable range of the airflow 

meter, 100 cfm, the number of represented occupants was 

increased by increasing the mass flow rates for each gas 

according to Table 1. As a result, researchers conducted tests 

that represented 21, 34, 40, 48, and 58 occupants with the same 

minimum FAF rate limitation until 58 occupants were 

represented.  

 

All tests exhibited an increase in %CO2 with time 

following a FAF rate reduction. For example, Figure 1 shows 

the 40-occupant test with multiple FAF rates per person (12.5, 

6.25, 4.13, 3.1, 2.55 cfm) and the resulting %CO2. Figure 1 also 

illustrates the need to increase the number of represented 

occupants because the %CO2 did not reach 1% when 102 cfm 

(2.55 cfm x 40 occupants) was used since it was near the 

minimum measurable FAF rate. Figure 2 displays that the 
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resulting %O2 remained in the mandated range for the same 

FAF rates per person mentioned above. 

 

 
Figure 1: Resulting %CO2 increases for various FAF rate 

reductions during 40-occupant test. 

 

 
Figure 2: Resulting %O2 for various FAF rate reductions 

during 40-occupant test. 

 

Table 2 displays the results for each test including the 

number of represented occupants, FAF rates used, and the 

resulting average %CO2. The time column in Table 2 indicates 

the amount of time researchers allowed for each FAF rate. 

Some tests reached steady state, while others were cut short as 

researchers determined that the interior %CO2 would not reach 

1% resulting in single-FAF test durations ranging between 18–

115 minutes. Table 2 also includes the safety factor that the 

mandated FAF rate would provide compared to the FAF rates 

used during testing. 

 
 

* These are the elapsed times for each FAF rate as some tests 

were ended prior to reaching steady state. 

Table 2: Summary of FAF rate versus %CO2 test results for 

various numbers of represented occupants. 
 

# 

Occupants 

Total 

FAF 

Rate 

(cfm) 

FAF rate 

per 

Occupant 

(cfm) 

Time* 

(min) 
% 

CO2 

21 
262.5 12.5 100 0.2 

131 6.2 100 0.37 

34 
425 12.5 18 0.18 

102 3 21 0.54 

40 

500 12.5 30 0.19 

250 6.25 67 0.34 

165 4.13 72 0.50 

124 3.1 65 0.65 

102 2.55 70 0.79 

48 

600 12.5 75 0.2 

121 2.52 90 0.78 

103 2.15 75 0.9 

58 
102 1.76 115 1.1 

123 2.12 31 0.93 

 

As expected, the interior %O2 remained within the RA 

regulation range of 18.5%–23% for all tests. As shown in Table 

2, the %CO2 did not reach 1% until the FAF per person was 

1.76 cfm, which was achieved during the 58-occupant tests. 

Researchers then increased the FAF rate to 2.12 cfm per person, 

which reduced the %CO2 to around 0.93%. Assuming a 

constant relationship within this range, the FAF rate 

corresponding to 1% CO2 would fall between 1.76–2.12 cfm 

per person, as shown in Figure 3. Therefore, the safety factor 

range provided by the RA regulations would be approximately 

6x–7x. Although these lower FAF rates may be sufficient, the 

mandated FAF rate provides additional safety for occupants by 

diluting contaminants faster to achieve a breathable air 

environment. Additionally, Figure 4 shows the resulting %O2 

for the FAF rates per person used during the 58-occupant test. 
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Figure 3: Resulting %CO2 of 1.1% (FAF rate of 1.76 cfm per 

person) and 0.93% (FAF rate of 2.12 cfm per person). 

 

 
Figure 4: Resulting %O2 for FAF rates of 1.76 and 2.12 cfm 

per person. 
 

A predictive, mathematical model representing this 

relationship was developed and validated using the test data 

above [19]. The model accounts for the enclosure’s volume, 

initial %CO2, occupant CO2 generation rate, and FAF rate. The 

model predicted that the interior %CO2 would stabilize at 1% if 

the FAF rate was ~1.87 cfm per person, implying a safety factor 

of 6.7x, which falls into the test data range. 

 

Tests with zero FAF delivered to the laboratory and no CO2 

removal method were also conducted to demonstrate how 

quickly the interior would reach hazardous %CO2 and %O2 

levels and to provide more data for the predictive model [19]. 

Like the previous tests, the HBS and supplemental CO2 were 

used to simulate O2 consumption and CO2 generation. Figures 

5–6 present the decrease in O2 and increase in CO2 with no FAF 

delivery system in place. As shown in Figure 5, the %O2 

decreased below 18.5% within 65 minutes and nearly reached 

18% within 75 minutes. Likewise, Figure 6 shows the %CO2 

surpassed 1% within 40 minutes and 2% within 75 minutes. The 

plots indicate that this trend would continue until the O2 within 

the laboratory was consumed, which would terminate the 

combustion process due to lack of O2. Additionally, the %CO2 

would continue to rise to dangerous levels. These two factors 

confirm the importance of promptly supplying enough 

breathable air and decreasing the %CO2.  

