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ABSTRACT

This report summarizes the results of a study to determine the most practical
and economical methods for controlling oxygen, carbon dioxide, odors, trace gases,
and temperature-humidity in & closed underground shelter. The maximum time which
the shelter would be sealed because of the presence of external fires or chemical
and biological warfare agents was designated as 24 hours. An extensive literature

end industrial survey of all types of feasible environmental control systems was
supplemented by experimental studies.

From a standpoi.af of cost, safety, reliability, and ease of handling the
following systems are recommended:

1. _Oxygen Supply - Breathing oxygen should be supplied by high pressure
gas cylinders equipped with & regulator and small flowmeter.

2. Carbon Dioxid~ Removal - Lithium hydroxide, Baralyme, and soda-lime
are best suited for controlling the concentration of carbon dioxide within a
fallout shelter. As an extreme minimal survival methed 1ithium hydroxide may-
be employed in & statlc or passive system; however, the use of Baralyme or soda-
lime in 2 manual powered blower-canister system is recommended

3. . Odor and Trace GQas Removal - Certein undesirable gases may be produced
by human metsbolism (passing flstus) or activities (smoking). Activated carbon
will remove most higher moleculer weight contaminants but cetalytic combustion

devices would be required if gases such as carbon monoxide and methane are to bhe
removed.

k. Temperature-Humidity Control - The optimal method of temperature-humidity
control in an underground shelter depends upon the particular shelter in question.

Temperature and humlidity control systews, If required, should be custom designed
to each shelter or type of shelter.
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- SUMMARY

|GG
Contract OCD-08-62-56 (Project 1107) was initimted in March JBBS and was

completed in April 1963. The project entailed the investigation and cost analyses
of atmosphere control techniques for use in closed underground fallout shelters.
Internally located, self-contained environmental control systems are reguired for
shelter atmosphere contol whenever- the presence of nearby outgide fires precludes
the supply of outside air to the shelter. . Efivironmental control systems which
were evaluated ineluded all conceivable types of oxygen supply, carbon dioxide
and toxle constituent removal, and temperature and huniidity control. . The project
was divided into four principal categories as follows: (1) study of maf's
physiological environmental requirements, (2) engineering evaluation and anAlysis
of all conceivable systems, (3) experimental investigations of candidate systems,

(4) application study for sélection of the appropriate system for' particular Lo
ahelter types. ,

1. Environmental'Requirements

An extensive literature study was- conducted to determine human toleranee to -
variations in certain environmental parameters. Oxygen content should ideally be

_mailntained at.20 per cent; however, 12 per cent will sustain human life, allowing
“.for-a decrement in performance and capabilities. Similerly, carbon dioxide content

should ideally be controlled to less than one per cent, whereas conaentrations as
high as 4 per cent may be tolerated at the expense of 1ower performence abllity

end higher oxygen aconsumption rates. For purposes of this’ study, oxygen consumption

wes ‘assumed to be one cubic foot per hour and carbon dioxide production rate 0.85-
cubicfoot per hour for each person in-the shelter. An effective temperature of

720p ig 1dea1 but 85°F was established as the tolerance 1imit. -

2, Englneering Evaluation

-

Tﬁe engineering evaluatien was divided into four phases as indicated below:>

Oxygen Supply - Methods which were evaluated include both chemical and
mechanical storage, and the chemical recovery of oxygen from carbon dioxlde. -
Examples of the latter method are the use of green plants such as algae to effect
photosynthetic recovery, or the hydrogenation of carbon dioxide to form water -
wanich 1s subseguently electrolyzed to produce respiratory oxygen. - Chemical -
storage methods utilize compounds such as hydrogen peroxide, calcium peroxide,
putassium superoxide, sodium superoxide, chlorate candles, and salcomine.  Mechani-
cal storage of oxygen in both the l*quid and gaseous forms were evaluated.
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From a standpoint of safety, reliability, and ease of handling it was found
that breathing oxygen should be supplied by elther chlorate candles or high pres-
sure gas cylinders equipped with a regulator and & small flowmeter. Since the
gas cylinder method 1s less expensive than the use of chlorate candles the former
method is recommended unless the shelter is a very small one occupiled by less
than five persons. ' - ST

Carbon Dioxide Removal -~ Methods which were evaluated include: = (1) Solid
Adsorhents such as Molecular Sieves and activated carbon;  (2) Solid- Absorbents .
such as anhydrous lithium hydroxide, silver cxide, soda-lime, Baralyme, sodium
and pctassium superoxide; (3) Liquld Avsorbents such as alkali hydroxide solu-
tions, alkali earth hydroxides, alkall carbonates, ethanolamines, Alkazid M,
gulfates, and water; {4) Mechanilcal Technlques such as freeze-out and difiusion
methods. :

These studies showed that three solid absorbents; namely, 1ithium’ hydroxide,'“'

Baralyme, end soca-lire are best sulted for controlling the concentration of :
carbon dioxide within & elosed fallout shelter. The anhydrous lithium hydroxide
has been nationally advertized as a material to control carbon dioxide in Bhelters
under the trade name, Granlox. - All thrée absorbents were tested durlng +he
experiaentai pnase of this project.

Toxic Trace Cas (ontrol - These gases may arise from human metaboliem (passing

flatus) or certain activities (smoking). ..The engineering evaluation indicated that-

asctivated carbon will wremove most higher molecular weight contaminants._ "For con-

trol of gsses such as methane or carbon monoxide catalytic combustion or prcalite
units are required. o

Temperature-Humldlty Control -- All tyres of methode were considered including
pessive technlgues sucn as thermal bus bars, chemlcal methods -employing desiccants,
use of proximate well water, and mechanical refrigeration techniques such as vapor.
compression systems, absorption systems, and air cyele systems. The optimal method
for temperature-~humidity eontrol in & fallout shelter depends upon the partisular
conditions experienced af each shelter.  For instance, 1f well water were avallable
for cooling then & desizeant could he employed for humidity control. . The use of a
deslccant alcne, however, srould increase the effective temperature even though
the relative numidity weve decreased. Conversely, the use of well water alone
would limit the minimum dev point which could be cbialned.

3. E@perimental‘Investigations

The engineerirng snalyses indicated the theoretical superiority of lithium
hydroxide, Beralyme and scée-lime over other typss of carbon dioxide removal
techniques. Hovever, the literature snd industrlal survey falled to uncover
sufficient experimentaaly detormined pevformsnce data upon which application
specifications could be hased. The experimental phase of the project, therefore,
vas concerned with evaluating the practical effectiveness of the follOWing carbon
dioxide removal methcds:
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{a) Use of anhydrous lithium hydroxide crystals employing
static or passive techniques.

(b) Use of elther soda~lime or Baralyme in canisters in dynamic
(blower) systems.

The tests indicated that: (l) the lithium hydroxidé crystals -(Granlox)
possessed an excessive téendency to dust and that the performance capabilities

“of static absorption techniques were impossible to predict accurately; (2) the

use of Baralyme and soda-lime in canisters was entirely satisfactory. In addi- ~
tion, these experiments provided information which was used to obtain preliminary

‘optimization data for dynamic carbon dioxide absorptlon systems,

4. Results and COnclueions

Development of convenient and inexpensive diepeneing and manifolding equip-

ment for oxygen cylinders is required. The presently available equipment is not
only too expensive but too complicated for use by the average citizen, eepecially

~during periods of high emotional etrees.

The passive or static use of any carbon dloxide absorbent is not recommended,
except ‘as an extreme minimal survival measure, because of the difficulty of asgsur=
ing the adequate performence of this method. - Lithium hydroxide could be used in a
dynamtc (blower-canister) system but both soda-lime and Baralyme are less expensive.

- Therefore, the use of soda-lime or Baralyme in hand-powered blower-canister systems

18 advocated for carbon dioxide asbsorption in closed eheltere. Further design data

"1s requiréd in order to accurately size dynamic systems (or statiec systems if cost
prohibits the use .of dynami. eystems) This data must be obtained by prototype = -
~ fabrication, test, and redeeign(‘ :

Temperature and humidity control techniques, if required, should be custom
desigred to the particuler shelter or type of shelter in question. . An experi-
mental investigation on the adaptebility of air cyecle refrigeration systems to
fallout shelters is highly recommended. Air cycle systems may be particulsrly .

-well suited for use in fallout shelters because of their high intrinsic reliability

after long pericds of infrequent use, and freedom from the poseibility of refrig- )
erant leakage.

The chart on the next page is a synopsis of all available relevent costs for
providing various degrees of environmental control for fallout shelters.. As shown,
the total per person cost varies with the type of components and mateiials selected
and with the size of the shelter. Per person costs are, in general, lower for
larger sheltere and higher for smaller shelters because of quantity purchase dis-
counts and more favorable distribution of fixed costs.
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SUMMARY OF PER PERSON COSTS FOR 2L HOURS

‘Oxygen

Chlorate Candles
Cylinder, gas, and flowmeter

CO,_Removal

Anhydrous Lithium Hydroxide

. Baralyme or Soda-Lime - . -

- With Centrifugal Hand Blower
With Positlve Displ: Hand Blower

- Additional Cost for Electrical
e Motor

Trace Gas Removal

Activated Carbon
Catalytic Burner
- Hopealite

Temperature-Humidity Control

Well Water

- Desiccsnt
Vapor Compression System
Air Cycle System

%  Not Récommended
*#* Information Presently Uhavatlab¢e.

10-Man

$16.00
8.45

$14.00
3.80
- 6.80

:8i80"

<

%035

$ 0.32

\ ) s

100-Men

$12.00
5.00

$12.00

-3.80

5.80

10.00 -

$ 0.35 .
" 6.00 -

¥

1000-Man

$12.00

L.23

$12.00

3.80.

5,50
8.50

10.00.

'$05'

50

$10.00
e
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SECTION 1
. INIRODUCTION

1.1 Background . = = &
- . During World Wer II large numbers of people lost their lives in bombing
attacks due to the effects of mass fires, -even though they vere seemingly -
protected in air raid shelters. Even before the introduction of atomic weapons
at the end of the var, mass fires were & frequent cause of death during -~ =
~bombings. -A good .example of this was the mass fire created in Tokyo om March .
9, 1945 which destroyed an area of 16 square miles and.caused more than 80,000
deaths and more than 100,000 injuries, perhaps more than in Hiroshima and - )
Nagasaki combined. (Ref. 1)*".In a fire raid on Hamburg on July 27, 1543, two-'
thirds of all the bulldings within a 5 square-mile area were ablaze within 20 }
minutes. Within'a few hours the fire had begun to run out of fuel and die down
- although the hot rubble heaps made large areas unapproachable for several
days. (Ref, 2) - _ : E T '

. The greatest number of deaths in these areas occurred in baagmenth or
~makeghift shelters. Since the position of the corpses indicated that death
came peacefully and unexpectedly the cause of ‘death has been attributed to
one or more of the following reasons: ST e : Y .
1. Carbon monoxide poisoning resulting from large amounts 9f the lethal .
gas created by the fires being drawn into the shelters. . ~ L. L

- 2: ~As§hykiétiohjresﬁltihg from therdepletion‘of'oxygen elther through

" conversion to capbqn dioxide or by suctidp created within the burning area.
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3. The effects of inhaling hot blasts of air drawn in by the shelter
ventilation system. ’ . R

. ‘4. Roasting of the shelter occupants as a result of conductive heat o
transfer into the shelter. ‘ . L . R

Although much of the evidence of cause of death in wartime shelters 1s *
ambiguous it is known that mass fires may very well create large amounts of
carbon monoxide in the area. Very small amounts of this gas are lethal (see
Section 2.1) and may be present in the fire area for long periods of time,
* especlally if smouldering rubbles exist. : : :

It is doubtful that the amount of combustible material present would
consume quantities of oxygen of significant proportion to cause a dangerous or
even noticeable decrease in oxygen content of ambient air. Also, tests have
failed to indicate anything but a slight drop in pressure due to mass fires.

* A llst of references ls found at the end of the report.




The heat created by mass fires is a dangerous factor to inhabitants of
underground shelters only by way of the ventilation system. -As little as three
feet of surrounding earth reduces the.heat transfer from external fires to the
shelter environment sugh that any temperature rise in the shelter enviromment

. 18 negligible unless the fires persist for unusually long periods. - Direct
intake of hot "ventilating" air into the ahelter ‘could be a direct cause of
death to the shelter inhabitants. . .

in view of the’ foregoing 1t becomes obvioua that the most expeditious meane

of protecting the inhabitants of an'underground shelter firoti the effects of
externdal mess fires is the shut-down of the ventilation system and closure of
the inteke. An slternate to complete closure is the intake of external air .
-from & remote location which happens to be reasonably cool and free-of dangerous
gases. Closure may also be required to protect against biological and chemical
warrfare. Lo T . _— . : )

7
“

| This closure creates internal environmental hazards which'mﬁbthoe,oliminated;

by speclal internal equipment. These dangers &nd the operating requirements for

- the environmental control equipmént are described in the next section.

. i

1.2 Prggram Obiective 7 o ‘ ‘f o ” ) o ,,%%

- The objectives of the program were to deté;mine the optimum ‘method for
controlling the internal environment of a sealed underground. shelter; elther by
the incorporation of self-contained environmental control systems, or by the

7 inteke of safe air from some remote: locatioh. . The environmental control syatem(e)
".. recommended must be economical, safe, reliable, simple to use, and require

riinimal, . 1£-any, poweir.. The sy-tem capabilities must include the’ provision of

o breathing oxygen, the removal of carbon dioxide and other harmful gdases, &and

(in certain cases) the control.of temperature-humidity. -The maximum duration
of operation for the system(s) wasg deeignated as 24 hours. i .

- The program:vas divided into tbree phases, namely, an engineeriug analysis
"phase, experimental evaluation ‘phasge, and an application study phase.

1.2, 1 Eineering Analygis Phase

" Phis phase ‘consisted of a comprehensive review and survey cf all environ- 17

mental control systems which could be applied to sealed shelters. The analysis
compared the practicality, present cost, and availability of each system...Also
investigated in this phase was the present capability of industrial production
facilities to produce the required.equipment and chemicals. This information
was employed in determining whether or not extensive expansion of. modernization
of production facilities would be required. .
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The engineering analysis included a study of power requirements for each

- candidate system. Also dgtermined was whethe}: modifications would reduce or

eliminate the need for power. An energy balance 6f candidate gystems was mede

-to determine the amount of waste heat generated and. its effect on the shelter

environment v 7 . 7 <

'I‘he weight and volume requirements of' ‘prcmising,)eyetems étere aecertained

'to indicate if modifications could be made without decreasing. erfectiveneee
and. maintainability ‘and without increaaing “the cost.

The candidate systems were evaluated for ease of maintenance, eafety,

' ‘eaee of repair, shelf life and overall reliability..

Suggeetione for improvements in the above categoriea were also made.

1 2.2 -Experimental Study Phase o

During the literature survey it v?ae fbund that inrormation concerning the
perfomance characteristics of several carbon diokide .absorbents was lacking.
Therefore, the expérimental study phase was concerned with obtaining sufficient
peri‘ormance data upon which preliminary designs -of the recommended systems
could be based. Thie information was then incorporated. in the. application

7é

1.2, 3 Application Btuay' N e ) .

With the completion of -the engineering analyeis and experimental phaaea,

the data obtained 'was ccrrelated and reduced to determine the best present

- system or systems for 10-, 100-, “and 1000-man shelters. .In each category, the’
- coet, volume and power requiremente ‘were ‘deduced on a per person basis. -

- Schematics of these systems are also inc¢luded and recommendations- are maﬂe for
,,.improvement of preaant ayatem components and 'equipment.

13-
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SECTION 2
ENGINEERING ANALYSIS - . -

2.1, Environmental Requiremente N

To sustain human life over an extended periocd of time* within the conrinee
of a sealed shelter certain internal environmental paremeters must be coatrolled.

“between- the limits of physiological tolerance. These parameters inalude the

following: ! (1) oxygen.content, (2) carbon dioxide content, (3) level of odiferous
or toxic trace gases, (4) temperature-humidity This eection stipulates the’

physiological tolerabls levels. of these factors, and the rates at which human
metabolism changes these parametere.

- 2. 1 1 Oxygen and Carbon Dioxide

During normel breathing a man utilizes about 15 per. cent of the vital

. capacity of his lunge'during each respiration. -Also, man's rate of respiration

may be increased over his nisting rate of approximately ‘17 {or lese) respira-
tions per minute by a factod of four. Thus, man's lung ventilation flowrate may
be increased by an overall factor of as much as 25 in times of phyeical or
emotional stress. ~ (Ref. 3) ,

. In normal individusals there exists a fairly constant difference betweeq
the perceritage of oxygen concentration of inspired air to that of expired air.
This. value 18 termed the oxygen utilization coefficient sfid varies from 4.6

. per cent, at restn and may be Increased by &bout 0.5 per cent in moderate °

exercige. (Ref ‘It is a measure of the oxygen actually transferred by the -
alveold to the blood stream for the subsequent oxidation of various. meteriale
in the body

T

Ae the oxidation occurs during body metabolism the body tieeues in turn,

produce a quantity of carbon dioxide. Venous blood containg more: carbon dioxide

but less oxygen than arterial blood. In lts passage through the lungs, oxygen

‘goes into the blood and carbon dioxide passes out of solution. The ratio of. thée

volumes, CO,-0, which are exchanged in a given time, is called the respiratory

85. (Ret. 5) This ratio
varies acqording to the nature of the materials subjected to metabolic eombustion
in the body and to other conditions.

