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INTRODUCTION

The need for divers to use compressed air from submarine air banks
raises special problems concerning air purity. Submarine service air banks
contain a mixture of "fresh" and interior submarine air. Logistical problems
prevent dedication of a large air storage facility exclusively for divers use,
Service air banks are used for many routine (e.g., pneumatic control systems)
and emergency submarine functions, and submarine interior air is frequently
compressed back into the bank which will cycle from about 4000 to 4500 psi.
The reuse of service bank air can continue without fresh air replenishment for
periods of a month or longer.

Submarine crews breathe the interior air for long periods, so why the
concern for divers? First, the processes of compression (by multi-stage oil
lubricated compressors), drying, storage, and decompression can potentially
add, subtract or modify contaminants in the air. Second, since the air in
diving is compressed, the partial pressure - and presumably the toxicity of
any contaminants - will increase by breathing the air at a higher pressure.
For example, a diver at 99 feet of sea water (fsw), 4 atmospheres absolute
(ATA), has a fourfold increase in all gas partial pressures over the exposure
for submariners. Thus, the diver is at an increased toxic risk. This is
especially worrisome for central nervous system (CNS) depressants since diving
is usually done by men working alone using little verbal communication.
Systems such as decrements in mental performance that would otherwise be
noticeable to companions can be fatal to divers. Finally, the need to monitor
(by instruments at about 1 ATA) for accepted toxic limits (at % the
concentration for the 4 ATA example) requires higher sensitivity in any
chemical analysis.

History

Prior to nuclear powered submarines, air quality limited submergence
duration by problems of oxygen storage, carbon dioxide accumulation, and
battery emissions of chlorine and hydrogen. In the period 1959-1970, a major

program was undertaken at the Naval Research Laboratory (NRL) to extend the




closed-boat duration of nuclear submarine atmospheres to a month or longer.
Problems and solutions are documented in a series of NRL "annual" reports
(1,4,12,14,20-22). A good summary of work through this period is Saalfeld and
Saunders (26). The results were procedures and equipment (17) which allowed
extended closed-boat operation with only rare serious atmosphere emergencies.
Other countries operating diesel powered submarines encounter even more
difficult problems, for example with diesel exhaust (11).

Extended submarine operations require an electrically-powered, self-
sufficient life-support system. Oxygen is generated by sea water electrolysis
with backup of chlorate candles. Carbon dioxide is scrubbed from the air with
regenerable monoethanolamine solution with LiOH pellets as a backup adsorbent.
Hydrogen and carbon monoxide are eliminated by catalytic oxidation on
hopcalite followed by effluent scrubbing with lithium carbonate to remove any
acids formed. The catalytic burner operates at 600 °F and is quite efficient
for removing many hydrocarbons as well. In addition, large beds of charcoal
adsorbent purge the air of many trace contaminants.

Throughout the 1960's, intensive work on submarine atmospheres focused
on making old technology more reliable and developing new instrumentation.
Methods including gas chromatography and infrared spectrophotometry were
explored to measure trace gases at sea. These instruments failed due to
reliability problems, and the inability of sailors to operate and maintain the
instruments. Eventually, the Central Atmospheric Monitoring System (CAMS-I)
was installed on all nuclear submarines. This reliable instrument uses
nondispersive infrared detection of CO, and a fixed-collector magnetic mass
spectrometer for 0,, CO,, N,, H;, H,0, R-114 or R-11, and R-12 (5). The CAMS-
II, which has a scanning mass spectrometer controlled by a microprocessor (27)
is currently undergoing sea trails. Back-up analysis is provided by a
paramagnetic 0, analyzer, a volumetric caustic CO, device, and a number of
chemical-indicator detector tubes (see below). Recently entering distribution
is a portable photoionization detector with broad-range sensitivity to

hydrocarbons (32).




Submarine Atmosphere Content

The major constituents of air are not a problem for diving. The
submarine starts with "fresh" air at 20.9% 0,, 78.1% N,, 0.03% CO,, 0.9% Ar,
and no other compound as high as 50 parts per million (ppm). Argon is not
monitored or controlled, but field studies have shown that it scarcely varied
during a patrol (27). Even during the closed-boat operation, the 0, is kept
close to its starting value. The Submarine Atmosphere Control Manual requires
that PO, be maintained between 140 and 160 mmHg (18.4 to 21.1% of a standard
atmosphere) (17). Since total pressure is required to stay in the range of
700-800 mmHg, the N, content remains near 80% of 1 atmosphere. Recent
proposals to lower the 0, content slightly and raise total pressure (11) still
would leave sufficient 0, for compressed gas diving.!

