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°C degree Celsius L/min liter per minute

g gram m meter

h hour min minute

Hz  hertz mm H,0  millimeter water pressure
kg kilogram mL/min milliliter per minute

L liter % percent
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PERFORMANCE COMPARISON OF SECOND-GENERATION
OXYGEN SELF-RESCUERS

By Nicholas Kyriazi'

ABSTRACT

A performance study of second-generation oxygen self-rescuers approved for use mostly in U.S. underground
coal mines was undertaken by the U.S. Bureau of Mines (USBM) to assess present technology. It provides a
side-by-side comparison for the benefit of consumers—the mine operators—and a tool for evaluating apparatus
by their performance characteristics. The apparatus were tested on a breathing and metabolic simulator in USBM
life support laboratories. Parameters monitored were inhaled levels of CO, and O,, inhaled wet- and dry-bulb
temperatures, and breathing pressures. The metabolic demand on the apparatus represented the average demand
of the 50th-percentile miner performing a 60-min, man-test 4 as described under 42 CFR 84. Apparatus service
life, quantity of usable O,, and averages and peaks of monitored parameters are presented.

Additionally, a brief study was performed to assess the estimated impact of the underground environment on
the apparatus. No significant effects were found except on an early version of the Ocenco M-20 in which the
CO,-absorbent, LiOH, leaked through the filters into the mouthpiece. The manufacturer has modified the early
version by adding impact-absorbing bumpers on the case top and bottom.

'Biomedical engineer, Pitisburgh Research Center, U.S. Bureau of Mines, Pittsburgh, PA.



INTRODUCTION

Since June 21, 1981, U.S. coal mine operators have been re-
quired to make available to each underground coal miner a self-
contained self-rescuer (SCSR) device. The Mine Safety and
Health Administration (MSHA) under 30 CFR 75.1714 requires
that each person in an underground coal mine wear, carry, or
have immediate access to a self-rescuer that provides an O,
source. Prior to this, a filter self-rescuer (FSR) was required,
which protects only against low levels of CO.

In keeping with the U.S. Bureau of Mines' (USBM) mission
to ensure and improve the safety of our Nation's miners, a study
was undertaken to compare the performance of the apparatus
developed to satisfy the new requirement shortly after their de-
ployment; the results were published in 1984 (Z).2 The purpose
of the study was to provide a side-by-side comparison of ap-
paratus performance, not available elsewhere, for the benefit of
both users and manufacturers. Apparatus approved by the Na-
tional Institute for Occupational Safety and Health (NIOSH) and
MSHA are not evaluated in such a way that they can be
compared.

Technology advancement has resulted in the development of
four second-generation SCSR's that are lighter and smaller than

their predecessors. This report contains the results of testing
these apparatus. A breathing and metabolic simulator (BMS) at
the USBM's Pittsburgh Research Center was used to test the
apparatus because the BMS permits more quantifiable com-
parisons of breathing apparatus than human subject testing. The
chosen work rate is equal to the average rate of a 50th-percentile
miner performing the 60-min man-test 4, as described in
42 CFR 84, the same as in the previous USBM study. All of the
apparatus tested are listed in table 1, with their rated durations,
oxygen sources, weights, and approximate volumes.

Approval by NIOSH and MSHA implies acceptable design;
the impact of the underground environment on apparatus is not
a major focus. In order to determine how well an apparatus will
survive underground, three of the apparatus were subjected to
treatments of heat, cold, shock, and vibration. The apparatus
omitted in the environmental impact study, the CSE SR-100,
was studied previously (2) when it first became available. The
first-generation SCSR's were also studied with regard to
environmental impact (3-4).