. * The 1ength of time during which elosure will be required is impoeeible to-

predict. All calculations In this report relating to closure are based on ‘an
estimate of 24 hours.
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The listing below gives a rough average of the concentrations of oxygen,
nitrogen, and carbon dioxide in inspired and expired air.  (Ref. 6) The - -

‘relative volume of nitrogen is slightly greater in expired air due to the - :3

removal of a certain amount of oxygen,‘without a proportionate increase in the.

- production of carbon dioxide. In this table, the oxygen utilizetion ‘coefficient .
- 1s calculated as h 55 per cent, and. the respiratory quotient is 4 06/h 55 equal

to 0. 89. B

Inspired_Air. Expired Air ..
0, 20.95% 16.4%

Ny 79.0%  79.5%
062 - 0.04% 4.1%
On a mass beeie the. amount or oxygen ptilized by man doing light work

| during a 2h-hour- period is approximately 2-1lbs, although this value may vary

greatly dependent upon breathing volume and rate.  On'a volume basis, assuming
17 respirations per minute, 30.5 cublc inches inspired per respiration, and en-
oxygen utilization coefficient of 5 per cent, approximately 0.9 cubic feet of
oxygen are consumed per hour (STP).: Aeeuming a respiratory quotient of 0. 85,
approximately 2.3 lbs of carbon dioxide would be produced in one dey or 0 76

- cublc feet per hour (sTP).

. Depending upon the ahelter volume per inhabitant the oxygen content -
decreases and the carbon dioxide content increasee with time as shown by

: Figure 1. . (Ref. 7)

Reduced oxygen content in inspired air results in a lack of oxysen in the

’ body known as hypoxia. The effects of increasing degrees of hypoxia are listed o
in Table 1. . (Ref. 8) .The physiological effects of increasing amounts of. carbon
“dioxide in inspired air are listed in Table 2. - (Ref. 9). -These tables and -

Figure 1 show that carbon dioxide content approeches physiologically dengeroue

"levels at a faster rate than does oxygen.

-It is noted that increaeed carbon dioxide tension in the blood reducee'
the oxygen-retaining power of the-hemoglobin and also is the determining factor
in controlling the depth and rate of respiration. The respiratory ‘center is
sensitive to an increase of 0.2 pér cent in éarbon dioxide content of inepired
air. The lung action is doubled when inspired air contains 3 per cent carbon
dioxide. - Oxygen content on the other hand can be draetically reduced - without
affecting the depth or rate of respiration. - For thie reason, hypoxie is & more"
insidious danger than carbon dioxide narcosis. ’ . : ) .
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TABLE ) EFFECTS OF OXYGEN DEFICIENCY

Oxygen Content of
Inhaled Alr, Per cent

Iffects

20.9
15

10

7
5.

23

No effects; normal air
No immediate effects

Dizeziness} shortneas of 'biea.th; desper
and more rapid respiration; quickened
pulse, especially on exertion

Stupor sets in

Minima) concentration compatible with
life .

Death within a few minutes

TABLE 2 EFFECTS OF CARBON DIOXIDE - OXYGEN CONTENT NORMAL

Carbon Dioxide Content

of Inhaled Air, Per cent

Effects

Oh
2.0

k.0

b.5~5

T-9
10-11

15-20

25-30

No effects; normal air

Breathing deeper; air inspired per
breath increased 30 per cgr_\t,_' ‘

.Breathing much deeper}) rate slightly

quickened; considersble discomfort

Breathing extremely labored; slmost

unbeareble for many individuaels;
nausea mey occur

Limit of tolerance

Inability to coordinate; unconscicusness

in about ten minutes

Symptoms increase, but probably not
fatal 1n one hour

Diminished respiration; fallout of
blood pressure; coma; loss of reflexes}
anesthesia; gradual death after some
hours
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2.1.2 Odor and Toxic Gases

The most Imminént danger to shelter occupants from surface fires is carbon
monoxide poisoning. It is rapldly effective since it combines with hemoglobin
forming CO-hemoglobin and itse affinity to combine 18 300 times ag great as
oxygen. - The blood is therefore deprlved of its oxygen carrier and the person

dies of asphyxia. Table 3 showa the effects of various concentrations of carbon -

monoxide in the shelter environment. (Ref: 10) - However, if ideal functioning
of the ventilation sealing system can be assumed, the major source of -carbon
monoxide is eliminated.  Section 2.3.1, Odor and Contaminant Control, includes
a list of maximum allowable concentrations of various other gases which could
be encountered in shelters, :

TABLE 3
EFFECTS OF CAREON MONOXIDE

Carbon Monoxide Content . Effeéts

_of Inhaled Air, Per cent.
6,02 Possible mild frontal headache after
T three hours
O;Oh Frontal headache and nausea after ohe.

to two hours; ocecipital (rear of head)
headache after two and one-half to
three and one-half hours

0.08 : Headache, dizziness, and nausea in
forty-five minutes; collapse and
possible unconsciousness in two hours

0.16 Headache, dizziness, and nausea in
twenty minutes; collapse, unconscious-
ness and pogsible death In two hours

0.32 Headache and dizziness in five to ten
minutes; unconsciousness and danger
of death in thirty minutes

0.6h Headache and dizziness in one or two
minutes; unconsciousness and danger
of death in ten to fifteen minutes

1.28 Immediate effect; unconsciousness and
danger of deeath in one to three minutes
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7 by the mathematical model,

2.1.3 Temperature and Humiditz

Sources of heat within -an underground fallout ehelter include the following. :

‘, 1, iMetabolic heat from the: inhabitants.

2, Heate of reaction from chemicals used for oxygen supply,
S carbon dioxide absorption, desiccation, and trace gas removal.

. 3+ Heat 1osa from internal equipment euch as motors, lights,
! food warmers, etc. "

- The total’ rate at which heat is generated in the shelter environment from

these sources is largely dependent upon or proportional to the total number “of
inhabitante occupying the partioular shelter.

Humen health and efficiency depend greatly on the boedy's ability to
dissipate metabolic heat. To reject heat to the proximate environment the
body utilizes the heat transfer modes of convection, conduction, radiation,
and evaporation. - Metabolic heat which is not reJected must be etored and
reflected by a change in body temperature. Theae relationships may be expressed

és%we%

Ae shown, stored heat may be either poeitive or negative, depending upon whether
“body temperature 1ls lncreasing or decreasing; metabolic heat 1ls always being

- produced; evaporative heat: 1's usually positive, because body- surface temparature -
-is usually higher than the air dew point temperature, radiative heat trensfer -

may. be positive, or negative depending upon the surface temperature-of the
shelter walls dnd proximate objects; convective heat transfér may be positive
or negative, depending upon whether the body surface temperature is higher than
or lower then air dry bulb temperature. (Ref ll) ‘ )

nder -normal conditions (sedentary activity, wall and air temperature of

TO®F - 5°F, relative humidity of 50 per cent.- 10 per cent, air movement of

25 fpm) deep body temperature remains relatively constant at epproximately .
98,6°F and 400 Btu/hr of metabolic heat is rejected td the proximate envircnment.
(Ref. 12) Since body surface temperature under these conditions is about 85°F
most of the metabolic heat (about 300 Btu/hr) can be rejected by convection.

The remaining 100 Btu/hr is accounted for by the evaporation of about 0.1 1lb/hr
of water from the skin and lungs (insensible perspiration). (Ref. 13).If exposed
to lower alr temperatures the body will attempt to preserve the lnternal tempera-
ture and this attempt is reflected in increased convective heat losses (about
500 Btu/hr at 50°F). Evaporative heat losses due to insensible perspiration
remain the same. If air temperature is increased the convectivé heat rejection
must unavoidably decrease. The body then begins to utilize the powerful evapora-
tive heat rejection method of sensible perspiration. At 95°F, for instance,
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convective heat losses are about 50 Btu/hr and evaporative heat losses are about
350 Btu/hr. Figure 2 presents these relationships graphically, (Ref. 14) for
the average person. - These data are, of .course, subject to wide varilations with

- respect to size,. weight, diet, activity, amount of clothing, ete.

Combinations of temperature and humidity can be tolerated for various times
of exposure &s shown in Figure 3. The shaded area indicates that certain appro--

. priate combinations of ‘temperature and relative humidity ranging from 57 to g4 °F
B and 10 to 100 per cent can be tolerated indefinitely (Ref 15) .

Table h presents a summarizaticn of the latest studies related to the
effects of extremes in temperature and humidity on human subJects in shelter
conditions. (Ref 1 )

There are many common substances which although not harmful in ordinary use,

- become potential dangers in nonventilated spaces, Cleaning agents, solvents,

degreasers and dangérous refrigerants such as carbon dioxide should be eliminated,
Such items as ammonia solution cleaner, pressurized ghaving creem and similarly

-activated dispensers, mercury thermometers, cigarette smoke, and carbon dioxide
fire extinguishers are very subtle hazards. (Ref. 16) :

Certain odors ara probably more psychologically harmful then physiologically

Perapiration vastes, ‘and, other human metabolism products are important members -

of this group. Pooking and £ood decomposition odors would be distressing after
extended exposure. : . .

TABJE 4

AL,CEPI'ABLE AND TOIERABLE THERMAL LTMITS FCR
HEAIEHY PEOPIE AT REST PROPERLY CLOTHED

Limits expressed in terms of Effective Temperatureb(E.T.);,which -
is the temperature of saturated air with minimum air movement:

Yowest temperature endurable in cold weather

~ for at least two weeks Ln emergencles : e §5° E.T.
Possible Chilblain, or shelterfoot | 35-50 "
Lovest acceptable for continuous exposure

Manual dexterity may be affected -5 "
"optimuc® for comfort, with 60% relstive humidity 68-72 "
Perspiration threshold. Acceptable for continuous exposure 78 "

Endurable in emergencies for at least twn veeks. g .
- 5

Possible heat rash in prolonged exposures
Possible héat exhaustion in unacclimatized people 83 "
Possible heat exhaustion in acelimatized persons -7 92 "
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2.2 Oxygen Supply

Oxygen can be supplied to a sealed enviromment by releasing it from bulk

- storage or decomposing oxygen-rich chemicals. - Bulk oxygen is contained either

in high pressure cylinders or in the liquid state. These arc considered as
mechanical methods since no chemical reaction is involved. Chemical methods’
ineclude decompoeition by reaction, heating, or electrolysis. B

'

2.2.1 Mechanical Methods'

2.2.1.1 High Pressure Storage ~ Oxygen may be stored in -steel or
Fiberglas containers. These may be obtained in varicus sizes and pressure _
ratings. The advantage of higher pressures 1s high-density. storage and thus

a smaller storage volume. The present high cost of Fiberglas cylinders eliminates -

them from further consideration for shelter.

Steel cylinders can be obtained for 10 Ooo-psi service;” howaver, the
commercial gas cylinders are pressurlzed to 2&00 pel.: Specilal size cylinders
are available from high pressure vessel: manufacturers. The common commercial
size contains 244250 cubic feet (STP) of gas which is used to supply oxygen
for medical and industrial applications.

Table 5 is & list of readily cbtainable oxygen cylinders. Thesé,pricea"‘ .
and .8izes are based on data from the Matheson Company. Similar cylinders &re

”available from other compressed gas firme. Normally the cylinder chatge is a

deposit which is fully refunded if the cylinder is returned within 30 days.
However these cylinders will be stored for an indefinite period of time so they
will have to be purchased by the oxygen consumer.

TABLE 5

OXYGEN CYLINDER DATA (Ref. 17)

Matheson Pressure | Gas Cylinder | Total | Vol. | Gross | Dimenslons | Man-h¥s
Cylinder {psi) Cost Charge | Cost | ft wt, |- Supply
Size (sTP) | (lbs) '

- 1A 2000 $6.00 $lh .00 $50.00 | 24k 151 | 9"aia x 52" 24k
2 1600 4,90 35.00 39.90) 70 73 | 8" x 27" 70 .
3 1600 3.65 26.00 29.65] 28 32 6" x2a1" 28
4 1600 3.10 21.00 24,101 10 16 L x 14" 10
1B 1600 1.00 7.00 8.00] . 2 L |2" x 15"
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The cylindars cen be purchassed dlrsctly from a steel fabricator. Below are
listed the prices of & typicasl eyilinder manufacturer, Harrisburg Steel Company.

Size Cepacity (STP) Frice (100-299 uylindergl
220 cubic feet $ 34.85
300 Co T k2,15
koo o 63.35
1500 " 224,00 (1 cylinder)
1770 © 262.00 (1 cylinder)

These cylinder prices in:lude the oullar and cap. - The valve is an extre $2.85.

. There 1s little cost difference if-the gas 1s supplied from & few large
eylinders or several smaller cones. . The small cylinders have the advantage of
sage of handling whereas one or two large ecyllnders would not need a manifold
and offer a space savings. The #insl decision will probably be based on the:-
shelter design. ) - . o S )

A manifcld, regulator, and £flow meter assembly. are . rEﬂommended to control
the flovw rate oF. IXYREN althe gl In an emergency thr= cylindera can be opened

. without & regulakor abtached to them. - R

The principsl hazerd luvolved in the use of hign preesure oxygen is that
if 8 eylinder is knoecked down the walve may be broken off and the cylinder will
becomz self-propell
involved in cpsnlog the valve and lebting the oxygen into the air, however,

- combustihie maberials such 23 Inbrisants skould not be stored- near the delivery

system,

2.2.1.2 Liguid Oxygpn Shorage - Oxygen mey be stored in the liquid
state. e 1lguid svstex Fas whe edvancage of storing large quantities of oxygen
ir & small volume necsuse the 1liquid his & density of T1 poimds/ft3 at -297°F.
(Ref'. 18) Oxveen ﬁac which 13 ormpressad o 200C psi hes a density of approxi-
mately 10.6 ponis / Yilquid oxyzen cylinders also have the advantage of )
storing oxygen =i lowsr sresavres; however,cylinders for liquid storage must be
well-irsulated & decrsase evapcration of the nxvgen. - Dewar vacuunm containers
are usuasllv used for this purpose. '

The orimary cbjestinn to the liquid oxygen system is the problem of poor
shelf life. In smsll containers (rooo #5' of gas STP) the daily boil.-off is
from i to 6 per ceut of the remeining oxygen. In large containers (50,000-100,000
£t° of gag STT) the koil-off can be »=ducad 40 1/2 tc 1 per cent of the remaining
volume. If a S-per azent boll.erf rate is asswned 40 per cent of the original
oxygen will b lost after L0 deys. I¥ the boil-off rate is decreased to 1 per
cent, 40O pax cent of the gas wiil bz lost in 51 days.

. QUAm

B S .\UUUbllUN ERG‘

s URNISHED.

2. If the cylinder 18 properly secured, there are no hazards

b
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Flgure 4 is a chart showing the per cent by volume of gas lost for various
" boil-off rates. - The need for frequent replenishing of- the oxygen is apparnnt

... even though a small boil-off rete can be obtained. ) \

: - Liquid oxygen storege presente greater handling dirfioulties thnn,‘high
pressure cylinders.  Contact of the ligquid with human tissue causes cerim
damage, and" contact wvith combustible materials auch as oils creates qn »
exploeive hazard.. ) . L = .

.. 2.2.2 .Chemical Methods of Oqgen Production

2.2.2.1 Chlorate Candles < Chlorate candles have been in cxistencc
“for 30 years. Several German patents in the 1930's describe the development
of a system which supplies oxygen from the decomposition of alkall metal -
chlorates or perchlorates.  later the British evaluated the method as a possible
means of oxygen supply for submarines but discarded the ldea because chlorine
was produced in hazardous concentrations. In 1043 the U. 8. Navy became :
- interested in ¢hlorate candles and work was initiated to develop a s’étinfnctory
- candle. Candles can nov be produced. which have a safe level of chlorine
. production. . :

A typical formulation of a sodium chlorate candle 183 (Ref-a 19)

N30103 : _ _ 80 per cent by weight .
B pqwdered. iron 1 10 '
E o TR
. powdered Fiberglas. - .6

Oxygen 1s prod.uced according to the reaction,
' Nec103 — Nacl + 3/2 o2 . ',

A eiall portion of the oxygen prod.uced is used to oxidize ‘the iron vhichJ
_in turn Buppliea the heat to- sustain the reaction; : )

2Fe + (‘)2 — 2Fe0

Since a small amount. of chlorine is also produced i‘rom the decompoeition -

of chlorates, barium peroxid.e is added to replace free chlorine with oxygen,

1I-NaClO‘?’ —_— 2N820 + 2012 + 502

BaOe + 012 _— .'63012 -"~02

15
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(Ref.. 24 )- This amounte to 83 100: Btu per man-hour .