The greatest problem is carbon dioxide. A crew of 100-150 men generates
over 10 pounds per hour. This longstanding problem with submarines has been
addressed by one or two regenerative scrubbers that allows CO, usually to be
kept below the mandated level of 0.8% (8000 ppm) (17). That level represents
an engineering compromise of serving a distributed source of CO, emission (the
crew) with reasonably sized scrubbers and efficient ventilation (usually <5
min turnover time by blowers). However, the maximum allowable CO, of 0.8% can
be compressed for divers on a 165 fsw dive (6 ATA) to 4.8%; a level that is
both hazardous and normally prohibited for diving (18). It is therefore
obvious that submarine air cannot be used by divers without a check of the CO,
level.

The concentrations of all other contaminant gases are far below the
levels of 0,, CO,;, Ar and N,. Carbon monoxide is usually present in the
atmosphere despite the catalytic burner. Common sources are cigarette smoking
hyv crew members, food cooking, offgassing of materials, endogenous production,

and fire (10,23). Levels of CO also vary drastically in place and time. 1In

‘Operation at the high pressure and low O, corner of this envelope may create
an atmosphere rich enough in N, to adversely affect the decompression
requirement of divers using the air. The decompression problem is outside the
scope of tnis report.




an examination of 9 submarine patrol logs, an average of 7 ppm of CO was
found, along with high values of 20 ppm (2).

Because a ship is basically an industrial plant, many other compounds
are present. An early problem was the shipboard custom of frequently painting
parts of the ship. When submarines were found to have very heavy hvdrocarbon
loads in the main adsorbent bed after painting (9,13), and when the organic
contaminant distribution was shown to approximate the solvent mixture in
military paints and diesel fuels (10), thought was given to disallowing
painting on patrol. NRL worked on formulating a low-solvent, but fire-
resistant paint (8). Painting was prohibited 5 days before and during
deployment. In addition, adhesives for decorative and insulating paneling
were found to emit solvents for months after application (25).

Halogenated compounds have also been a problem. Refrigerants R-11 or R-
114, and R-12 have been used in submarine freezers and air conditioning units.
Refrigerant R-113 is used (not at sea) for cleaning both submarine and diving
gear. Methyl chloroform is a component of many adhesives, including ones used
for fastening interior paneling in submarines (25). These compounds are not
usually a direct problem because of their relatively low toxicity, but rare
large volume liquid spills (7) and many smaller ones (31) can put substantial
qualities of these chemicals into the submarine atmosphere. "Normal" levels
of these compounds vary drastically among submarines and between patrols in
the same submarine (35). Greater concern arises from the interaction of these
compounds in the atmosphere control equipment. Both R-11 and methyl
chloroform decompose in the CO-H, catalytic burner to form hydrogen fluoride
(HF), hydrochloric acid (HCl), vinylidene chloride, and monochloroacetylene;
all are dangerous compounds (16). Decomposition also can occur on LiOH
scrubbers used for CO, removal (33). Previous use of trichloroethylene which
decomposes into the extremely toxic dichloroacetylene (28), is now avoided by
a prohibition on using that solvent.

A very large number of hydrocarbons have been found (“6). Sources

include volatile industrial products, food and cooking, and human waste.




These range from short, relatively harmless, aliphatics to many troublesome
derivatives of benzene (10). Since the aromatic fractions were found to be
similar to paint formulations now outmoded, that source may now be less
important. Toluene, however, is a very common solvent in many industrial
applications. Venting of the emergency diesel fuel tanks results in another
likely source of both aliphatic and aromatic compounds. A recurring fraction
of aliphatics, the C-9 to C-13 alkanes, appears to arise from oil lubricants
in on-board machinery (36). Assessment of the hydrocarbon problem is hindered
by the dearth of data on contaminant distribution in submarine atmospheres
reported in the last 15 years.

