aA E,_Z'heAEgginegrin% Scz)t;;’ety REV.
t
WM 7 Sex Al and Space AEROSPACE SAE  AIR910 A
INTERNATIONAL
400 Commonwealth Drive, Warrendale, PA 15096-0001 | N FO R MAT' O N | q 1965-11
ssue -
REPORT Revised 1996-07

Submitted for recognition as an American National Standard

OZONE PROBLEMS IN HIGH ALTITUDE AIRCRAFT
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generally occur around 70,000 to 100,000 ft. Above and below the altitude of peak concentration,
the ozone concentration decreases rapidly and becomes essentially zero above 150,000 ft and
below 30,000 ft. Maximum concentrations in excess of 10 parts per million by volume have been
measured. The lower level of the ozone band appears to be the tropopause, which is the
discontinuity surface dividing the troposphere and the stratosphere. The tropopause altitude
varies in height from about 55,000 ft at the equator to 25,000 ft over the poles and also varies
with time at any location. Generally, temperature decreases with altitude in the tropopause
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1.1 (Continued):

while the stratosphere is isothermal or has an increasing temperature with altitude. The
tropopause is the boundary between these two temperature-altitude structures. Measurements
made in aircraft cabins show a sharp drop in ozone concentration when the aircraft descend
through the tropopause altitude (7).

The total amount of ozone in the atmosphere and its distribution with altitude varies with latitude,
season of the year, and weather conditions. In the northern hemisphere, the concentrations are
usually highest in the spring and lowest in the fall. The total concentration and the magnitude of
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is terminated while longer exposures may produce serious damage. Figure 2 shows a human
tolerance chart for ozone as proposed by Lagerwerff (14) who measured the effects of ozone on
human visual parameters and used his results to modify an earlier human tolerance chart published
by C. E. Thorp. These charts are, however, not applicable for repeated exposures to small
concentrations.

! The abbreviation “ppmv” refers to “parts per million by volume” in air throughout this paper.
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FIGURE 1 - Typical Curves of Atmospheric Ozone Concentration
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3. (Continued):

For repeated exposures, a widely quoted standard is the one adopted by the American Conference
of Governmental Industrial Hygienists (1) which specifies a maximum concentration of 0.1 ppmv for
exposure 8 hours a day, 5 days a week over a number of years.

The maximum level for aircraft cabins recommended by Bennett (3) is 0.2 ppmv for a 6000-ft cabin
altitude. The basis for this value is the results of experiments conducted by Bennett on two
volunteer groups, one exposed to 0.2 ppmv for 3 hr daily for 12 weeks and another exposed to
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Many of the present jet transports fly above the tropopause where significant ozone levels are
encountered. A number of measurements of ozone in aircraft interiors made by various
investigators have been reported in the literature. One of the earlier reports is that of Young,
Shaw, and Bates (17) who measured ozone in four DC-8's operating between Vancouver, B.C.,
and London. Stretched bands of natural rubber which crack in the presence of ozone were used
for the measurements. To determine what ozone levels were encountered, the bands were then
compared with laboratory samples exposed to known concentrations. The authors conclude that
concentration of 0.3 to 0.4 ppmv were attained in the cabins of these aircraft.
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4. (Continued):

Bennett (3) reported on ozone measurements obtained in a Boeing 707 and a Comet aircraft.
Correlation of cabin ozone concentration with ambient ozone concentration was claimed. The
instrument employed to measure ozone concentration used the oxidation-reduction of potassium

iodide method,

which is briefly described in 6.2.

In the Comet, which delivers pressurization air at

about 460 F, a maximum concentration of 0.065 ppmv at 41,000 ft was recorded, while the
Boeing 707 which delivers air at about 300 F had a maximum concentration of 0.12 ppmv at
39,000 ft. Based upon the given ambient ozone concentration, 90% of the ingested ozone was

destroyed by heatlng in the first aircraft but only 75% was destroyed in the second.
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above Los Angeles). Although the aircraft would fIy a constant aItltude the tropopause would vary
in height along the flight path causing the airplane to be sometimes above, sometimes below the

tropopause. Below the tropopause, ozone level dropped to zero.

It is concluded

that ozone

concentration is related to height above the tropopause rather than absolute altitude, a conclusion
also reached by Bennett and others.
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4. (Continued):

An attempt was made to determine if the temperature to which the pressurization air was heated
and the time held at this temperature had any effect on cockpit ozone concentration. It might be
expected that the aircraft with the highest temperature air delivery system might show the least
cockpit ozone because of thermal decomposition of some of the ingested ozone. To determine the
validity of this assumption, flights of two aircraft of different types over the same route at the same
time were made. Ozone measurements made in both aircraft showed no significant differences.
The authors conclude that ozone concentration inside the airplane is essentially the same as
outside the airplane apparently because the temperatures involved are not sufficient to decompose
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airplane cabins. This ozone enters with the pressurization air supply. The supersonic transport will
be flying at high altitudes which place it in the maximum ozone levels and there is a good possibility
that excessive amounts of ozone will enter the cabins of these aircraft unless certain precautions

are taken.
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5. OZONE CONTROL:

The time of exposure to the amounts of ozone encountered in commercial jet transports is not
sufficient to constitute a hazard to the passenger’s health. At any rate, no special devices for
ozone removal are being used although they might be installed in the future. Ambient ozone
concentrations at supersonic transport flight levels are excessive, however, and must not be
allowed to exist in the cabin. Various means of decomposing ozone in air are known, although
none has been proven in commercial aircraft use. The following section describes some of these
possible methods.