The barium peroxide will hold the chlorine.level to 5 ppm or helow. The
liberated gas is then passed through a bed-of Hopcalite which further reducds
the chlorine level to .l ppm (Ref. 20) This is conlidered to be a aate 7

" level. (Ref 21)

The Fiberglas is added to serve as & binder because the reacticn takes
place at a temperature above the melting point of the chlorate. -Before-the
Fiberglas 1s 'added in the formulation, it is baked to 750°F in order. to remove
volatiles which would form carbon monoxide. i "

The temperature of the reaction is from. 1300 to 1500‘F. Tempersature can
be controlled by varying either the percentage of the iron or barium peroxide
in the formulation as shown in Figure 5. For a given composition and geometry,
temperature will influence the rate of reaction. The rate of decomposition of

‘%Cloh is increased by factor of 1. 6 for each lB'F increase in temperature.
Ref . : .

2p)

_Candles are generally made oy moldihg‘or casting. In the original method
the dry ingredients vere mixed with 5 per cent water, molded at 5000 psi and
dried at 212°F., In the casting method the mixture is heated until the chlorate

-~ melts (491°F) and poured into molds of the desired shape. - A cast candle has a

higher density- than a molded candle end thus will produce more oxygen for ;]
given volume of candle. :

Method Produced R Approximate Density (Ref 23)
' Cast "'; I 2. hS g/ce
' Molded - . 2022 g/de

Approximately 1000 Btu are produced for every pound of oxygen liberated._

‘

The candles are available either as- self-contained unite which include the

'ignition system and the.filters or as a candle which 1s burned in a special

furnace: - A diagram of each of these types are ehown in Figures 6 and 7

- Candles. which gre burned in special furnaces are usually part- or permanent
installations where there is a continuous demand for oxygen. An example of thie
application would be aboard a submarine.

A small family-size chlorate candle is under development by Maywood. Chemical
Worke which would supply sufficient oxygen for 48 man-hours. The cost: of this.
unit should be approximately $10, plus $12 to $15 for the burner, so that-the
cost per man-hour would be about $O 50. The unit is self-contained and can be”

operated by following the directions on the unit.

17
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Figure 5 EFFECT OF BARIUM PEROXIDE AND- IRON ON
MAXIMUM TEMPERATURE ATTAINED WITHIN CANDLE (Ref. 25)
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Breathing Tube Hermetic Seal
Connection N

dlass Cloth

~ Hopealite

Hand grenade
= Bouchon #
- Glass Wool

Insulation

. Candle S S
: - +010" Copper
o 1" ‘
Keio, - “Flock Finish
Glass Wool

Oxygen Outlet

' Mgure 6 CONTAINED CHLORATE CANDLE

‘¥ Tevice similar to‘ﬁhOSe used to trigger the fuse’of a hand grehade.

P.ress’ur@ ¥
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A large self- contained unit is available from M. s A, Reeearch Corp. This"

candle liberatgs 90 £t3 of oxygen over a period of 50 minuted; that is at a b

rate of 108 £t3/hr. - Since the rate of oxygen consumption is from 0.9-1.0 ot

per man-hour, this size candle would only be economically suitable for 100-person o

shelters or larger. The cost of the candle is $60.00 so per man-hour the cost

. would be $0.65 to $0.70. This candle is very eaey to_ operate.

The submarine chlorate candle furnace may “be considered for sheltbrs with
. a capacity of 106 pereons or more.-

‘A furnace which burns round’candles -and liberates 120 cubie feet of oxygen
per candle is nov manufactured. . A newer furnace design burns -square candles.
These candles liberate~-150 nubic feet of oxygen. The production rate of oxygen

is arproximately 150 cubie feet per hour, thus one furnace would support approxi-
mately 150 persons.

COSTS

o v

N
The cost of either the round or square furnace is $2000. The cost of a
round candle, which has the capacity of 120 cubiec feet of oxygen is,

= Qqantity ' Priee per Candle 7
IRTERN $25.00 o ;
w3 om0 '
R . Alﬁ-h99 . f . 21,00
500 and over * 20.00

The cost of the larger square candles was not available at the time of writing
thiesreport Tnis data is based on informetlion from MSA Research Corporation,

All of the menflored ferms of ‘chlorate candles have excellent shelf life.

_Candles have been stored for 15 years and performed satisfactorily. Also they

can be operated over a wide atmospheric temperature range. In the range from

. <67°F to TT°F, the change la oxygen prcduction 1s approximately 0.003 cubid -
" £t/min®F. (Ref. 26) The chlorate candles dellver close to 34 per cent of their
original weight- as usable oxygen.

- SAFETY

The s6lf~contalred chlorate candles are considered safe and eaay to use by

ﬂ,an untrained person.:

20
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. The furnace and cendle eeeembly, -on the other hand, should be maintained
by ‘a trained or mechanically competent person since the furnace needs attention
when the candles are changed. -The furnace can reach temperatures up to 800°F . -
ﬁﬂé sg%gix;%ed use, 80 there is danger of burne 1r somecne were ‘to come; in con-

c « o,

A

2. 2.2 2 Bugeroxidee - Since the eorly 1930's, euperoxidee have been
inveatigated for the purpose of supplying oxygen and absorbing carbon dioxida
from a gealed enviromment. The prjmary field of interest was the atmospheric
‘control abodrd submarines; however, superoxide was considered unsatisfactory:--
-because of the material's explosive nature when it comes in contact with hydro-

~ carbons, other organic chemicals or combustible substances. The material is .
. currently being investigated -as an oxygen source for both submarines and mned
space vehicles.

. Potassium euperoxide is manufactured by the MSA Research Corporation..
Molten potassium is sprayed. into an atmosphere of dry air and -the superoxide
is formed as & canary yellow. "fluff". .This material is compacted, crushed and
screened to the desired granule size. ‘The 2-4 mesh materia vhich is normally
‘used in-breathing apparatus has a’bulk density of 4l lbe £t Theoretically,
potassium superoxide will liberate 34 per cent of its original weight as cxygen
The guaranteed evalleble oxygen ie 32 per cent. (Ref. 27) . .

The basic equations for the reaction can be written,
1, ,2m2+neo—7—>2icon+3/2 0,
. .2a. Z2KOH + coa -—-> xeco + 320- . or . 7 .

25, 2KOH + 2c02 - 2KHCO; S o
Ae explained in Section 2.1 of this report the reactions should match a
respiratory quotient of 0.82. A combination of aquation 1 and 2a match and -
~ R.Q. of 0.67 and the combination of equation 1l and 2b match and R. Q. of 1.33
The following equation metches an R.Q. of 0. 8. _

3. 2m, +123co +023320—->o77xaco +o!+61mco3
+3/20 o

- These equations indicate that water ie necessary if the reaction is: to

take place. . Experimente conducted. by MSA Reeearch Corp. eupport thie theory

(eee Figure 8) ‘ ) 7 L
When dry. carbon dioxide diluted with. dry nitrogen wee peeeed through A bed

of potassium euperoxide ‘some oxygen and-water .evolved and a hot zone wag observed:

to advance from-one. end’of the bed to the other. When the hot - zone reeohed the-
end of the bed, all reactions stopped. (Rer. 28) , L
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‘Figure 8 THE ABSORPITON OF O, by KO, WITH VARIOUS
. CONCENTRATIONS OF WATER VARR (Ref. 29)

The concentration of the water vapor present is one of severa) factors B
influencing the ratio of carbon dioxide absorption to oxygen liberation in a.
bed of potassium superoxide. The following table is.an example of several -

" factors influencing the ratio. R L ’ ' ~ -

B Conditions Necessary to Yield coeg_ 0, = 0.82 (Ref. 30)

I

KO '@rtic}e._eggg : @2@20, ,retio by jolume_ : Bed Tegmrature

»

2/% mesh . o es o e
We T o
0/20 e et e T gl

. Fauation 3 on page 29 indicates that the ratio of CO, tb H,0.should-be
243 to.1 by volume; however, experimedtal data indicates Ehat the working ratio -
-should be approximately 2.0 to 1. This indicates the waﬁ’er.vapor\irs‘;‘-eaqtipg.j,n

other ways. Some other possibilities are,  (Ref. 31)
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Ky05 + H 0 +.00, ~—> 2KHCO,

2 2

_imu+no-—>mnoneo B

H20

Heo —--—> physically adeorbed

2

' K,CO, +.B,0 ——> K,CO, *

3

H20 —> passed through the bed withbut react:l.ng

'l‘herefore, 1f the concentration of carbon d.ioxide in the controlled\

~'environment is held at 2 per cent or 15 mm Hg, the water vapor. should be

1 per cent or 7.5 mm Hg. At 75°F this value corresponds to 8 relative hum:ld:lty

- of approximately 35 per cent (see Figure 9).
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Since normal resplratory functidns produce an'excess of: vater, a desiccant
is necessary to control *he relative humidity and thus prevent an overproduction

of oxXygen.

7 A contradict;on to this uheory was observed when Project Hermee was aon-
- ducted by the Air Force. Potassium superoxide was observed not to build up an .
- oversupply. of oxygen when ‘tests were conducted with humans.

Heats of Re;gtion L

(Ref. 32)

P PUPEE

H
i

- Although the exact mechanism of the reaction is not known, approximation
of the reactlons and heats of reaction can be made. ' .

121{0 +6Ho+hco-—->hxon+l+xco
- AH = 250.7 kCal.

heat liberated = 2560 Btu per lb of 002

or 1570 Btu per 1b of 0,

er 256 Btu per man-hour

'The heats oP various other reactions which can occeur in a potassium auperoxide

bed are: (Re:f 34)

N -

Héo + 9 0

- (Ref. 33 )(

]

Btu’

. Reaction Heat EVOlved,'_ 92 :;olb ogoa
,21(0 + 0 ——> 2KOH +3/2 0, 9.4kcal | 350 |.940 | --- .
2K0, o+ co — Keco + 3/2 o k3 1620 | --- 1770,
2KOH + 002 —> K00, + H,0 - 33.7 =ee= | === 23807
KOH + €O, ——> m{co3 ] 332 ~ee | =es | 1360
4/3 KOH’ + HO ~——> 4/3(KOH - 3/1‘}‘20)’, ] 22.2 ==a- 12200 |dans
KOH + H,0 ——3 KOH + H,0- ‘ 20,0 -=== ] 2000 ] ~2-~
1/2K0H + H0 ——5 1/2(KOK * 2H o) 16.9 - ‘mame | 1690 s
2K,C04 -+ H0 ——> 2(K 2003 1/21{ 0) 115.2° mesm | 1520 | =mant
2/31(200 + Hy0 = 2/3(1{200 /2&20) 15.2 mmes [1520° f mmms
K C05 + Hy0 + 002 - 2KH00, ,3358 —mma 3380 1380
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_ Bed 'I'emperatu'e

Poteee:lum euperoxide can be ueed either :l.n a static syetem or in a blewer~

system. “When the passive system is used, the bed temperature is usually never - '

‘more than LO®F above the ambient etmeepheric temperature; whereas in & blowver.
canister eyetem the bed temperature can reach 600'!'. (Rer. 35) .

7 Hazards S e TLLT T T ~
“As previously eteted euperoxidee are powerrul oxid.:l.zing egente P thue any ,'
- contamination of oils, ’ organic compounds or combustible matter can form an

explosive mixture if it comes 1n contact with the superoxide bed.
‘The 1ower bed temperature of a passive system reducee the fire hazard to
some degree but at the same time it leaves a large surface area of exposed
" superoxide vhich could come in contact with combuetible conteminente.
Buperoxides cause eevere burns if they come in contact with the ekin - They 4
are also-very toxic if taken internally. - In Project Hermes the dust of potassium

- superoxide was found to irritate the eyes so it was necessary to wear a protec-
ti:ve maek when changing beds. (Ref. 36) v .

cher Suggroxide

Sodium superoxide has been prepared and eucceeefully teeted for removing
carbon dipxide and supplying ‘oxygen. Theoretically, it can yield: 43 per cent -
o{ its original weight as oxygen; whereee poteseium superoxide can yleld only
3 per cent. .

'.l.'he reactions ‘of sodium superoxide generally produce a greater “heat of
‘reaction then the potassium compeunds. S , )

( 'I‘he)reaction which approximatee an overell reaction of a bed of euperetiée “”
Ref. 37 , o .

1240, + 61120 + hco —_ lmaen + lmaace 320 + 902 .‘
AN = -307.2 kCal -
" Heat 'uberatedper_lb of CO,, '3}_1+Q,Btu,_ .
- Hest- Liberated per-1b of Op, 1915 Btu
ﬁee_t liberated per mez_z_'-hpur, - 311&Btu '_
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& Other heate of reaction which can occur ina sodium superoxide bed are:

5 ¢

: : (Ref 38)- . , . , i P
& -t LBty per 1b of | '
: o Reaction 02 . 320‘ N

: - el el 1 el

: |evec,, + Heo ——> 2NaOH + 3/2 0, 840 | 2240 | “=--

¢ e 2nm + 0, ---—>Na2 5+ 3/2 o 52,1 11950 | ~=-- | 2130

§ Na, o + HEO ~——3 2NaOH.+ 1/2 o2 a5 6 12880 2560 —me-

B Na, o * 0y —> Na2003 +. 1/2 % 55.3 6230 | -=-- | 2260

: ] |ms, S0+ H20 ——» 2NaOH - ) 46.8 - --mn | 46BO | «n--

i : -Na20+ 00, ~—=> Na,C0, L 76.5 ceme | weee |3120]

g ' | wa0H + 002 — Naaco3 + H20 o 29.7 ==-- | ===~ }1210

: CF o |weor + co, ——> NaHCO, 30,1 cuee | =-an |2230

| WeOE + B0 ——> NaoH HQO Ta5.h —mme | 1540 | vees

: Na €0, + H)0 — NapCO * H0 . 13.7 == | 1370 |=w=-

; ) 1/7Na co3 + H20 _— 1/"(Na CO3 7H 0) - 13.3 a==e | 1330 | ~===

H 1/3.01%2 3t H 0 -———> 1/10(Na 3 10 ngo) 12.8 femee ]:1280 |emeu

i In order to match the metabolic R.Q. of 0.82, it is neceasary to obtain the
formation of the bicarbonate.  Potassium bicarbonate 1s more stable than. sodium

g bicarbonate for any glven temperature. 7
f - 8ince sodiu.m superoxide is available in only limited quantities and- apparently
5 ‘has no sdvantage over potassium superoxide except on a weight percentage yield

¥ J "basis, nc advantage ceu be seen at this time in preferring it over potaaeium super-
i § oxide ina fallout shelter. o
t Calr‘ium auperoxide and lithium superoxide have high theoretical percentagea

a ’ of e.vailable oxygen, hovever, they are not manui’actured at the present time. :

; ‘I'ABLE 6 - OXYGEN mmmrr 2 COMPOUNDS '

% ' -{compourd e Theoretical Available Oxygen

§ ’j’ K02 v 34% by weight ,

Neo, : L3

E 2

i 140, _ 61

¥

;.

%

£ ;

H i
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Methods of Use

Tests performed in Project Hermes and at MSA Research Corporation indicate
that 800 square inches of surface area are required per person for a passive
system. This can be accomplished by having the material furnished in thin
screens which are sealed with a plastic film. When the film is removed, the
surface 1s exposed to the environment and the reactions commence.

For these experiments screens 20" x 10" x 1/2" with two exposed surfaces
were used. Each contalner holds 9-10 pounds of superoxide and should last 27
man-hours since 1/3 pound of potassium superoxide is required per man-hour.

It must be kept in mind that at least two containers should be used for
each person at all times so that sufficlent surface area 1s exposed.

With a blower-canister system, the rate of carbon dioxide absorptio.a can
be controlled by the blower. The blower can be used continuously for a large
group of people or intermittently for a small group. The only necessary equip-
ment is the canister and the blower. More elaborate setups are available which
include a flowmeter, and a timer tc indicate when the canister is depleted.

The blower can either be hand-drlven or electrically driven.

MSA Research Corp. manufactures a canlster which will accommodate from one
to twenty persons. The canister will last for 72 man-hours. The cost per
canister is $150.00 which amounts to $2.09 per man-hour. A blower costs from
$50 to $300 depending upon type and accessories. MSA also sells the more
elaborate setup described in the above paragraph for $2000.

Odor and Bacterilia Removal

Besides removing carbon dioxide and supplying oxygen, potassium superoxide
will also serve the purpose of removing odors and controlling the growth of
bacteria. Tests conducted by MSA Research Corporation are described in Table 7.

2.2.2.3 Hydrogen Peroxide - Hydrogen peroxide is a powerful oxidizing
agent that is used for many purposes. Dilute solutions are used as bleaches:or
disinfectants, while concentrations close to 100 per cent act as a monopropellant
and can be used as & rocket fuel. These properties are based on the compourd's
property to readily decompose with the liberation of water, oxygen and heat.

Hydrogen peroxide decomposes according to the equation
Hgoe(liq) — Hgo(liq) + 1/2 Og(gas).
Heat of reaction = 1240 Btu/lb of H,0,

or 2620 Btu/lb of oxygen.
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The heat ot decomposi'bion for solutions of varioue strengths :I.s ahown in
F:lgure 10. Physical properties are showvn in’ Table 8.