Table 1.—Apparatus tested

Apparaws O, source Rated duration, Weight, kg Volume in

min In case In use case, L
CSESR-100........ Chemical ..... 60 2,791 2.186 3.6
Draeger OXY KPlus . . Chemical ... ... 60 2.887 2.450 5.0
MSA Portal-Pack .... Chemiical . .... 60 3.047 2.075 45
Ocer—"""0 ....... C~~-ressed 10 1.465 0.9 2.2

DESCRIPTION OF APPARATUS

The three 60-min-rated apparatus—the CSE SR-100, Draeger
OXY K Plus, and Mine Safety Appliances (MSA) Portal-
Pack—are marketed as direct replacements for their pre-
decessors, the AU-9A1, OXY-SR 60B, and 60-min SCSR,
respectively. The 10-min-rated Ocenco M-20, however, is in-
tended to be used in conjunction with its predecessor, the
60-min-rated Ocenco EBA 6.5. It was designed to be worn on
the belt, replacing a similarly sized FSR. The others are intended
to be belt-wom as well, but there has been some resistance to this
among users even though they are much smaller than their
predecessors.

All of the apparatus tested are one of two types: chemical- or
compressed-oxygen (table 1). The chemical-oxygen apparatus
use potassium superoxide (KO,) as both their O, source and
CO,-absorbent (Draeger), or a combination of KO, and lithium
hydroxide (LiOH), a CO, absorbent (CSE and MSA). Adding

“ltalic numbers in parentheses refer to items in the list of references at the
end of this report.

LiOH to the KO, results in less overproduction of O,, char-
acteristic of KO,. The single compressed-oxygen apparatus
(Ocenco) has a separate chemical bed of LiOH for CO,
absorption.

The two types of apparatus share many components, such as
a mouthpiece, chemical bed canister, breathing bag, and relief
valve. The compressed-oxygen self-rescuer also contains a high-
pressure storage cylinder, a regulator to reduce the pressure of
the stored O,, a constant-flow valve, and a demand valve. All of
the apparatus are pendulum-flow, the inhalation flow path being
the reverse of the exhalation flow path, with no check valves.
The three 60-min-rated apparatus all have volume-activated
relief valves versus the pressure-activated relief valve on the
Ocenco M-20.

Following are descriptions of each apparatus, accompanied by
schematics, and photographs of the apparatus in and out of their
protective cases.



CSE SR-100

The SR-100 (figures 1 and 2) is a one-use-only, chemical-
oxygen device with a chemical bed containing both KO, and
LiOH. A small cylinder of compressed O, provides an initial
supply (7 to 8 L) while the chemical bed starts up. It has a bi-
directional flow path and a volume-activated relief valve. The
relief valve purges high CO, breathing circuit gas from the
breathing hose before it has entered the chemical bed, thus
sparing the bed to some extent. The 9-L breathing bag contains
a loose chemical water absorbent (calcium chloride) used to
further control the reaction of KO, in the canister. The breathing
hose contains a metal-mesh heat exchanger.

Figure 1.—Cased and uncased CSE SR-100 self-rescuer.
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Figure 2.—Schematic of CSE SR-100 self-rescurer.

DRAEGER OXY K PLUS

The OXY K Plus (figures 3 and 4) is a one-use-only,
chemical-oxygen device with a chemical bed of KO,. A sodium
chlorate candle provides startup O,. The apparatus has a bi-
directional flow path and a volume-activated relief valve. Like
the SR-100, its relief valve also purges breathing circuit gas from
the breathing hose before it has entered the chemical bed. The
breathing bag contains approximately 6.5 L. A metal-mesh heat
exchanger is contained in a hard-plastic housing to which the
mouthpiece is attached.

Figure 3.—Cased and uncased Draeger OXY K Plus self-rescurer.
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Figure 4.—Schematic of Draeger OXY K Plus seli-rescuer.






TEST APPARATUS AND EXPERIMENTAL PROCEDURE

The BMS used for testing the apparatus in this study is shown
in figure 9. The DEEC Inc. BMS is different from the Reimers
manual BMS used in the first performance comparison of
oxygen self-rescuers. The differences are described in a pre-
vious USBM report (5).

The metabolic parameters used in the performance com-
parison study follow (all volumes measured at STPD):

VO, (O, consumption) = 1.35 L/min

VCO, (CO, production) = 1.30 L/min

V., (ventilation) = 30 L/min

V, (tidal volume) = 1.67 L/breath

RF (respiratory freq) = 17.9 breaths/min

(.DM (peak flow rate) = 67 L/min (exhalation)
= 83 L/min (inhalation).