 

 
Figure 5: %O2 decreased below 18.5% while representing 21 

occupants with zero FAF delivered. 

 

 
Figure 6: %CO2 increased above 2% while representing 21 

occupants with zero FAF delivered. 

 
4. CONCLUSION 

The objective of this study was to identify the relationship 

between the required FAF rate per person to maintain an interior 

O2 range of 18.5%–23% with a maximum of 1% CO2 within an 

enclosed space or RA. A C3H8 combustion-based human 

breathing simulator and supplemental CO2 was implemented to 

consume O2 and generate CO2 at the rate of a human. For tests 

with FAF delivery, researchers represented occupants within an 

enclosure and identified that a FAF rate range of 1.76–2.12 cfm 

per person is required to provide enough breathable air and 

mitigate the CO2 increase to 1%. This indicates that the 

mandated FAF rate of 12.5 cfm per person provides a safety 

factor of 6x–7x compared to the test results.  For tests with zero 

FAF delivery, test results show that the mandated ranges of 1% 
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CO2 and 18.5% O2 were reached within 40 minutes and 65 

minutes, respectively.  

 

The limitations of this study include testing only one 

simulated RA volume with one air delivery configuration. 

However, similar results would be expected for other RA 

volumes. This test method and procedure could be used to 

evaluate breathable air environments in RAs of different 

volumes as well as enclosures in various industries. 
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INTERNATIONAL MECHANICAL ENGINEERING CONGRESS & EXPOSITION 
 
Dear Distinguished Attendees: 
 
Welcome to the ASME 2021 International Mechanical Engineering Congress and Exposition 
(IMECE)! We are excited about this year, and continue to celebrate the breadth, depth, and 
technical connections that are the heart of a worthwhile conference experience. As you consider 
your schedule for this week, I personally invite you to benefit from each of these aspects of 
IMECE. 
 
Breadth: 1350+ Technical papers and presentations over 14 technical tracks.  At IMECE you can 
meet with experts from across the spectrum of mechanical engineering research and 
development. So, spend some time attending a few sessions outside of your technical area and 
see what you can take back to improve your own work.   
 
Depth: Scientific expertise, not a trade show.  From Nobel Laureates to one of the world’s most 
cited researchers, the exceptional research depth at IMECE is nowhere so apparent as in the 
Congress-Wide Keynote Speakers and the Track Plenaries.  For example:  

 Dr. Shuji Nakamura, 2014 Nobel Laureate in Physics (Congress-Wide Keynote) 
 Dr. Shery Welsh, Director of AFOSR with $500M in Basic Research (Aerospace Track 

Plenary) 
 Dr. Nancy Sottos, Member of the NAE (Materials Track Plenary) 
 Dr. Mehrdad Zangeneh, Founding Director of Advanced Design Technology, Ltd (Fluids 

Track Plenary)  
 Dr. Yi Cui, one of the world’s most cited scientists (Materials Track Plenary) 

And these are just a few of the amazing speakers that will be available to you!  
Go to (https://event.asme.org/IMECE/Keynote-Speakers) and (https://event.asme.org/IMECE/ 
Program/Track-Plenary) for the full list. 
 
Technical Connections: 2,000+ attendees. The primary benefit of a conference is in meeting and 
interacting with fellow technical experts.  As worldwide health conditions have forced us to remain 
virtual for a second year, we have implemented several new approaches to enable those 
interactions, and I invite you to fully participate. Our technical sessions have increased time 
scheduled for introductions and conversation before, during, and after the technical presentations 
(pre-recorded with live Q&A).  And we have introduced a new series of special technical panels 
and roundtables designed to be technically focused informal gatherings.  Topics for these 30–60-
minute sessions range from “Nuclear Power in Space Applications: Promise, Practice, and 
Challenges” to “New Trends in Lung Therapies” to “Why Thermal Properties Still Matter”, to 
“Advanced Manufacturing Education”, “Beyond GPS: Advancing MEMS/NEMS Sensors for 
Inertial Navigation Only” and many more. The full list of Roundtables and Special Panels are on 
the congress website. Of course, nothing happens until you push the button. So, please join us!  
Whether in a technical session or special technical event, Turn on your camera, make a comment, 
ask a question, share an opinion, and build those connections! 
 
Finally, on behalf of the IMECE Congress Steering Committee, I express my sincere thanks to 
and recognition of the hundreds of volunteers and the ASME staff that have dedicated time and 
effort to strengthening the fields of Mechanical Engineering R&D through organizing and leading 
sessions, topics, and tracks at this year’s IMECE.  It is never convenient to serve, and we have 
all continued to face frustrations of schedule, deadlines, conference websites, and more. Thank 
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you for your service. Your efforts have resulted in a strong congress that will continue to drive 
research forward both now and in the next generation.  Thank you. 
 
 
Sincerely, 
 
 
 
Marriner H. Merrill, PhD 
IMECE 2021 Technical Program Chair 
Materials Science and Technology Division, US Naval Research Laboratory  
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