1,-

. : . b / \

1‘,
d

)

3

,o_‘;é 20 30 koﬂb‘o'-cso"m'aq' 90 ' 100°

Ooncentrut:lon - He:l.ght, Per cent

LTIV AT

F:I.gure 10 __HEAT OF DECOMPOSITION FOR VARIOUS _ e
| 'SOLUTIONS OF H20 L

, TABLE 8.
'PHYSICAL PRQPER‘I‘IES OF HYDROGEN pmoxmn (ger. 39)

M Cohcentration, wt per cent . .| - _50“\_ 70, 90 .{. 98 100 N
_ Density at 77'F' g/cc V N 119 |. 1.28. 139 143 .,1-“’“ 
B.p. at 1 “atm, °F - |e37.0 |.257.8[286.2 | 299 .| 312.4] " =

Heat of d.ecomposition o 603 852 | 1108 | 1214 - 121‘0._"-
Btu/lb of solution, H at 77°F , o

Heat of vaporization at 77‘F ' N AR IR PPN VIS S
'Btu/lb of solution T 86,9 1 . .788 700 666 653

o R S R
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' eurroundinge. Some typical valuee are Eisted below.

Temperature of Reaction

The decompoeition of. concentrated hydrogen peroxide ean reach. very high ;
temperatures if it 18 not contpolled. An approximetion of this temperature ’
.can he derived from the following equation.

by o= eeneible heat of reactante, Btu/lb
Q = quantit& of produote lbe

CPE-'=': ‘mean specific heat of‘producte Btu/lb i S R

3

Thie equation agsumes that there is ‘no heat trenerer to the reactor or.

ot

.Concentretion of-HéOQ Theoretical Decampoeition

7 . Temperature
TSk (wt) - 800-850°F -
9% 713oo;1hool- -
98 - e 1700 1800

. Although H20 has a high theoreti*ai decomposition temperature, it can be U

decompoeed in oontrolled converter at 300'F._ (Ref. ko

Moet heavy metele or conteminante will catelyze the reeotion. Some eub~'

i,Moet liipurities, dusts, or. enzymes present in the” conteinere or epperatue will -

also catalyze the reaction.z;

~ Because water is a produet or the reaction, hydrogen peroxide 18 able to.

‘produce 0.53 1bs of stéam for every pound. of peroxide decomposed or '1.13 1y or

gteam for every pound of oxygen produced. . The steam can be used to ‘generate-

‘power via a turbine and can be condensed to provide drinking water. By the same
token, the water must be condensed, or else the eir in the- environment will become

eaturated with excess moieture

30
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. H+ Ql 1 o -: I ‘1 -
. QECp2 T
" ‘where, . T = ' tempereture v “ ' " '
‘H - -heet of. réaetion, Btu
8 = quantity of reactants, los

lstancee which are very active in catalyzing the reaction are the: permanganates - o
of sodium, potassium or calcium, mangenese dioxide, platinum, and iron. oxide.
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To yield cone man-howr of oxyger:, the following requirements are necessary.

Concentration, wt% 50 90 98 107

Lbs peroxide to yield 1 1b of O, L.2u 2.36 2.17 2.12
Lbs peroxide/man-hr at .083 ib Oe/man ~hr 0.352 0.198 0.180 | 0.176

Volume, gallons per man-hour at 80°F 0.0355 0.0173 0.0150| 0.0146

Material cost $/1b; tank car/drum .26/.30 |.50/.615 | .€0/1.0

Material cost $/man-hr; tank car quantities| .092 .099 .108

Material cost $/man-hr; drum quantities .106 122 .18

[ ol o e Mgz «
. \

In addition to the cost of the material, special high purity aluminum
containers must be purchased. If the H () is obtained In 30-gallcn drums,
charge of $100 is made per drum plus a chgrge of $50 for the delivery syphon.
Since one drum of 98 per cent hydrogen peroxide would supply 2000 man-hours,
an additicnal charge of $0. 05/man—hour would be required for this concentration.
The 90-per cent peroxide drum would.provide 1734 man-hours so the additional
charge would be $0.058/man-hour.

Hazardous Aspects of Hydrogen Peroxlde¥

Toxicity - Neither hydrogen peroxide solutions nor their vapors are con-
sidered toxic. Both will act as an irritant, however, the vapors being very
discomforting to the eyes, nose and throat. Contact with the liquid results
in a stinging senssation accompanied by a whitening of the affected area. This
irritation quickly subsides and the skin gradually regains 1its color, providing
contact time is short. Extended contact is likely to result in a serious and’
slow healing burn. Thorough and immediate washing with large amounts of water
will greatly lessen the possibility of serious injury by diluting the peroxide ,
and reducing the length of contact time. In the event that theeyes are contacted
immediate irrigation with coplous quantities of water is necessary. Thus, it 15
advisable %o have eye-wash fountains and safety showers in all areas where :
peroxide is handled. A physician's assistance should be sought as soon as ,
possible in cases nf serious burns and in all instances where eye contact 1s made.'f

Fire - Isolated peroxide solutions, regardless of concentration, are non- ;?
flommable. However, solutions above 63 weight per cent 0, are very strong - :..¢
cxidants ard may 1ndufe the spontaneous ignition of many combustible materials. L

¥ This section ebstracted rrom Solvay Techrical and Engineering Bulletin
No 19, pp 51-5%.
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Concentrations of less than 60 per cent do not exhibit this tendenty on initial
‘contact with combustibles. On prolonged contact, ‘hovever, water evaporates more
“rapiily than the hydrogen peroxide, resulting in a residual solution witha °

. peroxide concentration which may exceed the 65 per cent "safe" limit. Because- -
of these considerations, it is unsefe to store combustible organics and materials
- such as wood paper, or: rags near lines or handling areas. -Where peseiﬁle,

- -8tarage areee should be of fireproo gonetruction particularly for concentrations
abéve 52 weight per cent. "An adequateé supply of weter should also be &vailable
in ell handling and storagé areas for emergencles. Water may be used to £lush

- away any spillage and to gight most fires involving HgO‘k Of course,; water should h
‘not_be used on elesctricdl or oll-type fires regardles B t

he presence of peroxide.
- Explosion - Experimentation indicates that it 1s not poeeible-to detonate

even the most concentrated hydrogen peréxide solutions by such methods as mechani-
cal drop-welght tests, rifle and machine gun bullet impact trials, and blasting - -
cap studies with and without booster charges. However, at atmospheric pressure,
~vepors containing above 26 mole per cent hydrogen peroxide (ho wt. per cent) can
‘be exploeive.

When mixed together, combinations of the higher atrengthe of hydrogen peroxide
.and & number of organic materials will detonate with an explosive force approaching
that of nitroglycerin. . Of additional concern is the tendency of & number of mix- -

_ tures to give no indication of reaction when added together, but to detonate if .

subjected to mechanical shock or slight, increases in temperature. These latent
tendencies make extreme ca:e en abeolute neceeeity when experimenting.with hydrogen
_peroxide.» : : .

. The eccelerating effect of contamination on the decompoeition rate of peroxide

‘has’ been described earlier.. As mentloned, the heat released in the reaction raiges
_the. solution. temperature, which in turn leeds to further decomposition. This- ayele
rapidly galns impetus and if uncontrolled may result in a.pressure tuild-up of
sufficient magnitude to rupture a containing vessel. .For this reason, it is
recommended that storage tanks and other collection veesels bhe equipped with =

temperature recording epperatue which will signal undesireble temperature increases. -
When. an appreciable temperature rise is detected, “it may be possible to control the -

reaction by cooling the tank or vessel externally with water. If the peroxide is

not. teo -badly centaminated, it may also be podsible to prevent excessive decomposi- -
tion by adding packsged’ atabilizers {for example, sodium stannate) directly to the -

product in storage. Where these measures fail, it becomes necessary to pump large
Quantities of water directly into the tank’ and to dump tank contents inte a drain
with edditionel dilution. - )

: Recommended Handling Procedures ~ Before eny'work involviné hydrogen peroxide :
is inltiated, it is necessary for all interested personnel to ‘thoroughly familier- B

ize themselves with the propertles of the product.. It is advisable to éonduct -
original experimentation behind protective screens or barriers’ using small con--,;

trolled quantities of reactants until definite- behevior ‘patterns have been eetebliehed

for the reaction. . Bducation of all laboratory.technicians, workmen and vperators-in
the proper method of handling HOO will serve to.greatly. minimize the poeeibility of
accidents.
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During laboratory experimentation with this oxidant the following proce-
dures should be observed:

l L. _ Peroxide eamplee should be stored in pyrex bottlee., Polyethylene
~ containers may also be used althohgh they are not recommended for
-the handling of high strength material (>'52 per cent) because of
the potential danger associated with the solubility of this resin
- in peroxide. - Equipment, must be of acceptable materials and should
~ - be properly cleaned and passivated prior to use.

2. All»peroxide samples should be stored in areae'which are inacces-

sible to unauthorized personnel. Bottles should be shelved so as

- to minimize the dangers of spillage and breakage. Sample bottles

’gHould have appropriate labeling and should be vented or covered

with aluminum foil or clean glass beakers. They ghould NEVER be
atoppered. ’

3. . Unused aliquote ahould never ‘be returned to the original sample
- but should instead be fluehed down a drain with large amounts of
vater. _ ; v

k. In the laboratory, goggles and Neoprene or Koroseal glovee must
- be worn whenever peroxide is being handled. Because the ordinary
- clothing may contain enough catalytic contamination to constitute
a fire hazard, protective aprons. of polyvinyl chloride or poly-
-ethylene are advieable. o )

‘5. Any epillage in the laboratory ehould be fluehed immediately with
water. :

The over-all eafety preeautione”Outlined for labbratory handling are o
generally applicable to plant scale operations. The protective clothing for
plant personnel should slso include rubber boots and a complete ocuter garment
of Dacron. Orlon has alsc. been tested as a fabric for garment purposes and,
although not as suitable as Dacron, 1s acceptable.  Additlonal equipment euch
as a face mask or helmet can be worn, although this in itself may prove dangerous
by virtue of the restrictions thus placed on the worker's movemente. .

: In view of the foregoing 1t seems unlikely that hydrogen peroxide would be B
incorporated for supply of power, water,or oxygen &t the present state-of-the
art. -However, further research and development activity may indicate methods
to obviate the chemicalls hazardous properties and utilize its advantagee. ’
? 2.2.4  Other Peroxides - Sodium peroxide reacts with water to yield ]
sodium hydroxide and hydrogen peroxide. . The hydrogen peroxide- decomposea to '.'2
yield water and oxygen as described in Section 2.2.2.3. e
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Na?o + 2H,0 — 2NaOH + H20
- Hy0, —— 1120 + 1/2 0,

O\rerell reaotion Ne o+ neo -——> 2NaOH + 1/2 o‘2 + 29, 700 Btu at TT°F

Thie reaction liberates 1860 Btu per pound of oxygen produced or lSh Btu- per -
.-~ man-hour,

.- .8ince NaOH is aleo produced cerbon dioxide can be absorbed in the process,
An overall reaction written for an R.Q. of 0.82 is .

Naj0, + 0.58 H,0 + 0.41 co, _—»7:.}.718 NaCH + 0.4l Na,00; + o.s_'_oe ,
' AH = -57,500 Btu at 77°F

This 18 equivalent to 3590 Btu per pound of oxygen liberated 3190 Btu-per- pound

~of 602 abaorbed or 300 Btu. per man-hour.

Sodium peroxide can aleo ‘be decomposed at 860'F without the addition of -

. . vater eccording to the reaction

. Na 0, -—>Nao+1/ao

fHeat is required to make this reactlon proceed to the right. This amounts to -
3, 500 Btu or 2160 Btu ebeorbed per pound. of oxygen liberated. :

Scdium perecxide is eimiler to sodium euperoxide in that it reacts with -
water to liberate oxygen .and then absorbs carbon dioxide. Mixtures- of sodium
peroxide and potassium euperoxide have been” prepared in order to match the

- metabolic R.Q. of 0.82.-

Like the superoxides, peroxides are toxic compounde ~.Iikewise theyiare

~fire hazards since the presence of water will liberate hydrogen peroxide. On

a weight basis, 4,88 lbs of sodium peroxide are required to liberate 1 1b of -
oxygen while 2 95 lbs of Ko2 will liberate the seme quentity of oxygen. ;

.An advantage of sodium peroxide is its relatively low cost. . Drum lote
(lcl) cost approximately $0.22 per pound which amounte to $0.108 per man-hour.

.This 18 in the same price range as hydrogen peroxide and much cheapter than

potassium superoxide. . The advantage over hydrogen peroxide is in etorebility;
hardling,and safety of spilled materlel. . The main drawback is in matching the
metabolic R.Q.; for this superoxide ias superior.

Calclum peroxide will also react with water to yleld H O, whieh decompoeee
to water and oxygen. Theoretically 4.5 lbs of Cal, are req 18ed to produce 1.1b-
of cxygen. This slight advantage over sodium pero§
cost of the caleium peroxide. Drum quantities cost from $0. 78 to $1. 60/p6und
which would amount to $0.35 to $0. 72 per man-hour,
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R 2 2 5 Eleetrolytic Methods - Iivdrogen and oxygen can be obtained :
n‘om water by passing a direct curtent through it. There exist various types )
of cells for- carrying out th:l.e reaction, however, they have the. eame overall

320—4524-1/202

The hyd.rogen which 1s produced is ‘nontoxic but ‘must be aliminated because
it ie a fire- hagard. « .

. . ) o ) i

Theoreticall,v, 1520 amp-hre of power are ;-equired to produce one- pound,

. of oxygen. Therefore, the pover requirements per person are 126 smps per hour.
. The commercial H.-0, production cells operate at 1.5 to 2.5 volts. The electrolyte

is.a solution o 15 per cent NaOH or the equivalent concentration of KDH. For one

ft3/hr of Oxygen, 200-300 watts are needed,

2,2.2.5.1 Treadwell Cell - For submarine application the Treadwell
cell,. which is a modificatl'on of tle commercial cell, has been, developed., This

is a high pressure unit which operates at 3000 psi, 200°F 750 amperes and 3.0
volts. A single cell will support 9-10.men' by electrolyzing 3 gellons of weter ’
per day. The hydrogen is collected under pressure and pumped. overboard

2.2.2.5.2 8plit Cell - Another type of cell ‘is the nickel-cad.mium

e spliticell, This cell has the characteristic that only one gas is released at a

time., - During the "discharge cycle the’ I‘ollow:rng reactions take place at the -
electrodes' ) )

ENEE)

cd + 200" —-—> ca(om), + 2e”
 2H0 + 287 ——> 20H + B

ca + 2520 —> ce(om)2 +H,

- No oxygen is p:roduced during discharge so the hydrogen co.ii be colleeted end

dieearded..; During the charging phase the reactione are:

, - ca(on)2+ae ——> Cd._ 20H" o
" I _;3204-1/20 +2e'

e

<:c1(0H)2 — CQ H2O + 1/2 0y

No hydrogen is produced du.ring diecharge 80 'bhe oxygen can be used as it ie
evolved. . .

A unis designed for lOO men. aboard 8. submarine cansiets of. two banke o.f 125
cells each. Fach bank operates alternately st 100. amperes and’ 275 volts. The.
entire unit weighs L100 pounds and occupies 314 5 cubic feet. (Ref. 1
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o B A_ , 2.2.2,5.3 Sodium Sulfate Electrolgytic Process - 'The gulfate

SRR . “process 1s a three-step operation In which hydrogen and oxygen are produced and
B SO carbon dioxide -is absorbed by the sodium hydroxide’formed in the alactrdlyla'. E
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' Anode.

- In the absorber the. chemical resctionds . . " AR o

e S : A flow diagram for the process. 18 shown as follovs. (Ret‘.

AT .
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. : : &
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Figure 1l THE SUIFATE EIEC‘I'ROLY'I‘IC PROCFSS

'I'he folloﬂing electrochemical reactione ‘take pl&ce in the electrol.yzer.

' Cathode. lma + hﬁao + h 8" ——p !maou + 2“2 o ;._

b,Na + esoh + 6,0 —> znesoh + !meon zna * o P

aNaon + 002 —--a- Naeco + HEO S
In the desorber the chemical reactions are -

N6003+ SOh—-—->COa+NaSOh+Hao

2NaOH + HQSOI' — N, SOu + 21-!20
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'ﬁle :ove'rsll reaction,for the absorber and the:«desorber ‘iss
it

b0 . lineOR + 21,80, ——> 2Na B0, + HEO
':The overall reaction Por the entire process is - S

BH0 — 2R, + Oy e

According to the reactions eho_wh, ':twice asmuoh NaOH 1is prod.uced.'as~-is ’ -
needed to remove the carbon dioxide from the air.. This will allow for incomplste.
absorption and still leave sufficient capacity to remc'we all of the carbon dioxide.

~ + Experimental runs have shown that to liberate one cubic foot of oxygen,
700 wett-hours of electrical povwer are needed. This 1s equal to 650 watts per
man-hour which 1s three times the power requirement of other electrolytic pro-.
cesses;. however, carbon dioxide 1s not removed in the other systems. - R

“Although the sulfate cycle can be run satisfactorily' 1t should be consfdered -
as being in the development stage because more dnta is nesded. to obtain .tha o =
. optimum design and operating conditions. N "

The chemicals ‘needed for the sulfate cycle are water and sodium sulfate: B
-The smount of sulfate depends upon the size of the equipment, but the cost of . i 3
this will be very small when compared to the cht of-the cquipmsnt together vith "
the electrical machinery ‘that is required. . o . .