Sources exist for inorganic gases. A high voltage electrostatic
precipitator has been known to produce ozone, and many other pieces of
electrical equipment with ionizing voltages are in use. Ozone is relatively
unstable and is unlikely to survive the compression and piping necessary to
deliver gas to divers. The acid gases NO, and SO, can arise from any
combustion process, such as catalytic oxidation of diesel or torpedo fuel (15)
and operation of the standby diesel engine (3), but these gases are also
unlikely to survive the passage to divers. Ammonia can arise from degradation
of monoethanolamine scrubbing solution.

Since successful decontamination is very difficult to achieve, a program
of elimination of source material has been developed. A Navy laboratory has
tested bulk and offgassing components of several hundred commercial substances
which were then placed in categories as to allowable presence and use (6).

For example, this approach led to the prohibition of floor polishes containing
mercury (24). Unfortunately the testing program cannot match the demand for
use of new products, and stories abound of how the rules are ignored or
circumvented.

Very little recent rdata exists on the distribution of atmosphere
contaminants. In the following sections, we will present the results of a
poll of operating submarines and some laboratory analyses of diving air from

actual submarine operations.




DETECTOR TUBE SURVEY OF ATLANTIC FLEET SSNs
Background and Methods

One of the very few ways that the distribution of submarine atmosphere
trace contaminants has been sampled is by use of detector tubes. These are
sealed glass vials containing chemical reagents and colorometric indicator
substances that develop a stain the length of which is dependent on
contaminant concentration in a stream of air. When submerged, the Submarine
Atmosphere Control Manual (17} requires a battery of samples to be performed
at least weekly. The tubes carried on-board, their minimum detectable
concentration, and some of the interfering substances are provided in Table 1.
Note that many tubes have cross reactivity, at least at high concentration.
The apparent redundancy of hydrazine and ammonia tubes results from different
administrative requirements.

In the Summer of 1985, a request was made to Atlantic Fleet nuclear
attack submarines to examine their detector tube readings over the last year,
report both average and maximum values, and document any other indications of
atmospheric problems. Thirty-four submarines replied; 2 provided no data.
Most averages were based on 10-20 rounds of samples, but 2 boats averaged over
100 sets of readings.

Results

Table ? presents reported average concentrations, and Table 3 has the
reported maximum readings. A number of problems decreased the value of these
reports. Missing, inconsistent, or incorrect units of measurements were
fairly common (many of the CO, entries labelled N in the tables are from
reports of CO, at a few ppm). A few average values greater than highest
values were reported. When lowest detectable units were given, some reports
had values that corresponded to neither the manufacturer’s package insert nor
to the Submarines Atmosphere Control Manual. There is no assurance that each
boat pushed the sensitivity of the tubes to the minimum detectable values in
Table 1. Presumably, these problems are a combination of limited training ol

the corpsmen responsible for monitoring, limited care in performing and




transcribing the tests, and poisible inconsistencies in the Federal Supply
System that buys and stocks tubes for submarine use. We have attempted to
remove obviously erroneous entries from the tables.

Overall, it is obvious that the atmospheres are relatively free of
contaminante at the sensitivity level of these tubes. No submarines reported
any detectable benzene or sulfur dioxide. Chlorine, ozone and 1,1,1-
trichloroethane (methyl chloroform) were each reported by only a single boat.
Acetone, hydrochloric acid, toluene, and nitrogen dioxide were also rare.
Ammonia and/or hydrazine incidents were fairly common. The high hydrazine
levels reported by boats 17 and 18 were said to be traced to spillage of
monotha >lamine from the scrubber units. The failure of ammonia and hydrazine
reports to be coincident as expected by their cross-sensitivity is puzzling.

As expected, both CO and CO, are detected frequently by detector tubes.
Both compounds are monitored continuously by the boat’s CAMS-I. Because only
occasional violations occur during the 90-day patrol limits for these
compounds (0.8% CO,, 15 ppm CO), it appears that the atmosphere control
equipment works rather well. One submarine (No. 11) reported an average
trichloroethylene level of 50 ppm by an unspecified analysis. Included in
reports from boats 1 and 16 were references to refrigerant leaks that raised
local R-12 levels to several hundred ppm (measured by CAMS-I). Contrary to
expectation, contaminants did not show a clear improvement in newer submarines
(boats 1, 19, 21, 22, and 25 are over 25 years old; 3, 13, 16, 18, and 29 are

less than 7 years old).