In the environmental treatment study, the \"COz values for the
Draeger OXY K Plus and the MSA Portal-Pack were 1.1 L/min
STPD. At the time of the testing of these apparatus, this had
been the USBM standard until it was found that some human test
subjects had higher (’CO2 values. This had the effect on KO,
apparatus of more quickly reacting the chemical bed, thus
resulting in shorter durations. In order to be more conservative
in BMS testing, the \./CO2 was elevated. The environmental
treatments on the Ocenco M-20 were performed later than those
on the MSA and Draeger, after the \'/CO2 had been elevated. The
two untreated tests for each apparatus had the same “/COZ values
as the treated unit.

The stressors monitored were average inhaled CO, and O,,
minimum inhaled CO,, end-of-breath wet- and dry-bulb tem-
peratures, and peak inhalation and exhalation breathing pres-
sures. The average inhaled levels of gas concentrations take into
account the effect of apparatus dead airspace, which is the vol-
ume in the breathing circuit components that contains exhaled
gas, inhaled back upon inhalation without being cleansed of CO,.
The minimum inhaled CO, is simply the lowest concentration of
CO, measured during inhalation. If there were no dead airspace
in an apparatus, the average and minimum inhaled gas concen-
trations of GO, would be identical. The larger the difference, the
greater the dead airspace volume.

The wet-bulb temperature is a reflection of both temperature
and humidity. The wet-bulb, not the dry-bulb, temperature is the
one actually perceived by the wearer because the human respi-
ratory tract functions essentially as a wet-bulb thermometer. It
is measured by a fast-response, wet-bulb thermocouple devel-
oped by the USBM (6).

Figure 9.—Breathing and metabolic simulator at the USBM Pitts-
burgh Research Center, Bruceton, PA.

The test termination criterion was an expended O, source as
determined by a flat bag and an inhalation pressure exceeding
-200 mm H,0. Five units of each model were tested with the
exception of the Ocenco M-20, of which only four were tested
because of availability problems.

Breathing circuit tightness was determined by drawing a pres-
sure of -70 mm H,O on the apparatus and measuring the decay
time to a pressure of -60 mm H,O. This is a Draeger test, per-
formed with the Draeger RZ-25 test stand designed for testing
their BG-174 rescue breathing apparatus. A decay time of less
than 1 min is considered a failure. The USBM has determined
that a decay time of 1 min is equivalent to an in-leakage rate of
0.9 mL/min for a contained volume in both tester and apparatus
of 1 L. This is considered by the USBM to be a very con-
servative test.

The environmental simulation treatments performed on the
apparatus were temperature extremes (71 °C for 48 h (7) and
-45 °Cfor 16 h) and shock and vibration. A shaker table of the
type used in military standard vibration tests was used in the






Table 4.—Self-rescuer efficiencies by weight and volume

Ah:nu:lua rof O,/kg of L of OJL of
_mass apparatus ___volume apparatus
CSESR-100.......... 32 24
Draeger OXY KPlus ... M 19
MSA Portal-Pack ...... 32 21
Ocencg ** =~ .. “ 11

The efficiency of the short-duration apparatus, the Ocen-
co M-20, was significantly lower than those of the others.
This is because the weight and volume of the requisite
components—breathing bag, mouthpiece, canister, case,
etc—oomprise a larger fraction of the total weight and volume with
decreasing quantities of O, supply and CO,-absorption capacity. To
the extreme, an apparatus with no O, or CO,-absorbing chemical
would still have weight and volume. The efficiencies of the three
longer duration apparatus, with regard to both weight and volume,
were all within 5% of each other; the Draeger OXY K Plus was
slightly more efficient with regard to weight, and the CSE SR-100
was slightly more efficient with regard to volume.

Discussions of each model of SCSR follow.

CSE SR-100

Four of five of the SR-100 units passed the Draeger RZ-25
leak test.

It can be seen from table 2 that the SR-100 had the highest
peak pressures, which occurred at the test ends. During an actual
test, the pressures begin low (in the range of 30 mm H,0), but
increase continually, especially after approximately 50 min.