Sl B

o

: 2.2.2.6 Photosylithesis - In the presence of 1ight, e;reen pJAnts such N
) Y as algae absorb carbon dioxide and release oxygen. = ' ) -

I

iR

-Much work bas been-done in testing -yarious species of elgae and d.itferent
environments to produce the maximum growth rate. .

o Hannan and cos<workers studied the Borkifi Strain of: chlorella enoidessa. SRS
- The optimum tefiperature for growth of this strain wvas fom to be gﬁ 1‘(72'7. TG

- (Ref. 43).. Also lighting énd methcd of lighting are important. . The reacticn of o e
. . - Chlorella in the absence of light is’ the opposite of the reaction in the presenee ‘ -
o i . o:f’ light. L .

~ —
R

Rate o£ cop to O conversion in light . " (Ref hh) 7
- Rate oF 02 to’ C02 conversion in B.arkness 7." 20 ' P ,/ Cos

o

{ : Other” factors ini’iuencing the rate of convsrsion ere type of lighting, .
- spacing of ‘lights, type of nutrients, degree of agitation, and concentration
of suspension. - - Do v

L} _Hannan found that the maximum rate of. conversion is 250 ml: of oxygen per
hour for each liter of suspension. Therefore edch pereon would. require 33 5
gallons of suspension under optimum conditions. .

| 3
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' --'I'he disadventages of the photoeyntheeis process ere-'

BT ,close control of environment ie need.ed to achieve optimum
S rconvereion. :

- 2, A loss of light would etop the proceee, and a emell chenge

in temperature cen kill the algae. . -

,3; The proceee is unreliable. Iﬁcperimentere have ‘had oulturee
. -die for no apparent reason. (Ref.

L, A 1erge volume of euepeneion ie required to aupport eech
' person.

2.2.2.7 Regenerative Oxygen Contain LChemicale - céi*tain complex
compounds have theé property of combining with molecular oxygen and releasing
1t upon heating. - More prominent among these is the chelate ealicylalde)wae

- ethylendiamine cobalt, known as "Salcomine".s -

The compound is oxygenated at low temperaturee end under'preseure'and -

deoxygenated at elevated temperatures and under reduced pressure.

Beveral compoa.mds derived from eelicylaldehyde and eimilar to. Belcanine
were i‘ound to be more activé, However, with the exception of a-fluorine-
eubetituted compound they are inrerior in. e‘bebility end. oxygen cepacity.

Becauee ehelters require a. eingle eupply of exygen, the use .of 3 regenerablev
oxygen-storing chemical is not of interest unleee 1t ia economically euperior to
other nonregeneretive eyeteme, ‘ . .

- Theeyetically one ‘atom of oxygen can be releaeed. from one molecule of chelate._x T
- Therefore,. Salcomine .stould release”five per cent of ite weight a8 oxygen: -
‘Materials menufactured on"a: pilot plent ecale have realized a cepe.oity or 95 per
cent of the theoretical. ' . : i
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On this beeia ,.at least 50 pounds of Salcomine would have to be Btored.

_.per péraon. Although no data is available on the price of. Balcomine, “the

.- starting material, salicylaldehyde, costs- $l 23 per pound in cexrload guantities,
“go it is apparent that Salcomitie would be more éxpensive than $his. This is .
) uneconomical when” compared to other oxygen supply methode. : ‘: :

In addition to being a"more expeneive oxXygen supply method Belcomine
produces a dust which is toxic and irritating to the bronchial andodigeative
system. (Refi- h6) This method will not be further_coneider_ed_as a. source of
oxygen.» . o A

2, 2 3 omgrison of Oggen Suggl.x sttems o e, )

Oxygen supply systems will be compared from the standpoint of. reliability,
power requlrements, costs, and bandling and storage convenience. The reader
i referred to Tabile 9 for the eumarization of this coﬁperison. ’ :

=

LAY
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TABLE 5
COMPARISON or OXYGEN SUPPLY METHODS -
}de’t_hod E "Cost- $/man ne | Heat Liverated- - N Reliability nna!
- ) : Btu/man-hr " ] - “Bafaty
High Pressure | 0,20-0.,35 o ‘, " Slight negative | . Excellent
8 Storage- . SR e
Liquid Btorage | - - .| . -8 ¢ © . Poor . T .
Chiorate Cndls.| 0.50-0.67 . | - .8 | - |- - “Good
Potassium o6 pws - | w0 es6 - | watr.
Superoxide . ‘equipment- . . L S
Hydrogen. : ° 0. 16-0 8- - ] cour e - Poor .
eroxide (90%) s S - : : S
Electrolysie High Equipment cost/ S e - .| - =Foor - - "
: Photosynthesis High Equipment- COBt A Slight positive NE ,Poor R

- hospitals and have yielded veligble service. - Chlorate candles have been ueed

; Reliability is considered of prime importance in ranking the o:qvgen supply
systems. - Oas storage cylinders have: been- used exteneively in aircraft end .

successfully in submarines in- emergenciee with good results. ‘Extensive 1aboratory '
tests by various investigators have shown potassium superoxides to'be a reliable.

gource of oxygen. - Peroxides have not been ag ‘extensively investigated and are N

eonsidered difficult t0 control. )
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- the problem of boil-off.

- are easlly started By pulling a pin, whereas the chlorate eandles burned in- 5
. furnaoes should be handled by trained personnel. LT . ol

?~The use of & canitter and blower 1s easily accomplished eafely as long as -

: mixture. - -, N i R L , o ?,{gi

- Systems considered to have poor reliability include 1iquid omygen converters,

. unavoidable evaporatior rate~ which makes the reliability dependent upon constant

replenishment during etorsge, A L ;o J'

Eleetrolyeia is only as relieble as the source -of eleotrioal power. Beeauee
a 1arge electrical . eupply ¥1ll not necessarily be available, this-method 1s net
congidéred reliabl PPhotosynthesis has demonstrated poor reliability in the © ..

laboratory, - - _ 7 - ] e B
'''' Power Reguirement N ' ' ' *
High pressure gas cylinders and chlorate candles require no. power.. Ligquid ~ ii
oxygen requires. very low amounts of power for evaporation. . Superoxide: oanieters
require air circulation when in operation,. but this can be sccomp iehed with a
‘hand blower 80 no auxiliary pover is necessary. T _ e ' [I
) The decomposition of hydrogen peroxide can-be promoted in the preeenoe or .
C-oa catalyst alone. -Similarly, solid percoxides require no power. ) ) - ...l}
,i Electrolysis systems require 200. to-300"watte ot power ‘per person &nd- thus o
- considered to have high power requirements. Photosynthesis requires e cohtrolled . tJ‘\
,;temperature and a source cf high intensity light. SR L e l?; « o
' Storage and HandliAQ e ;" o ‘ 57 ii,-» ; [i“

High pressure gas cylinders can ‘be stored for long periods of- time ‘and are

- easily opersted by simply opening & valvé. The cylinders should be periodicslly' i
g checked to make sure that the.gas has not escaped.,

. (7_7‘ N

quuid oxygen should be eliminated from further consideration because of -

o
chlorate csndles in selr-cohtained units have an indefinite shelf life and

Superoxide ‘in canistere ie storable as long ag the canisters remain sealed.

¢ontaminants” of hydrocarbons or other combustible. matter do-not come in oontaot
with the bed.. Yocse supercxide in séreens-without a blower '1s not recomiended -
because of the danger that Omeustible contaminsnte would ﬂorm an: explosiVe Vel

Jo—
1 B

Peroxides are hazardous to hsndle for untrained personnel and should not
be coneidered furrher. '

40 ' | [J‘tﬁ

electrolysis cells, and photosynthetic devices. ILiduid oxygen.is pubject to an = .[]'
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Electrolysis equipment can be stored in a dormant state for long periods_. s
of time, however,-a lack of electrical power would make the equipment -useless.
: Since electrolysis produces hydrogen, an explosive hazerd would be present.r

- Photosynthesis requires a constant control of. temperature and souroe of
light eéven when being stored and thus would require oonstant eontrol whieh ie )
iyuneconomical.

o In view of the foregoing only gtored gas systems and ehlorate candles
will be considered during the remainder of this report.
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2.3 Carbon Dioxide Removal

: Cerbon dloxide can be removed from en environment by a number ‘of methoda.

- -These include'

H

l..‘.Chemical ebaorption in a bed of solid granules.

_2.:- Absorption ifi'a liquid with chemioal reaction. S

3.0 Physical adsorption.

k. . Diffusion of gases through & membrane:

‘5." Freeze-out techniques

- 2.3.1 8olid Abeorbente

Solid absorbents include alkali 6xidee or hwdroxides alkaline eaith oxides

or. hydroxidee., In the presence of moisture these materieie are bases while in

“--the presence of. ‘moisture’ carbon dioxide forms a weak acid. Thue.tpe reaction
s neutralizetion., . . i

S 2l Sugeroxidee - Alkeli euperoxides are deeeribed in Section
2, 2 2.2 where they vere- considered as a source of oxygen.":

2.3.1.2 -Lithlun Hydroxide - Lithium ‘hydroxide is @ white ory'etaiiine

e The equation for the reaction is

ELiOH + CO -—-—> HéO + L12003

beae which cen be. used t6 remove carbon. dioxide.
“anhydrous form as. an emergency carbon. dioxide. absorber aboard eubmerinee since
"the 1930's. - Lithium hydroxide is preeently being ueed aboerd the ProJect Mercury
vspace capsulee. y : ‘

The U.8. Nevy has used the

- If the water 15 assumed to evolve in the. liquid stete, the heat of reaction ia
1310 Btu per pound of cerbon dioxide or 131 Btu per man-hour. S

- Xt is more probable that the reaction will evolve.the weter in the geeeoue

state. In this case the heat of reaction would be 875 Btu per pound of. cerbon};*k

diexide or 87.5 Btu per man~hour. . This reaction takes: place afficlently at
temperatures as low as 35%F. This is lower than the effective temperature limit

of most other absorbents. Theoretically, one pound of lithium hydroxide will ;;, .

absorb 0.92 pounds of carbon dioxide.
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Agsuming a carbon dioxide production rate of 0 l 1b-per man-hour end & .
reaction efficiency of 90 per-cent, 0il2 pounds of lithium hydroxide would be
required- per men~hour. .-On ‘the baeie of a 24-hour period of being sealed from
the outside atmoephere, 2, 9 pounde of lithium hydroxide must be atored for each
person. ) _

o Lithium hydroxide can be ueed ¢ither: peaeively or in a blower-canieter
_ system. -In the pdssive system, the granules are spread in a thin layer over a
" sereen or flat contalner so that 4 large surface area is exposed. The blower-
- canister system could be similar to that used for euperoxidee. . The-alr is blown *-
. through’ the bed, reacted, filtered ahd raleaeed back into- the atmoephere._ The
. blower can be hand-driven or electrically powered. For a small number of persons,
. intermittent operation is sufficient whereas for. 8. large group, continuous
,operation ie neceaeery.

» _ Hazards

© Lithium hydroxide is a strong cauatic material vhich wili cause burns if it

-’ The meterial can be pelletized or gratulated. A 4-8 or 8-10 mesh granule
will have less tendency to dust ‘than a very fine material. Because lithium
carbonate has a very high temperature of decomposition, lithium hydroxide is
- classified .ss a nonregenerative chemical. ILithium hydroxide is expensive) hdwever,
it can be used without any auxiliary equipment so it can still be considered. The
enhydrous material cests from h $0 5 dollars per pound. Thie amounts to- 50 to 60
cente per man-hour ) - )

2. 3 l 3 ralzg - Baralyme is'a crystalline caustie mixture vbich
will absorb earbon dioxide. 3 ) LT

- The' composition of the material s, (Ref‘ U7)

20 per cent (wt) : 50332 81520- B
- 80 : “Ca(0H s ‘ R
small amount - . “KOH ;
trace i+ . Mimoza 2 dye + ethyl violet
~ trace - wetting agent

The Ba(OH) BHéo provides water of crystallization which acts aé a: bindd?
and also sustaifis the°reaction with carbon dioxide. . When the Ba(OH), « 8H,0 ”
reacts with carbon dioxide BaCO, forms with a sufficient ameunt of aater wet
the KOH and Ca(OH)2 and sustain the reaction.

43

contacts the skin, especially if the skin is moist. The eyes are very susceptible .
° to irritation caused by lithium hydroxide dust. As with all strong bases, lithium B
. ;hydroxide will react violently it it comes in contact with etrong acids, L

o1




B G

1

T

R

. tendency to dust.

T T

Aevolved as a liquid.

The bulk of the material is calclum hydroxide.. This reacts with capbon

,dioxide 4in the presence of an activator, such’ as sodium or potassium hydroxide,-
" to form calcium carbonate.. The dye 1s added to the formulation to indicate when
the abdorbing power of the material 1s depleted. Fresh material is pink. The

cdlor then shifts first to. purple and then to blue &s salts of weak acids are-
formed. .‘(Ref. 48) 'The small quantity of wettihg agent is added to reduce the ~

Heat 6f7Reaction .

Fer the reaction,

Ba(OH)E . 8}120 + CO, —> BaCO + 9105405
the heat of reaction at 77°F is 508 Btu per pound of CO, or 70.8 Btu per pound
of Ba(0H) BHéo This 1is based on the asaumption tha% all the water is evolved
as a 11qu€d. ) o .

. For the reaction, o L
0
 ca(om), + co2 j?-» Caco + Heo

_the ‘heat of reaction at 77'F 't8 1055 Btu per pound cr CO or 627 Btu-per poundf :

of calelum hydroxide. This is also besed on the aseumpt on that the water is

'
— —— —
—

p— ———
‘ . .

Absgrbed

“ Constituent Btu - Weight Heat Total 002 )
s (1b) 1 (%) Liberated co,,f/lb" Absorbed® -
Ba(0H), . 81,0 70.8 | 20 | “ih.2 ° |o.240 C.0.028 -,
Ca(oR), r | B0 | sz ook [ odrs
' Co ‘ 516 Btu | 0, 503 lbe .

. The heat liberated per pound of" co absorbed =

This amounts to 102 Btu per man-hour.

The toxic properties-of Baralyme are contributed from the barium hydroxide,‘
and the barium carbonste which is formed.

Hazard

il%:i = 1020 Btu/lb of co

Irritation 1s caused by the. caustic

hydroxide ion. The wetting agent in the formulation is added to eliminate
dusting and therefore control airborne irritants.
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Use

Baralyme should be used with a blower system. As-with other absorbents, ,
flow rates and sizing depend upon the number of people in the shelter. Theoret- "
ically two pounds of Baralyme will absorb one pound of CO.; however, experience
has shown that three pounds are needed to absorb one poun& of COy. (Ref. h9) S i

-The; Thawas A Iﬂison‘lnduatries recommends using 10-1 /2 lbs per man-day‘ oo
This would equal 5 pounds of Baralyme per pound of COa absorbed. For a 2h.-hour -
system, 10.5 pounds of Baralyme would be required per“person. This would cost
$3.80 or 16 cents per man-hour for the chemical Since a blowar'ibvalao needed,
the following cost must be added. - . . .

_ A 60-cfm hand- driven. blower costs approximately $50. Thia vwill support 20
people when it is operated continuousl, Thua, on the basis of a 2U-hour opera-
tion, 480 man-hours would cost $25 or O 052 per man-hour. The total cost of
chemical and blower would then amount to $0.21 to $O 22 per marn=hour.

Baralyme can be stored from 4 to T years. After that period of time; it

(5}

2. 3 1.4 - 8oda- Lime - Soda-lime has been considered for use as & carbon
dioxide absorber since 1913. :Barly formulations were unsatisfactory because the L
material would cake and not- allov the gas to pass through the -bed. A satisfactory =
formulation of 90 per cent lime and 4 per cent NaOH (on a dry basis) vas tested
in 1928. (Ref. 50) The newer formulation consists of:. (Rer 51) .

© 78.4% (by weight) 'Ca(oxi)e o I T

' 4 ~ - NaOH.
1.2 KoH
-17.00 - -moisture.
0.8 © binder . -
%, 9% . o :
The principal reaction for soda-lime s C e e o “ - \
8,0 _ , L

Ca(OH)2 + 00, —> CaCO + H2°liq.

The heat of reaction at 77°F for this material is 1055 Btu per pound of

002 or 627 Btu per pound of calcium hydréxide. The heat liberated per man-hour ’
157105, s B

Other reactions taking piace are

2NaOH + CO — Na 003 + HQOliqe

The heat of reaction at T7°F is 1710 Btu per pound of 002 or 945 per pound of NaOH.- -

L5
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If the following reaction is assumed

7  2NeoH +Co, ———> Na co He°’ -
; then the heat of reaction 1s 1800 Btu per~pound or coe or 990 Btu per pcund of -
NaGH. .
.. For 2KOH + C0, —> K00, + H? , -the heat of rsactioh is 1840 Btu per
pound of CO, or 72§ Btu per poénd ’ L ’

Constituent | Weight ~Btu.per '"Heat" . I-C0,/1b | Oy
(%) (1b Iiberated S Absorbed
Ca(OH), 78.4 627 koo 0.594 '0.465 B
NaOH 2.5 | -990% &5 | 0.550 .0.014
| wm . |12 o723 |y 9 0.393 0.005
"} Inert 17.9 - ——- ceena
' 52& Btu 0.48% 1bs
¥ Assume monohydrats formation

- ‘Heat of reaction per pound of soda-lime is 52“ Btu. Because 0.48% pounds
of €O, 18 absorbed for each pound of soda-lime reacted, the heat of reaction on
Vthe basis of one pound of 002 sbsorbed is 1080 Btu or 108 Btu per man-hour.