ANALYSIS OF RECENT DRY DECK SHELTER GAS
Background and Methods

Most diving from submarines has been of a small enough scale to allow
divers to breathe from SCUBA tanks carried on-board by themselves or from air
banks filled with fresh air before the submarine submerged. A new operation
called the Dry Deck Shelter (DDS) program, uses enough air to make reliance on

the ship’s normal air banks necessary. During the Fall of 1985 and Winter of




1986, people working on the DDS program cooperated with this laboratory in
getting a series of gas samples for analysis. All data came from a single
submarine. Because gas data recording was a low priority task for the people
on-board, details of the history of the samples is scanty. In particular, we
do not know which submarine air banks were filled from fresh air or from
recirculated submarine air and how long since submergence were any of the
samples taken. We also do not know which samples were obtained downstream of
a LiOH scrubber unit installed to remove CO, before use by the divers.

Gas samples were taken from the submarine’s air banks in 500 ml
stainless steel cylinders (Whitney model 67), which were pressure-rated at
1800 psi but usually filled to 100-500 psi. Cylinders were cleaned and
evacuated to 30 mTorr before shipment to the submarine. The few cylinders
that arrived in the lab without positive pressure were not analyzed.
Connection to the ship’s banks were made with stainless steel whips that had
previously been certified as clean.

In the laboratory, samples were withdrawn for analysis from the
cylinders via a high-purity, low-flow 2-stage regulator after a 4-cycle purge
procedure had been completed with the regulator. Carbon dioxide and O,
analysis was performed with a Sigma-4 isothermic gas chromatograph (Perkin
Elmer) using a gas sample valve and a column reversal procedure on molecular
sieve 5A and Chromosorb 102 (Supelco) packing. Hydrocarbon analysis was
performed on a Shimadzu GC-9A temperature programmable gas chromatograph using
either a gas sampling valve or direct injection with gas-tight syringe. A
methyl silicone (SP-2100, Supelco) packed column and a temperature ramp of 50
to 100 °C were used. Low boiling components were chromatographed on a 3% SP-
1500 on Carbopack-B (Supelco) column. In some cases, unknown peaks were
identified with a Hewlett Packard 5970B Mass Selective Detec*tor using a 0.75
mm ID capillary column and library software. All instruments were calibrated
using gravimetric standards certified to *2% of stated value (Scott Specialty
Gases). Normal calibration gases were benzene, toluene, xylenes, methyl

chloroform and R-113 for hydrocarbons (about 10 ppm each); R-11, R-12, R-22,




R-114, methane, ethane, propane, butane, pentane, and hexane for low boiling
separations (each at about 10 ppm). Laboratory reproducibility of retention
times is <0.3 sec SD and of peak areas is <2% SD. Low limits of detection are
in the range of 0.05-0.5 ppm for the calibration gases, and a single
sensitivity limit of 0.5 ppm is presumed for the unknowns reported in Table 4.
Some samples were analyzed for CO by an infrared spectrometer (Beckman 865)
with a 15 inch gas cell pressurized to 10 to 50 psig.

Analytical Results

Data for 11 known compounds are presented in Table 4 according to sample
date and the submarine air bank used. Other compounds found, but not yet
identified, are included in the table as unknowns. O, (plus argon) was quite
constant with all readings between 20 and 22%. CO, was extremely variable,
spanning a 60-fold range. The lowest readings were probably downstream of the
DDS special LiOH scrubber since submarine atmospheres almost always contain at
least 0.03% CO,. The highest CO, readings would be of real concern for
diving. Only a few samples were analyzed for CO since our instrument required
large quantities of gas for purging the optical cell. The few CO readings
obtained did not indicate a substantial hazard.

Low boiling point aliphatic hydrocarbons were prevalent. Methane was
present in all samples at levels of 2-12 ppm. These levels raise no toxicity
problems. The C-2 to C-6 alkanes (ethane through hexane) were seen less
often, with a tendency of concentration to decrease as the size increase. The
instruments were not calibrated with higher alkanes, which would evaporate
from fuels and lubricant oils. Nevertheless, the procedures employed would
have detected the C-7 to C-14 alkanes in those fuels at efficiencies similar
to the other alkanes, which have a sensitivity of about 0.1 ppm.