5.1 Thermal Decpmposition:

Ozone in air flecomposes at a rate determined by the temperature. Boberg an
present an equation for ozone decomposition rate as a function of temperature
constant values measured by Benson and Axworthy (4). This equation'in a slig
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concentration of 0.1 ppmv.

to decompose to a

Ambient air entering an airplane flying supersonically is heated very rapidly by the adiabatic
compression -- first in a supersonic compression through a series of shock waves, then in a
subsonic ram compression and then in a compressor. It remains to be determined whether this
rapid change of state will cause the rate of ozone decomposition to be markedly different from

that measure

d under equilibrium conditions in the laboratory.
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5.1 (Continued):

The temperature to which the fresh air is heated during compression is a function of the pressure

5.2

ratio and the ambient temperature; the higher the pressure to which the air is compressed the

hotter it gets. Obviously the fresh air must be compressed to a pressure somewhat higher than
the desired cabin pressure but the actual pressure, and, hence, temperature, to which the air is
compressed depends upon the type of air conditioning system used.

Vapor cycle systems require only that the air supply be sufficiently higher than cabin pressure to
account for pressure drop in the ducting and air-conditioning equipment, the work of refrigeration
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High Temperature Catalysis:

Thermal decomposition can be increased by allowing the air-ozone mixture to come in contact
with various metals or other materials which catalyze the decomposition reactions. By this means
ozone can be decomposed at lower temperatures than are required by thermal decomposition
alone. Boberg and Levine (5) tested various materials for catalytic effectiveness and found that
nickel and manganese dioxide were both excellent under the conditions of the tests (5.5 to

7 ppmv ozone, 600 F). Aluminum, stainless steel, and other common metals were all found to
have some catalytic effect on ozone at 600 F. They also found that the catalytic efficiency
dropped off sharply below about 400 F indicating that temperature must be accounted for in the
design of catalytic filters.
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5.2 (Continued):

Recognition should be taken of the fact that various components in the air-conditioning system
such as the ducting and heat exchangers will act as catalytic filters. The primary heat
exchangers, which precool the air after it is delivered from the cabin compressor or engine bleed
port, will likely be constructed of stainless steel in the supersonic transport because of the high
temperatures. These stainless steel exchangers may have fins of nickel, an excellent high-
temperature ozone decomposition catalyst. The fins of these heat exchangers present a very
large surface area to the airflow and, therefore, may prove effective in decomposing ozone.
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the temperature falls below the level needed for catalytic decomposition before the plane
descends below the tropopause, undesirable amounts of ozone may enter the cabin. Even if a
greater than desired amount of ozone does enter the cabin, the duration of exposure will be

short.

For systems obtaining the air supply from cabin compressors, the situation may be more difficult
because of the lower temperatures attained during all portions of the flight.

-10 -
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5.3

5.4

Low-Temperature Catalysis:

A number of catalysts are effective in low-temperature decomposition of ozone. Those reported
to have some degree of effectiveness include activated charcoal, molecular-sieve-type zeolites,
silver and silver oxide.

Activated charcoal, a specially processed charcoal manufactured from nut shells and other
materials, has a high capacity for removing ozone from air (2). The adsorption effectiveness of
charcoal is best at low temperatures requiring an adsorber of this type to be located at the outlet
of the air-conditioning system.

Data published by Boberg and Levine (5) show that the effectiveness of charcdal for ozone
removal decrgases in service. During one test, in which 20 Ib/min of air with 5.5 ppmv ozone at
75 F were passed through a charcoal filter, the initial concentration of 0zone at|the outlet was
0.045 ppmv hut after 1.5 hour this increased to 0.40 ppmyv, indicating & large décrease in
effectiveness. Although these values apply only to the filter used in-the test, it is apparent that
charcoal has|limited capacity for ozone necessitating the design)of a filter largel enough to last a
suitable length of time before requiring replacement.

Activated chgrcoal is also effective in removing most odors from air and in elim|nating the
irritating congtituents of Los Angeles smog, including‘oxidants (15), and may be installed on
some aircraft for these purposes, in which case it.would be well to consider thecombined use of
the charcoal for ozone removal, also, if needed:~dt should be noted that charcogl filters of
sufficient sizg for suitable ozone removal service life will be heavy and bulky compared with
catalytic filters and should not be used unless odor and smog removal is also desired, or if
conditions are such that other methods-0f decomposition are not practical.