Hazards

Soda-lime has the propevty of forming 1rr1tstin3 dusts. Because the
material is caustic, this dust bBurns the eyes and mucous membranes. The dust -
problem ‘has been the mailn reason for the rejection of scda-lime for various
environment control-applications although it is now usad in-hospitals for
rebreathing apparatus. U . o

;gg‘_‘e;'

Soda-lime should Ye used in a blower system, althoush 1t 18 possible to ,"
use ‘it by spreading it out in thin. layers.. When the blower systém is used, it
1s possible to pass the scrubbed alr through a’ ‘f1lter to remove most ot the
,soda~lime dust. . S :

Caggcitz

Theoretically soda 1ime i capable of. abaorbing 0. hBh 1bs of.CO; or 2. 07
pounde of soda-lime is required per pound, of CO,. - A wérking ratio ig approxi-
materly 3.0 pounds of soda-lime per pound of @ on dioxide.

v
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"The efficiency of the reaction 1 dependent upon ambient conditiona: The

§ abeorption has poor efficiency below 65°F. The:same is true for. lov relative
humidities. (Ref. 52) Eight pounds of soda-lime would have to be stored For
each person for 2k pcure of sealed support. On the basis of & material cost of
30 cents per. pound the man-hour cost for chemicals is 9-1/2 cents. To this

" - must be added the blower cost of 5- 1/2 cents per man-hour so the total cost would
be 15 cents per man-hour.

In order to etore eoda-lime it must be kept in sealed contalners because
if it 18 expoded to & molst atmoephere it will lose its capacity.

- © 2.3.1.5 . oxidee of" Sodium Potassium and Calcium « The solld

granules or pellets of sodium, potagsium or calcium Eiaroxidehhave & high
- theoretical capacity to absorb -carbon dioxide. This capacity is not reached
“in an actual sclid-gas absorption because the surface of the particles become

covered with the carbonate which is formed ‘and the reaction cgades.

“2.3.1. 6 Silver Oxide - The oxide of eilver can be used to absorb
' carbon dioxide acco;Eing to the. reaction

, . A520 + 002 --—> AgECO
The heat liberated from:this reaction 18.798 Btu per pound of carbon dioxide or
"-151 Btu per- pound -of silver oxide. The silver carbonate can be regenerated by

heating in the temperature range of 250 to-350°F. If the temperature exceeds this,
the silvér oxide will decompoee to metallic gllver and oxygen. .

——nd R

" The “theoretical capacity of éilver oxide is 0.19 pounds of carbon dioxide
per pound of Aggo. On this basis 0.5 pounde of A520 would be required per man- .
hour in a nonregenerating system. ; 7

’ ‘

of protection would be- eight dollars.. The cost-of such a system would be pro-
hibitive. . Even in a regeneration system, the amount of ,0 required would be-

% such that- the cost would not be competitive with othe arton diloxide absorption
methods. . T ' S

2.3. 2 Ligquid Absorbente

= ‘Carben dioxide can be removed from a sealed environment by ablorption with
solutinns of hydroxides, carbonates,.ethanolamines and.several -other chemicale.';

The reactions can be carried out in four waye " which include~'} "f ' ’TJ"L

L. -Bpreading the solution in trays so that a large eurface area ie
éxposed . y

2. Bubbling carbon dioxide through a tower of eolutionvuﬁtii the'"
] absorbing chemicals are depleted and then discarding them.

If the coet of silver oxide 18 $1. 00 per ounce, then the cost of one manuhour

“




3. Loading a aolution as deacribed in item 2-and then ewitching
- to a second tover- while the firat towar 19 regenerated with heat.

E. Continuoualy abeorb and regenerate in a two-tower procees. )

: : In gensral, “the reaction of carbon dioxide and a hydroxide takes place at
ISR SR a faster rate and liberates more heat than the reaction of carbon dioxide and’

< ' '~ carbonates. ‘Thus, the hydroxides would be more suitable for passive systems or

system where the solution is reacted until depletion., Likewise the reattion of

K . - "1~ the carbonate and carbon dioxide is moré sultable for & regeneration system

because less heat is needed to decompoae the biearbonate. o

2.3.2.1 Alkali Hydroxide Solutions -:The readtions of carbon dioxide

_and etrqng bases in solutions is basically the same as the reaction for hydroxide
in the solid state; however, the reaction in soclution has the following two
advantages over the solid-gas reaction

- 1. . The reaction will not be hindered by the formation of carbokates. In
the solid-state, the formation of carbonates on the surface of the hydroxide,
 decreases- the available -surface area for the absorption to take place, °

2, In solutiona, the carbonates will reaot with additional carbon dioxide
to form bilearbonates. This reaction probably does not take plaoe in the aolid-
gas- reaction. T _ _ .

The following reactions can take place in aolution'

+ 0o -—->Naco ' +Hao+u7,aoontu,

“2Na0H )
ln e 2 3soln.

»VThis amounts t0 1070 Btu per. pound of  carbon dioxide or 107 Btu per man-hour.

The eodium Jarbonate produced can-then further reaot with- carbon dioxide
_ to form sodium bicarbonate.

: Na2003 f-..coz + néo —-> QN?HC%' '?" 14000 ,m“‘“ :

i s

- This 18- equal to 319 Btu per-pound of3002 or 31.9 Btu:per mapfhour,A

_For potassium hydroxide the reactions are:
+ C'02 ———é-'KECOS 7 i H20 + 1{6,200 Btu
soln. - o
This is equivalent to 1050 Btu per pound of 002 or 105 Btu per man-hour.. '

2w‘ms-;a.].n.

The carbonate then reacts to fo:m a blcarbonate.

_ x’zco3 * Hy0 ——> 2KHCO, + 13,300 Btu '\\

This amounts to 303 Btu per pound of 002 or 30,3 Btu per man-hour. \
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The heat of reaction indicated for the above reactions- -are based on very
dilute solutions. Concentrations which would actually be ‘used would be higher
and. thus have a alightly different heat of reaction.

©

The high temperature which is required to decompose sodium or potassium

- carbonate limits the use of alkali metal hydroxides to nonregenerative systems.
- _This 1s not a serioue disadvantagé since the materials are. oheap enocugh to

warrant storing ‘them in large: quantities.

. Temperature of Docomposition of Carbonates o Hydroxidee-or Oxide (Ref. 53)

cdgoehd_ ' l - ‘Temperature, °F
NagCop 120 T
K005 S K To)
Hazards

The hazards involved in using solutions of hydroxides result from the
caustic nature of the material. The solution will cause burns if it comes in

"contact with the skin. - The hydroxidee will also react vigorouely with strong
- acids.

Solutiohs eliminate the problem'of irritetion from dust, but 1f the earbon
dioxide-leden air is pagsed through a column at & high velocity, entralnment may

become troublesome . This can largely be taken care of by entrainment separators.

- Capacity

Assuming the hydroxide reacts to form the earbonete according to the .
reactions:

2Naoﬁ+co —3 Na.CO + 5,0 or

2 2 3
2KOH + 002 _— K 6'03 + Heo
the following quentities of. hydroxide would be required.
b of CO2 absorbed 1b of hydroxide reacted
Material 1o of hydroxide T6_of 00, _
_NaOH , 0.55 ’ 1.82
KOH 0.39 2.54

k9
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Asauming carbon dioxide is produced at a rate of 0.1 pounds per un-hour
0.182 pound of NaOH or O. 254 pounds of KOH would be required. per nan-hour o

. Tepe and Dodge. (Ref. Bhffound that the rate of . co abaorption in NaOH :
solution ircreased with an increase in hydroxide: concen%ratlon up to a 2N ) .
selution, - Further mcreaaee in concentration decreased tha rate of absorpﬁion. S

{ency

. Absorption Efficter

Is e

0 10 .20 . . 3.0 4o
o motnsod:.umNoma:my:j' S B '

" Figure 12. ABSORFTION OF €O, IN AQUEOUS NaOH sowrrons .

A 2 Normal NaOH solution contains O 93" pounds NaOH per gallon, 80 approxi- )

mately 5 gallons of solution would have to be stored for each person for a

2k-hour closed. environment.

-If KOH were. used,; approximately 20 gallons-of 2N solution would: have to .

‘be stored per -person aince a 2N solution contains 0.67 pounds per gallon.

The cost of NaOH is $0.065~$0.08 per pound and that of KOH is $0. 105 to_
$0.12 per pound. The cost of stored chemicals would therefore be $0.72 for

NaOH or $1.45 for KOH. This equals 1.5 cents. per ‘man-hour for NaOH or 3 cents g

per man~hour for KCH.

The only necessery equipment for the process s a hand blover to bubble" o

the  gas through the solution and a contalner. No auxiliary power is required.

50
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The predominate features of alkall metal hydroxides are:
1. low chemical cost “  7' ,
2 high rate of absorption e f f_ }Qﬂ k

g, _no power'requirement.

2.32.2 Alkaline Barth Hydroxides - The alkaline earth hydroxidea L

consist of Be(OH),, Mg(0H),, Ca(OH),, 8r(OH), and Ba(0H),.

Most of these compounds are insoluble or are very slightly soluble in
water. Calcium hydroxide is soluble up to 0.025 grem moles per liter at 32°F
ant barium hydroxide octohydrate is soluble up to 0.17 gram moles per liter
at 50°F. -All of the.other alkaline solutions are less soluble than these two.
The low solubllities of all the compounda in this group make their use impractical
in solutions. .

2 3.2.3 Alkali Carbonates - Solutions of alkali carbonstes react with
carbon dioxide and form the corresponding bilearbonates. 'Either sodium or .
potassium carbonates are practical from the consideration of solubility and
cost. The reactlons. can be written as: A

N,aaco + co + H20 ~——> 2NaHCO

3aoln. 3aoln.
or

co + CO +Ho,-”—-,sémco ,
Ké 3soln 2 2 o 3Boln.

As mentioned in Section 2.3.2. 1 ‘the hest of reaction for theae equations amounts '

t0-319 Btu per pound of carbon dioxide or 32 Btu per man-hour for the sodium -
carbenate, and 303 Btu per pecund of carbon dioxide, or 30 Btu per man-hour for
the potassium carbonate. . . .

"""" The use of carbonate solution for carbon dioxide abaorption in a non-

regenerative system is not as efflicient as hydroxide solutions because: the rate ,f"

of reaction is less, the capacity on a pound basis ls less, a _larger volume of
solution is needed and as the bicarbonate ls formed, (see Figure 13) the -
reaction rate decreases. The solutions of carbonates are suitable for a”
regenerative system whereas the hydroxides are not, ).

The equilibrium 1s controlled by the temperature. A low temperature shirta‘

the equilibrium toward the bicarbonate formation and a high temperature shifts =
the equilibrium toward the carbonate formation. .
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4o 3.3 pounds of Na CO

- pumps end heating- and cooling apparatue.

.the need for an: efficient carbon dioxide scrubber became & necessity for long

U Y U U VOV VUV Ao

M”‘O-Mu .

S

The concentrations ueed for cerbon dioxide abeorption are approximately SR
1l Normal solution for Na2603 and up to6 2N solution for x?co Thié 1s equivalent
or“8.62 pounds of - E?b per cub }oot of solution.- :
The capacity of na ie 0.415 poundg of ¢ oa idioxide absorbted per pound .of
Ne 003 reacted, or l §7 pounds of carﬂon dioxide absorbed per. oubic foot of
CO eolution reacted.. For potassium carbonate the capacities 'are 0, 31& pounde -
faca;bon dioxide per pousid of Kébo reected,vor 2. 7h pounds of carbon dioxide

.per cubic foot of solution. ) _ ; @

~ The following quantities of carbonate must” be readted and regenerated per
men-hour. , _ T

v

‘Bolution - Concentration * Rate " . . )
Na,CO4 " : N 0.073 cubie foot/man-hr S
. K00 T Tew . 0.0365 cubie foot/man-hr -
tharde : - : 7 '1.: oy

Both sodium or; potassium carbonate solution are nonhazardous unless taken '

.+ internally. ‘They are nonflammable. Carbonates will liberate carbon dioxide”
. 1f they come in contact with acids.- There ie no reaction with: basee.~ S

Costs . - . . ST

- The cost of the chemicals is fairly 1ow. Sodium carbonate is approx lyﬂ“-:? o
$0.03 per pound and potassium carbonate is $0.085 to, $0.0955 Eer pound, ITH & - -
regenerative process, this would be very small when. compared o the veeeele, L

2.3, 2. h Ethenolamines - With the development of the nuclear eubmlrine, mr'?h

undervater voyages. Oaustic solutions are efficient scrubbers, but they are non-"
regenerable so the quantity of caustlc required for the entire voyage must be
carried onboard.. Ethanolamines absorb carbon dioxide and are easily regenerated;
however, the meterial undergoee oxidetion with use and must be repleced periodioelly

There -are three ethenoleminee, each of which ie cepeble of ebeorbing co and .
then releasing it upon heating. - _
Molecular

Compound Neighs B P MR,
Monoethatolamine  6L.1 32 - - 509
Diethanolamine 105.1 © 5L B

Triethanolamine . 149.2 532 ©T0.2°

>3




" The reaction of ethanolamines and carbon dioxide in the presence of water .
'can be written as:

~HO cm,‘,cngrm2 +HO+ °°e —>HO 052052m13 HCO
(0 cnecng) NH + He° + co, — (HO Cnecﬁz)ame mo
(0 CRERN + 50 + 00, — (0 R w0y L

: The rete of the above reactions proceed to the- right (absorption) for .
" decreasing temperaturee and to the 1eft (regeneration) for increaaing temperatureem L

. The absorption ia carried out at 100°F, then the spent solution enters the E

" regenerator where desorption takes place. from 250 to 300°F. The maximum

T T

theoretical capacity for the absorption reaction 1s one mole of cerbon dioxide
..absorbed per mole of amine; (Ref. -56) hovever, the actual working capacity is
dependent upon the pertial pressure of the CO2 in air, the temperature and the
concentration of the amine. ; -

- : ) v
. The following table 1llustrates- typicel values for various concentrations
and temperaturés of ethanolaminea and partial pressures of C02.

_ TABI.E o (Ref.us'z)
T THE EFFECT ON ETHANOLAMINE CONCENTRATION OR TEMPERATURE

= =

_UPOY THE ABSORFTTON OF CASPON DIOXIDE __:
' * amine . Temperature pp.of CO, M°1°° °°a T
Compounds | Normality - P mm. Hg % EBTEE—EEIEZ
MEA 0.5 . T ~10.6 0,875
MEA 0.5 7. '10.8° ~0.607.
T MEA L 2.0 32 wh | io.01
* MEA 2.0 o 110,600 |5 ousRT
CMEA 2.0 iz 10.1  -0.489. -
MEA 5.0 3 11.5° 0,600
MEA. 5.0 7. 10.6 L0.507
MEA 5.0 122 S10h 0 0.b53
MEA 9.5 32 k| 0,538
MEA 9.5 7 Tl __:~ 0 95
MEA 9.5 122 10,8 ooy ]
MEA 12.5 122 10.9, - ,~;:o_h(,67“f‘_ 1 ‘
54
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. TABLE iog(continuea)

qupounga

Normality

" Amine .

_ Temperature . |

pp of 00

~'Moles CO,

ﬂsles amine

T

Lt et baccemd

TEAC
VTEA .

0.5 .
0.5

0.5
2,0

2.0

5.0
5.0
8.0
0 5
0.5
o5

2.0
2.0

3.5
5-0

2.0

1.0 -

3
o
2122 .

32
T
122
2
122
122
32 -
77
122
.
32
T
122
2t 77 X

s

‘~11 0
7101

. 105
10.2

10.h -
10.6

10.7 °
- 10.5
o 8.3
10.8.

10,7,
__11-0
“10.0.
10.6

1.0 .

'lq.ls‘ oo .

JoRy () R

.