DRAEGER OXY K PLUS

All five of the OXY K Plus units failed the RZ-25 leak test.

This was the only apparatus to have no CO, breakthrough at any
time during the testing, i.e., minimum inhaled CO, was always zero.
One test ended with very high exhalation pressures in the last several
minutes, resulting in an average exhalation peak pressure with a
relatively high standard deviation in table 2.

As table 3 indicates, the simulated environmen _ impact
treatments appeared to have no effect on the monitored
parameters.

MSA PORTAL-PACK

All five of the Portal-Pack units passed the RZ-25 leak test.
The Portal-Pack had the highest average inhaled CO, levels.
It also had the highest difference between the average and

minimum levels, reflective of the large dead airspace volume in
its breathing hose.

As can be seen from table 3, the simulated environmental
impact treatments appeared to have no significant effect on most
performance measures, with the treated unit having only a
slightly lower duration and somewhat higher exhalation pressure,
although well within the physiologically acceptable range.

OCENCO M-20

Three of the four M-20 units failed the RZ-25 leak test.

Having no breathing hose with large dead airspace, this unit
had the smallest dead airspace volume, reflected in the small
difference between average and minimum inhaled CO, levels.
With a LiOH chemical bed, this unit had the most humid
breathing gas, as reflected in the smallest difference between
wet- and dry-bulb temperatures.

It can be seen in table 3 that there may be some slight effects
of the environmental treatments on CO, that may or may not be
noticed by a user. Otherwise, the apparatus was unaffected.
However, it should be noted that the environmentally treated unit
was a later modified version having impact-absorbing bumpers
on the case top and bottom. The earlier version, without the
bumpers, was treated a year before; this resulted in the unit's loss
of most of its O, supply (with a resulting duration of 6 min),
which was evident from reading the cylinder gauge. Addi-
tionally, the unit leaked LiOH from the bed through the filters
into the breathing bag and mouthpiece, which was not evident
upon inspection. It was believed that the vibration treatment was
the likely cause of the LiOH leaking through the filters because
dissection inspection revealed that the bed screens were intact.
However, additional apparatus were vibrated without similar
results. It was then theorized that because the original unit was
vibrated while still hot from the heat test (71 °C for

48 h), the shock and vibration absorption components may have
been compromised in their performance. The supply of new un-
its, however, was expended before this theory could be tested.
More apparatus were ordered from the manufacturer but were
not received for more than a year, after the units had been
modified with the addition of the bumpers.

A new unit was then subjected to all of the treatments and
went directly from the oven to the vibration table. This unit is
the treated one in table 3, showing somewhat higher CO, levels
but no leakage of either O, or LiOH.

The manufacturer has stated that all field units of original
design are to be retrofitted with case bumpers.

CONCLUSIONS

As mentioned earlier, the CSE SR-100 and the Draeger
OXY K Plus purge excess exhalation gas through their volume-
activated relief valves before the high-CO, gas enters their
chemical beds, thus sparing the chemical beds somewhat. These

two also had the lowest CO, levels, but this could be the result of
more effective CO, absorption by the chemical beds.

The MSA Portal-Pack has the largest breathing bag volume,
approximately 13 L, over 40% larger in volume than the next



largest. It also had the lowest average wet- and dry-bulb tem-
peratures. The Ocenco M-20, with the smallest breathing bag
and no breathing hose to exchange heat, had the highest average
wet- and dry-bulb temperatures. Large breathing bags with large
surface areas can disperse heat well if the environment is cool; if
the ambient temperature is high, however, this heat-exchange
mechanism may work in reverse. In addition, whereas large
breathing bags enable the user to utilize more of the O,
produced by the apparatus that would otherwise be purged in

apparatus with smaller breathing bags, they increase the chances
for the occurrence of the hypoxia scenario: the user can ex-
perience hypoxic conditions if there is sufficient N, in the
breathing circuit to permit volumetric gas exchange while O,
levels fall below ambient. Compressed-Q, apparatus are more
susceptible to this phenomenon than pure-KO, apparatus which,
through overproduction of O,, tend to purge the breathing circuit
of N,.
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