Zeolites are g class of hydrated silicates of aluminum and either sodium or calgium. Natural and
artificial type$ are used mainlyfor water softening by cation exchange. Artificigl types are also
manufactured with a porous molecular sieve structure making them suitable fof gas adsorption.
When suitably activated, molecular sieve type zeolites have been shown to be excellent
decompositign catalysts{or ozone contaminated gases at 75 F.

Silver has alqo been 'shown to be effective at room temperatures in catalyzing ¢zone
decompositigng

Photochemical Methods:

Ozone is formed in the atmosphere by the photochemical action of that portion of the solar
spectrum with wavelength less than 2450 angstroms which is in the ultraviolet part of the
spectrum. Concurrently, zone is decomposed by light of longer wavelength but not over 11,500
angstroms. Wilkins (16) reports that visible red light will decompose ozone. For comparison, the
visible spectrum ranges from about 4000 angstroms (deep violet) to 7700 angstroms (deep red).

-11 -
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6.

6.1

6.2

(Continued):

It should be practicable to construct an ozone filter consisting of lamps emitting light at the proper
wavelengths. The air containing ozone could be passed through a chamber or other device
where exposure to the radiation would decompose the ozone. The light sources would have to
be protected from or designed for the pressures and temperatures encountered at the location of
the device.

OZONE MEASUREMENT:

Various metho ments based on
some of these methods are commercially available. This section describes briefly the principles of
some of the m@re common methods.

Rubber Cracking Method:

Ozone readily attacks natural rubber causing surface crackingland bleaching. [fo measure ozone
content in air| stretched bands of natural rubber are exposed+4o the air for a suitable length of
time. Determination of average ozone concentration duting-the exposure period is then made by
visually comparing the exposed bands with standard samples and by measuring the modulus of
elasticity. Thjs method is not very exact and further:the long exposure time required means the
bands cannof be used to indicate rapid variations.irs 0zone concentration.

Potassium-lodide Method:

Air-containing ozone is bubbled through'a solution containing potassium iodide| The ozone
reacts with the potassium iodide forming free iodine and potassium hydroxide. |The amount of
free iodine foymed is proportional to the amount of ozone passing through the golution and may
be measured by titration with sodium thiosulphate or by changes in color of the|solution.
Although ozone content can be determined with good accuracy using this method, the relatively
long sampling period required means the readings are average values for the geriod of sampling.
Response to[rapid changes in ozone content is not obtained.

A modificatiop of this'method, which is widely used, substitutes amperometric titration for color-
change-indic@tor fitration, thereby permitting continuous readmgs of concentratjon and fast
response (a mple is pumped at
constant rate through the analysis cell containing the potassmm iodide solution. Two electrodes
connected to external circuitry are immersed in the solution. The iodine liberated by the ozone
reacts at the cathode to produce electrical current in the external circuit proportional to the rate at
which ozone enters the cell. Since the gas flow rate through the cell is constant, the current is
also proportional to the ozone concentration of the gas. A microammeter measures this current
and is calibrated to read ozone concentration directly. Instruments based on this method are
available from such companies as Welsbach Corporation, Mast Development Company, and
Beckman Instruments, Inc. Meters of this type are suitable for measuring ozone concentrations
from O to 1 ppmv and may be used up to 25 ppmv.
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6.3 Spectrophotometric Method:

6.4

6.5

Ozone has a strong absorption maximum in the ultraviolet at about 2537 angstroms, a
wavelength produced by mercury vapor lamps. Ozone concentration in air or oxygen can be
determined photometrically by passing light of the above wavelength through a cell containing the
sample gas stream. The light not absorbed falls on a photoelectric cell generating an electric
current. This current is then compared with the reading obtained when light is passed through
the same gas sample but from which the ozone has been removed. The amount of light passing
through the sample and the amount of current generated is related to the ozone concentration.
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By proper co
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The Welsbadh Corporation produces a meter using this principle in which the s
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Radioactive Krypton Method:

Hommel, Chleck and Brousaides (10) report on an ozone analyzer developed at Tracer lab. In
this device the sample air stream is passed through a molecular sieve to remove water vapor and
then through a bed of quinol clathrate containing Kr*>. A clathrate is an inclusion complex (not a
true compound) in which the molecules of one substance (Kr*) are completely caged within the
crystal lattice framework of the other substance, in this case quinol, a white crystal with formula
CesH4(OH),. Ozone oxides the quinol to quinone, C¢H40,, and water releasing the trapped
krypton. The air stream sweeps the released radioactive krypton from the clathrate bed into a
detector that contains a Geiger-Muller tube. Decaying krypton atoms are counted and the count

rate converte

d to ozone concentration.
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