0,604

’ 0_-;1451” o

'0.302
' 0.526 -
© 0.254
0.250
0.378

. 0.19

0.081
0161
0.263

© 0.093

0,035

‘0:062

. 'O.OééA'

i: -0, 551 TR L
S O, 336 U

From the above table, one.ocan see that approximately ‘one-balf mole of

carbon dioxide 18 sbsorbed for each mole of amine if the level of CG,
" air 1s kept at 1.5-per cent or below.
would have the following capacities°

COmpounds

.“

MEA

- DEA
TEA-

ooy,
”35;;mipe,:'

Using this. gssumption, ethano

- 1b of amine

lb of 002

'0;361
- 0.209
- 0.148"

2. 77
k.78 -

677

in the

W

If the material is used in a nonregenerative aystem, the followins
quantities and costs for chemicals would be involved.
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Consumptiog - Cost™- -  Cost

"Subatarics - _lb/men-hr .. . - $/1b- $/man-hr

© MEA Sore.r7 o .29 . D08
PDEA - 0478 -, 0285 . 0.3 - - :
CEBAL Y 0617 - O 245 - 0,166 T

. The quantitiee needed in a regenerative syatem would depend on. the tempera- __.
tures, equipment size, flow rates.and quantities of entioxidant used. Since -

ethanolamines ‘are eubJect 50- decompoeition and.- oxidation, they would have to. be.

replaced after a certain length of time.in a regenerative system. . The deeompoeie .

tion can be eomewhet retarded by using etabilizers such a8 copper eulrate. . '
Hazards

The maximum accepteble cencentration of. eny of the ethanolaminee has been

. set at'l part per million. (Ref. 58) The scrubbed air must therefore be’

1 since the Only known manufacturer ie in Europe.

filtered to insure that there are no traces of ethanolamines-in it. Because
ethanolamines are basic compounds, & scrubber of an acid solution removes the
ethanolamines. Solutions of- ethanolamines also heve 8 tendency to foam and are
Bomewhat corrgeive., L .o

. . B.3, 2 5 Alkazid M Alkezia M'is the potassium salt of.the amino acni .
N-methylalanine. , . o o ‘ ] N

CH i 0
. 3,\1\1—(;_’;‘04» . + e
. | SN ’
. o K . .
ﬂrhaé S S molecular weight - lhl :

" Alkazid M is believed to be much ‘more expeneive -and . may be in limited eupply

' ;203206 sulfgte Process - The electrolytic eulfate proceee ebeorbe Gﬂé )
from the etmeephere. The descr ption of this syetem ie found in_ Section 2, 2.2, 5.

S 2.3.2.7° Abeorption with Water - Water ebeorbs carbon dioxide from the
atmosphere in a greater quantity than it absorbs ‘tle other ccnstifuents of the air.

uo.

Therefore it can be used to separate thé : carbon diokide from Oxygen and- nitrogen. ;j

This method of- carbon dioxide abaorptisn -can-either be used batchwise or. in-a-
‘econtiauous process. Regeneretion can be easlly accomplished by ‘heating sinde the
equilibrium capacity is a funetien ef temperature end the pertiel preesure of CO
"in tHe 5aeéoue phase. T T

The amount of carbon dioxide which water ‘18 capable ef abeorbing can be f
caleulated from Henry's law.

i
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- Where

>H

P

'ij

Henry's constant

Vpartial préasure of CO in the atmoaphare

mole fraction of 002 in aolution )

For the syatem carbon dioxide and water, Henry's cdnstant has the following

Assuming 8 maximum’ cdrbon dioxide concentration of 1- l/2$ or O 015 atm: and
a temperature of T7°F, the following quantity of vater would be required to

" values for various temperatures. (Ref. 59) . .

Temzeratur,e, *F.. __H
: 32 . . 728
L1 o 876

50 . ... 10k0

59 - . 71220

68 - - 1420
7 g 21640

86. - A 1860

95 . 2090

20 . 2330
- 113 T 8570,
o122 - 2830
ko 31;10

abeorb l 1b of carbon dioxide..

From the above tahle

“

ci‘ an §r°' o> ;‘4 iff

-§1= 9:16 x 107

l6h0 atm,
0.015 atm.

' -6
weightxfractipn COZ“
weight ffaction water
molecular weiéht ot 002

molecular welght of water

>7
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made by the Linde Company.
: they trap in their pores.

"‘”"/M +(1-fT/ﬂ; e

| 06 £/l -
9:16x 1077 = ST

-y 1b €Oy -
TES
Because carhon dioxide is produced at a bate of 0.1 paunde per man-hour, -

watar - for absorption must be furnished at & rate of hh? pounda per man-hour
Thia is equal to 53 5 gallons per man-hour. °

a2, 2& x 10

Hazards

There aré no hazarda involved in thia ayatem insofar as toxic materiala .

- ara concerhed.

Although the use of vater uithout additional chemioal cohatituenta would

'7 absorb’ carbon dioxide and provide an emergency supply of drinking water, the - &

volume and equipment negesaary meke this procese impractical. If water is used
without regeneration,-; ¥300 gallons would be needed per person for 24 hours.
Thia would occupy 165 ‘cublc feet per persou.

I regeneration ie used BT pounds of uater per- man-hour would have to be
heatedAfrom T0°F to approximately 200°F. for regeneration and then- rerrigerated
for: absorption. o , . N

2. 3 3 Carbon Dioxide Adaorption

' Carbon dioxide can ‘be adsorbed on the surface of certain porous solids -
which have .a.lerge surface area in’ proportion ¢ theit weight. Theése substances
are easily regenerated - because the bonding is & function of physical prppertiee
rather than chemi.cal properties. . . )

2 3 3 1 Molecular Si Sievea - Molecular Sievea ‘are synthetic zeolites
They nave an affinity for certain moletules which

temperature of the carbon dioxide in the air to be scrubbed. Balow ia a diagrah>;
showing capacity as a function of partial pressure. at T7°F. V‘f

58

Among these. are water, hydrocarbons and carbon dioxi&e.»
. The capacity of carbon dioxide is dependent upon the partial pressure and - ‘the i
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F:I.gure 1u CAPACITY OF MOLECULAR smvns AT 7o°v (Ref. & . .

If the earbon dioxide level’ is ma:lnta:l.ned At 1-1/2$ the folldvtns mtl - o L
Do e : £ °°g S :f eI
'si",“"“?" L °‘P“°“‘-' 100 15 gdeorbent B T
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Heat of Reaction

’J.'he heat of ad.aorption for carbon dioxide is much- IWer tbun heaﬁ of
adsorption of .0, with- eauatic solutions. The heat of adsorption 13 300 ﬁtu\ R
per pound of cargon diox:l.de or 30 Btu per man-hour. S CLh .
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Specilal Regquirement

Before the air from the environment is- passed through the bed of- Molecular s

-Bieves it must be completely dry because Molecular-Sieves have a greater affinity

for water than they do for carbon dioxide. This.can Ye acccmplished by first

. passing air through a bed of desiccant such as silica gel.,

If Molecular Sieves are used without regeneration-in a: simple bétch process,;

approximately 1.1 pounds of Type 5A sieve would be:required per man-hour.
Because of the high cost (about $1.55/1b). a nonregenerative system is not
practical from & cost comparison.

.Moleculsr Sieves lomded with carbon dioxide are regenersted at room tempefa-

" ture by applying a vacuum to the bed. A cooling period is not required because

it 18 not necessary to heat the bed. Therefore if the cycle is changed from
adsorption to regeneration every hour, 1.1 pounds will be required per person -
for: the regeneratien unit. .

2. 3 3 2 Other Adsorbents - Other substances which will adsorb carbon
dioxide from a dry atmosphere are silica gel activated alumina and activated -
carbon. The ‘capacity of thede adsorbents is less.than Molecular Sieves by a
factor of 5 to 10. . At a partial pressure of 1l.4 mm Hg or 1-1/2% Co,, and a
temperature of 77“F the adsorbents have . the following capecities. .

P ’ffrAdsorbent ' . Capacity lOOlec:§sorbent (Ref.”SiT*
' " Stlica Gel e 2.2
-Activated Alumina 7 : 'l 0.
. " Activated Carbon ) ~ 0.8 .
) Based on. the sbove values, the following quantities would be used par
_man-hour. R
.Adsorbent ‘Rate used =t
, man- hour
Silica Gel o b5
Activated Alumina © 10
“Activated . Carbon - 12.5

The material 1s used then in the same manner as the Molecular Sieves
described in Section 2.3.3.1. The following quantities would be required per
person if the cycle is reversed every hour.

Adsorbent Quantity
Sillca Gel 9.0 1lba
Activated Alumina 20
Activated Carbon 25
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Silica gel and activated alumina have a greater affinity for water than
they do for carbon dioxide so that the entering air must pass through.a bed of
desiccant before passing through the bed of carbon dioxide adsorbent.

2.3.4 Mechanical Carbon Dioxide Removal

©2.3.k.1 Freeze-Out Technigue -rCarbon dioxide may ‘be removed from

~air in & manner similar to that of removing moisture from air by dehumidification.
The air 1s cooled until the dew point-of--the carbon dioxide is reached. Further

cooling results in the separation of the carbon dioxide in the form of solid
erystals. If the air contains 1-1/2 per ¢ent carbon dioxide, the carbon dioxide :
will not begin to precipitate until -185°F. . To remove 90 per cent of the carbon

: dioxide the temperature will have to be further: reduced to -212°F.

The amount of refrigeration needed to. carry out euch an operation would be. .
impractical when more simple scrubbing methods are available. Also & power
loes would result in a shub- down of the equipment. : N

2.3.4, 2 " Diffusion Methods - Gases will diffuse through a membrane at
different rates so that a separation will take place and concentrations will

change. The following table liste the relative diffusion ratee of varioue gases
- through rubber. (Ref. 62)

Ges. . - - f—Reiative'Rate -

Nitrogen , 1.0 (basis)
Acetylene , 0.85
'Carbon dioxide 13.7
rOxygen T 2,29

When natural rubber is used as the membrane, approximately 1100 square .
feet of surface area are required to diffuse.0.l 1b of" co2 ‘per. hour- per person. _
At the same time some of the oxygen would be lost. -

The large surface area required makes this method impracticel at the _“
;mesent time.

2.3.5 Comparison of Various Carbon Dioxide Removal Systems

The following table is a comparison of carbon dioxide removal systems.
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_ TABLE 11
__COMPARISON OF 8 e
: - : e ——— T s
Type Reliability -Power . | Coet/man<hr | Storage Iiverated- | -
7 ' Requirement | ' | #andling | Btu/man-hr |-
Lithium = ‘ L ” - ;
Hydroxide Good ~ None -~ $o.u8 Fair-Good | 130
Beralyme . Good - Mamual | 0.12-0.48 | Fair-Good. | . 100
[scda-Lime - Good Manual 0.10 = | Fair-Good 105
|8odium or o ' , '
Potassium - - Fair None 7 Failr - 1h0
| Bydroxide o B N
(Bilver Oxide Gocd . .None .- 8.00 Good -~ 80
Alkell o Good Manual 0.18-0.25 | Fair +107-
Hydroxide sol: =~ - - : 7 .
Alkali Carbon- Fair ~ Manual 0,24-0,33 Good C 30 -
-ates ] B : . : :
Ethanolamines Falr Manual ~ 0.28-0.68.] Poor-Fair
Alkézid M- - - Fair ~ | . Mamal |- .High | “Unknown-
Water " Falr - - Manusal Low Good -
Molecular-8ieve ~ Fair |  Manual 1.55 © Good 30
Silica Gel - Pair - "Manual Moderate CGocd )
|Activated , ) : '
~Alumina Falr " Manual - l.20 Good
Activated Carborn . .Fair | = - Manual High Good
|Freeze-out Fair - Very High High Fair
Diffusion Fair ~ ~Manual High Fair

Removal of carbon dioxide can be. accomplished with either a solid-gas
reaction, liguid-gas reaciion or adsorption.

- Reliability

Solids - Lithium hydroxide, Baralyme and soda-lime have all been used to
control the CO, level aboard submarines. Bilver oxide has been suggested as &
regenerable ab%orbent for carbon dioxide in space vehlcles. Potassium and
sodium hydroxide have a good theoretical capacity, however the formation of
surface carbonates hinder the reaction.
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Solutions - Alkali hydroxide solutions are the most reliable of the .various
solutione considered. They are used industrially and for submarine service.:

Alkali carbonates are usable but they do not have as rapid a rate of reaction as . i

do the hydroxides. Ethanolamlnes are used for carbon dioxide ‘serubbing however
‘they sre subject to.oxidation and have a tendency to foam. The reliability of
Alkazid M is not known at this time since this chemical is not widely available
in this country. Water has only fair reliability because an increase in water
temperature will decrease the capacity of the process.

Adsorbents - Molecular Sievee, activated alumina, and 8ilica gel have a
preference of water- over carbon dioxide; thus any trace of moisture reaching
the bed would drive off the previously adsorbed CO and prevent further CO,
adsorption. Activated carbon will adsorb high molecular welght compounds. gn
preference to carbon dioxide eo thie adeorbent can be poiaoned by contaminants

_ with the shelter._. .

Mechanical Methods - The reliability of freeze-out techniquea is dependent
upon the reliability of the power supply for the refrigerator. Diffusion is of
questionable relisbility since this 1s not a eemmonly used method and a. pupcture
of the membrane would ruin the operation.

Power Requiremente

Solid Absorbents --Solid absorbents can be used . without a forced air system;
however If a manual blower is avallable-the efficiency of absorption will be o
increaeed.

Liquid Abeorbente - A manual blower is needed in a liquid oystem in order -
to bubble the air through the solution. Additional power ie required in a
regenerable syetem for heating snd cooling. .

Adsorbents - Adsorbents require a blower to move the air: through the bed of
granules and if regeneration ia ueed a method of heating and cooling is also
required.

Mechanical Methods - The freeze-out method requiree a large smount of powar
for refrigeration while the diffusion methed requires only a blower.

Costs
The cost of the chemicals for carbon dioxide on a man-hour,baaie~were shown
in Table 11, These costs are based on a nonregenerative system. . Where regenera-

tion is used, a smaller investment is needed for chemicals; however, the inveetment
in equipment is greater,
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- Storage and Handling

.Bolid Absorbents -- All of‘the solid absorbents consisp of causﬁic'ﬁateriais

-which should not be handled directly with moist hands. The alkali hydroxides

are especially irritating ir this mannen. Dusting is ancther problem -encountered
with this type of absorbent;. however, manufacturing techniques are helping to

Vovercome this problem.

The shelf 1ife ahould be 1ndefinite as long as the material is kept aealed,

-however the manufacturers of Baralyme recommended a storage period of not longer .

than 4 years. - SBoda-lime probebly,is,not storable for periods of time longer . .
then this, . - i L . S

Liguids = Alkali hydroxide solutioue must be stored in suitable contalners
and all contact with the skin must be avoided. Alkali carbonates are also
caustic but contact with the skin is not as serious a problem. - Ethanolamines

"will not affect the skin of most persons for e short contact however, the vapor

of these compounds are hazardous in concentrations greater than 1 ppm. - Alkazid M
is mueh less toxie than the ethanolamines and has leas .problems when it is used.

Water presents no problems except the storage of a very large quantity of liquid.

-Adsorbents -- The solids which remove carbon dioxide by adsorption have good

shelf 1ife as long as they are kept sealed and moisture-free. Handling is simple
-because the material would slready be in its canigter. " Thus one would uncap the
" ‘pérts and hook-up & blower, s ! S

Mechanical Method -- Mechanical methods present no problems- of storage or
handling. ;

. Of the varicus carbon dioxide'abeorbents, the following will be subJected

~ to further evaluation. .Iithium hydroxide, Baralyme, and Soda-lime will be -
compared to determine the best solid absorbent at a reaeonable cost. -

Other absorbents will no longer be: considered because of high coat, low _
capacity, unreliability or toxicity .
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2.k 0dor and COntaminaht Control -

Within a sealed environment, there.exiets a possibilitJ or toxic and noxious
materials accumulating :and producing adverse effects upon the habitants of the
shelter. These substances come from both equipment and humans. Fuels, lubri.
cants, and ‘01ls produce various hydrocarbons; refrigerants p;oduee Freons and -
electrical discharges produce ozone. The human body will pi.duce-esters and
fatty acids from perspiration, ammonia from urine, and hydrogen sulfide, ammonia,

- phenols, indoles, skatolés, mercaptans from feces and flatus. Odors can also

come from food preparation or-decay of garbage. Partial oxidation of certain
compounds will c¢onvert a8 low odor chemical to a high odor compound. An example
of this 1s shown below.
Butanol -~ =~ -Low odor
Butyaldehyde = High odor -
Butyric acid ~  Very high odor-

' . Table 13 is a list of the permissible levels of various compounds which
could be found In a sealed shelter. These values are.based on an eight-hour

-industrial- work day. The fact that these are values for an eight-hour exposure
--instead of a continuous exposure 1s somewhat corrected by the fact that they are
“based on an indefinite number of working days wherems the corfinement in»the

shelter probably would not-be -more then one day without ventilation.

. Where the different authors give the same value one number is. listed in
the tablea ‘Where there is a disagreement all the values are given.

These chemicals can be removed by adsorption on porous meterials having a’
large surface area such as activated cawbon.or Molecular S8ieves, absorption such
as the removal of the acid gases by the carbon dioxide absorbent or combustion

promoted with -catalysts. Another industrial method is the use of masking odors

to cover up the obnoxlous odors, but since this does not. remove the contaminant
it will not be given further coneideration, ) \

2.4.1 Activated Carben

e

Activated carbon has been used since World War I to adsorb poisonous and

obnoxious gases. Activated carbon will adsorb practically all organic. chemicals -,

except those of low molecular weight. It will also adsorb certain inorganic - -

materials. Qenerally, the attraction for adsorption inereases with an 1ncreaee -

in bolling point and/or an increase in molecular wcight.
Since the removael of contaminants from the alr takes place by physical

attraction rather than chemical resctlion, the heat of adsorption is much less
than the heat evolved from chemical absorption.
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TABLE 12 (Refs. 63, 64 and 65)

PERMISSIELE LEVELS OF VARTOUS COMPOUNDS IN AIR

Substance ..