Halogenated compounds were found in all samples. The low and fairly
constant levels (0.5 to 14 ppm) of R-12 and R-114 probably arose from slow
leaks in the submarine’s air conditioning systems. The absence of these
compounds in the earlier samples (Summer of 1985; unreported) may be due to

special bank purging procedures, but may also be an analytical artifact.




These samples were stored in sample bombs for about a year before analysis was
complete. Gas sample storage for this duration is possible in carefully
prepared standards (29) and tests on similar submarine sampling equipment
showed stability for 3 months (30). Note the day-to-day variability of over
7-fold for R-114 in air bank 5.

Many compounds of concern were not detected in these samples (see note 3
in Table 4). These included aromatics and halogenated compounds that gave
rise to tuxicity questions in the past. Specifically not detected were
compounds reported (by detector tube) to be recently present on other
submarines such as toluene and trichloroethane. On the other hand, several
other substances were found but not identified (see note 6 in Table 4). These
occasional contaminants may become known in the future, but now serve as a
reminder that no gas analysis is "complete." Overall, the analyses indicate
that the atmospheres in these submarine banks (except CO,) were well below the

contaminant levels required by present guidelines.

CONCLUSION

This report is the first step toward development of a purity standard
and method of analysis that can be used in support of diving operations from
submarines. The severe boat to boat variability seen in detector tube results
(Tables 2 and 3) makes an "average" analysis useless for setting a standard.
Additional samples will be required to see what contaminants occur with any
regularity. The numerous questions on data quality from the exercise with
detector tubes is a warning that any new procedure will need to be suitable
for people who lack skills in analytical chemistry. Likewise, the day-to-day
variability of air in a single submarine makes it important to allow frequent
repetitive analyses. The semi-annual check of air banks required by the
Diving Manual (18) is not sufficient to ensure diver safety.

Further steps in developing a practical standard can be outlined.
Analytical capabilities will be increased by using absorption concentration to

increase sensitivity, and by using mass spectrometer identification procedures

10




to increase specificity. These requirements are also needed for full
monitoring of a human pressure chamber (34). Both abilities will be required
to investigate whether any toxic compounds normally in the 1-100 ppb range are
present. There is a need to increase the number and frequency of boats
examined. As the picture of contaminant profiles sharpens, there will be a
need to evaluate critically the compounds for maximum plausible toxic risk and
to evaluate appropriate on-board analysis procedures. Interim answers in this

regard have just recently been issued (19).
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Table 1

Detector tubes required on submarines.

Contaminant Minimum Detectable Interferences
CO(CH3)2 Acetone 100 ppm Other ketones, ammonia
CH 22901
NH3 Ammonia 1.0 ppm* Hydrazine, other organic bases
CH 20501
C6H6 Benzene 15 ppm Compounds resistant to pre-
CH 24801 treatment with acid, aldehyde
co2 Carbon dioxide 0.1sx* None (hydrazine reaction)
CH 23501
co Carbon monoxide 10 ppm* Acetylene, other hydrocarbons
CH 20601
Cl12 Chlorine 0.2 ppm* Br2, €102, NO2
CH 23401
N2H4 Hydrazine 0.25 ppm NH3, amines
CH 31801
HC1 Hydrochloric acid 0.1 ppm* Cl2
CH 29501
NO2 Nitrogen dioxide 0.1 ppm* 03, C12
CH 30001
03 Ozone 0.005 ppm* Cl2, NO2
CH 31301
502 Sulfur Dioxide 1 ppm NO2
CH31701
C6H5CH3 Toluene 25 ppm Xylenes, ethylbenzene, cumene
CH 27801
Total Hydrocarbon 60 mg/m3 Qualitative
CH 23001 (Toluene 5/a)
CH3CC13 1,1,1-trichloroethane 50 ppm Other chlorocarbons
CH 21101
Notes:
1. Under each chemical is the serial number of the tube; all manufactured by Dragerwerk
AD, Lubeck, W. Germany.
2. Entries with '*' are the greatest sensitivity stated by the manufacturer; less
sensitive scales are also present.
3. The total hydrocarbon entry uses a "toluene" tube. Its iodine pentoxide reaction to

liberate iodine is susceptible to many aliphatic and aromatic hydrocarbons, hence the

label of "total hydrocarbon."
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