MAC, ppm

Sulfur dioxide

- Substance MAC¥, ppm
Ammonia 7100 | Gasoline 500
Carbon dicxide 5000 | Toluene 200
Carbon moncxide _ 100 | Xylene . N 200
-Carbon tetrachloride . 25-50 .| Benzene - " 354100
-C CLF, o 100,000 | Formsldehyde 5-10
Hydrogen Chloridé' - 5,10 Ozone 0.1-0,05
'Hyd'rogén Fluoride o 3 4| Fluorine . 3
Hydrégen Sulfide 20 | Mercury 0.1 mg/m3-0.1
Methane 10,000 | Aveclein .’ 0.5 -
- CHBr - 20 | Stibine 0.1
| CHzBroL” “ho Phosgene 1
'N02 - 5, 25 Amylacetate . 200
N 25 4 Butyl acetate - 200 -
05 ‘ 25 | carbon blawride - R A
Phenol 5 | Dichloroethylether 15 -
Chlerine “1 | Bther . k0o
Freon 12 1,000 Bthyl acetate 400
Ethanol 1,000 | Ethylene dichloride 100
Methanol 200 | Hydrogen cyanide - 20
Freon 11k 1,000 Mzthyl chloride. 100
Trichloroethylene 200 Styrene - 400
10

. {'{{

*
Maximum Allowable Concentration
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8ome of the chemicals which activated carbon adsorbs are listed in Table 13.

TAELE 13 (Ref. 66)

" ADSORPTION CAPACITY OF ACTIVATED CARBON

Bubétance"s";-“

Butyric acid
Valeric acid
Indole

" Bkatole

Sewer odors

~'Toilet odors.
- Chloroform -

Carbon Tetrachloride
Indoform

Pyridine .
Nicotine
Nitrobeniene'
Putréecine

Body odor
dobking'odor'

Raw food odor

Chlorine

" Bromine

Iodine
Bydrofluoric acid
Hydrochloric acid
Hydrobromlce acid
Nitrogen dioxide
Nitric acld
Propane

Butane

Pentane

Dynamic Capacity (% x 100)
ko
25
25
High
High
S bo
L5
30
25
25
20
25,
- High
High
High -

v

ST i

Lo
R]
10
12
12
10
20

AS ]

12
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TABLE 13 (Continued)

-Substance

Dynamic Capacity”

Wt of gas

Hexane
Heptane-' . ~

_ Octarle, nonane or decane -

Acetylene
ButYne
Ethylene

. *Propylene

Pentalene
Benzene
~ Toluene
Xylene
Turpentine .
Naphthalene ‘
‘Methsnol -
Ethﬁnol -
_Isopropanol -

~ -Butyl alephol

Amyl alcohol

- Methyl ether

Ethyl ether
Isopropyl ether
Butyl ether
Methyl mercaptan
Ethyl wercaptan
Propyl mercaptan
Carbon bisulfide
Sulfur dioxide
Sulfur trioxids-
Cresol

Menthol

'wt,. of carbon

16:

23
‘5

L W N N T
ror\o:\nS\nme‘

30
10

21

%
30
35

10
_ A5
18
20

20

23
25
15
10
15
30

30

%100)

b
[
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TABIE 13 (Continued)

_8ubstance

. Formaldehyde

Acetaldehyde o

o Butyrgldehydef,
- Acryaldehyde

Crotonaldehyde
Formic acid
‘Acetic mcld
Propionic acid -
Acrylic acid
Ceprylic acid - -

- lactic acld

Methyl acetate

,:,Ethyl,acetaﬁe :
‘ IEOPI'Oijl ac etate

Amyl acetate
Butyl acetate

~ Acetone

Methyl ethyl keﬁéﬁe:g
Diethyl ketone

: -Methyi'isObutyltketone -
" Encalyptole '
" Camphor

Essential olls
Methyl Chloride
Ethyl Chloride
Jsopropyl chloride
Butyl chloride
Methylene chloride
Sulfuric acld
Hydrogen sulfide
Water

Dynamic Capécify (

wh. of 585 x 100) .

wt. of carbon -

REEE N
N Tt 7

2L’

‘15

40

AL

7 .

4o

ko

20
. 35
-
16

19

a3

: o o

28
s

30
30
20,
20
'High

20
a5
a5
30

69
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pressure. (Ref 675

Activated carbon is best used dynamically in & bed or canister wtih air
circulated through it by mesns of a blower.. This. arrangement forces most of
the alr to eventually pass ‘through the bed and thus keep the level of contaminants

low. ~In a small shelter the activated carbon will still absorb contaminants’ if
it is. spread in trays. However poor: air circuletion within the shelter would

lower the effectiveness of the adsorbent. There are Hb. ‘hazards to health insofar

-a8 the carbon is coneerned hovever, it may adsorb chemicals which are toxic,
- thus " spent adscrbent must be carefully disposed of. .

The quantity of carbon needed varies with size and makeup of shelter, but

1from one-quarter to one-half pound per person should be sufficient for-most ‘ﬁ

situdtions. - Assuming the activated charcoal costs $0.65 per pound and one-half

- 'were supplied per petrson, then the cost of removing odors and contaminants would .
. be $0.33 per person. iThis cost does not include the.cost ¢f the blower. If the

carbon bed 1s put in series with a carbon dioxide scrubber or other circulation
equipment, an additional hlower would not be needed.

2.u.e Molecular Sieve 13X~

7 Molecular Bleves will remove practically the same contaminants as mctivated
carbon. Depending upon the size of the adsorption bed, a choice is available

from aiong & powder, & l/16 inch pellet and a 1/8 inoh pellet. The Iinde Company
) recemmends thet the ratio of bed diameter to’ pellet diameter be at least 20. .

The capacity of Molecular Sieves incréases with an increase of. either the ~
molecular weight or the boiling point of the adserbate._ R N

" The following are generalizations concerning the use of Moléculdr Sieve 13X -

to remove contaminents present in air in concentrations.of 1 to 5 ppm, tempera-
tures of 68 to’ O*¥ and flow rate of 100 foot per minute and atmospheric

1. . There is ro adeorption ot aliphatic hydrocerbons wiah three
or less ¢arbon atcies.

2. Nonpoler slphatics which have seven carbon- atoms or more have

it

a breakthrough capacity of approximately one-half to .one per R .v;

cent the adsorbent welght and a minimum effluent concentration
of 0.5 ppm or lower until breakthrough.

3. . 8imple nonpcolar arcmatics have a hreskthrough capaclity of
approximately O.I weight per cent. The minimum effluent cone
centratlion for benzene 1is 0.t ppm and is 0.3 ppm for toluene.

4, Polar low molecular welght compounds such as ethanol have
characteristics similar to benzene.
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‘5. . Polar aromatice have a breakthrough capacity of epproximately
- one weight per cpnt and ‘a minimum- effluent concentration of
0.1 ppm until breakthrough. ﬂ"';,, s it

For the most part, activated carbon will adsorb the same compounds as

7Molecu1ar Bleves at a much higher capacity. Since activated carbon costs -
- approximately one-third as much as Molecular Sieves, and has ten to thirty

times as much capacity, there appears to be no speciel advantage in using

'Molecular Sieves. -

2.3 Cmeustion :

Combustiui of contaminants reducas“therorganics to cérbon dioxide and

~water.  This may be Bccomplished by passing the air over a flame, but this

would add unnecessary heat to the shelter, consume oxygen, snd produce carbon

. dioxide.

, In order 0 decrease the temperature at which the oxldation takes. place
the combustion can be accomplished catalytically using either Hopcalite or an
inert. metal such as platinUm.

: 2.4, 3 1 Hopcslite - Hopcalite was originally developed for the U.8.
Navy during World War-I to catalyze carbon monoxide to dioxide in gas masks
used aboard submarines. o :

This is'a coprecipitated catalyst containing equal portions or manganese
oxide and copper: oxide., (Ref.

. Hopcalite has the-characteristics of oxidizing carbon monoxide to carbon
dioxide ‘at room temperature; and hydrocarbons, organics or hydrogen at 650°P.
The majority of the compounds are oxidized to carbon dioxide at a conversion
of 80 to 100 per cent, while methane is converted to carbon dioxide and water
at only 5 to 20° per cent .

. Meoisture will poison the oatalyst at temperatures below 250'F 80 that
moisture must be removed from theé alr before it 1s passed through the catalytic

bed or the reaction must be carried out above 250°F. . The high temperature oL
reaction is preferred since at the elevated temperature, -the catalyst will- not C T

gbsorb hydrocarbons and form a possible ‘explosive hazard.

Hopcalite is manufactured by the Mine Safety Appliance Company and 1s used53,_

in units of their design.

.2.4.3.2 Metal Catalysts - An example of a.metal catalyst:ie Plﬁtihum f"'

wire or geuze which 1s heated to 500°F. . Another methed is to deposit the -
platinum on ceramic rods or nickel alloys and preheat the air before passins
over the catalyst.
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7 the aiﬁ to SOO‘F and preventvhot gases from passing direetly into the shelter.
' etate.

"ehelter and requiring & source of power to maintain thé necessary temperature

- which can be utilized ‘without power at room femperature. Hopcalite and platinum

and canlster process is more efficient than simply spreading the chemicele in
trays. :

.- 0 500°F. This must be furnished by either electrically heating the platinum
wire or preheating the air with s burner such as a propene torch‘

'about $0. 33 plus the container cost.;

-the same contaminants as: activated carbon.

deelgn. .

The principal advantage ot this type of oxidation is that. the reaction s
%arriegggut at a temperature 500° to. 800°F below an. uncatalyzed incineration.
Ref. . i

Heét,ékchﬁngere are_necessefy to eoneerve tne amount’ of povef‘needed to heat
- The primary requirement 1s that ell of the constituenta are in the gaeeoue

Catalytic methode heve the dieadvantege of adding to the heat lbad of the

Py
——nei

for the reaction.

é.h.h,,COmparieon of Contaminant Removal Syeteme

" Relisbility.. Aditivated carbon and Moleculsy Sieves are reliable 'laorbents

are oxildatlon catalyete wiich remove carbon monoxide and low molecular weight
hydrocarbons which are not adsorbed.. These depend upon the reliability of the
pover eupply to heat the air up to 500°F.

f——
e

- Power Rgguirement. The adsorbents require'no power- although a hand blower

L T

A eysten ueing catelytic oxidation reetifee'tewer to ralse the temperature

. COet. The rest of sotlvated carhou is approximateiy $0.65 per pound thus
on the basis of one-half pound required per peraon, the investment would be

L

Moleculer Sleves. coet approximately $2. OO per pound end remove practically“.b“

. Storage and Handling.- CQntaminant control chemicals. present no unusual

" problems in handling or Storage.. They must be kept in sealed containers or = .. '\{7[}
- canisters and connected to a blower when needed. : The materials themeelves are e

not hazardoue but may become contaminated with- toxic compounde.

The,spent adsorbents should be carefully diepoeed of in_aeaied eontaineraib;z?

. The catalytic combustion units will be bullt into the oxidation apparatue{\}:j
In fact, Mine Safety Appliance Company only sells Hopcalite in units of their C
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~ ture rise.

'equetion for a lo-men, 10-foot by 12-foot by 8-foot underground shelter

2.5 Thermal Control

. " The temperature rise, 61) in underground shelter ie dependent upon many
factors as shown by the- following equation. (Ref 70)

i

RETLRL SR RN SRRy

T . ! ot
.9 - %k- [ar(F)-f-b—-],F-?-

where, '91 .- -Hair temperature 1ncreaee, *F
) 2

A = total shelter surface area, £t | | :
g*~ = . steady heat input to air, Bt“/hr

k =  thermal conductivity of soil, Btu-ft/hr 2t2.op ('l'eble 11;)
a° 'Le,, _shape factor for shelter, ft2
@ =  diffusivity of soil, £t 2 /o (Table 1&)

t o= timefhr

‘U' = coefficient of heat transfer between air in
,'V,Bhelter and shelter wall, Btu/hr-£42-°F

The final temperature is the sum of the initial soil tempereture end the tempere-

Flgure 15 is & plot of temperature riee versus time calculated by thie

fabricated of 3-inch concrete surrounded by three types of soils. A heat

addition rate of 700 Btu/hr per person (500 Btu/hr metabolic. plus 200 Btu/hr.
process and vaste heat) 1s asswied. A sample calculation of the air température
increaee for a ehelter surrounded by & normal silt at the end of 24 hours- fellevs.»

3% ft h7 ' ft..

aa A = - : e L i
F nvﬂa - O 0198 £t /hr X 2h hr = 0.01 el '__"—

f(F) s 0,11 ..

7000 Btu/hr [6.9 £t x 0.11 4 2316 Bru-t) hr"“ "’_]
0 = . 0.6 Btu/hr-ft e

* 592 £1° x 0,516 Btu-£t/hr-£t°-*F

= 37*F (increase)
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Figure 15 TEMPERATURE INCREASE IN A 10-MAN UNDERGROUND SHELIER
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As shown by the Figure, unbearable air temperature may result within.24 -
hours, deperident upon the initial soil temperature¢. The lar .. Zleiters will
produce -even higher temperaturea because ‘of the higher heat loading per unit -

~of wall area.- )

In a few isolated situations the addition of heat may . be required in shaltere,
‘but in the great majJority of cases both sensible and latent heat must be rejected
from the ghelter environment: Sensibie heat msy be removed from the environinent
by convective heat exchangers and rejected td an external sink by active refri-
. geration systems or miscellaneous passive systems, Latent heat may be removed -
from the atmosphere by mechanicel condensation methods (cooling below dew point
or compresgion until the water vapor pressufe is higher than the saturation
pressure), or chemical ‘condensation methods (absorption or adaorption).»_

2.5.1 Heat Removal by Mechanical Process

©  Any surface in the shelter environment which is at a lower temperature than
‘the.shelter air will remove heat from the air. These surfaces mey include spray
chambers, cooling coils, or the shelter .walls. Only sensible heat is“transferred
if the surface temperature- is higher than the dew point temperature of the air,
but both sensible and latent heat are removed if the surface temperatura is
~ lowar-than the dew point temperature.

The cycle diagram for surface cooling by & coil in which a refrigerant is
circulated is shown below',,m
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"The 1eaving air is usually not eeturated ae 1t 1e in the case or a weter epray
chamber cycle ehown below' N

-

'factor. Temperature differential “in turn, is dependent upon:

With a spray chember the approach to 100-per-cent contacting efficiency e
between air and water permits the assumption of saturated ‘leaving-air conditions.
Wdater -and air leavé at epproximetely the eeme temperature, which 1e considgred
as the- apperatue dew point.

- The performance of a_cooling surface ie coneiderably more complicated to
predict. = It is basically dependent upon: - (1) temperature differential between
the apparatus dew point and the mean refrigerant temperature, and (2) the by-peee

11435 00 AR

1, 'The design of the entire coil apparatus. with reepect to prime ’
surfece and extended eurfece in retio and errangement.

2., The refrigerant charecterietics.

: 3. The refrigerant eirveuit arrangement with respect to refrigerantr .
velocity and distribution. . s

4, The rate of loedins (Btu/hr-t‘t )
The by-pass factor for a given coil qepende ons
1. The physical form ot,the surface.

2, Air velocity over the surface. (The by-pass factor inereeeee'
slightly as the velocity is inereased.) - .

3. The ratioc of surface area to free 8rea in &: unit depth of coil.

4. The number of units in series in the direction of the alr flow.

7




The total heat transfer for either a spray chamber of cooling coil may be

expreased as followa'

wpere,

Q =
v
BF a
h -a
h -

To illustrate the principles previously descrilbed, the performance of a typical

" air flow iahe;/ft3/m1n;""”'"

vl - nr)(n -n)

heah rejécted,.Btu/h:

'by-pass factor

= enthalpy of entering air, Btu/lb

enthalpy of air at the apparatus dew poiﬁt

cooling coil is depicted on a veychometric chart below.

I

2
v e

0115
1b,

" Dew Point

55 6L . A

ma.ity Ra:r.‘iq',

Dry Bulb Temparature,.*F

Point A representa the properties of the air entering the coil.- As shown

air at a DBT of 85°F and a WBT of 69°F contains 0.0115 b, per lb.
these properties can be cooled to 61°F before condensation oceurs

da

of the entering air is 33.3 Btu/lb.

78

LY [ [ P — P,

[

——ry —— —

. Alr. witﬁ
The enthalpy

P f——— frre——
——— S

———

h— S

.. Cngm—ny P—
St O ——
s




DT M IR DR T ST LT T T LY e
) o » v
- . [, ‘-

e,

«

————— o

& NG T e TSRSt e B e

[———

i
o —

e L N
oy ————— PR,

= —T g

.

[ ad
[ )

e

Point C represents the so-called apparatus devy point which is the efrective
-gurface temperature of the cooling coil when condénsation is. present. The DBT.
and WBT of the air leaving the coil, point B, is less than the apparatus dev .
-point as shown. The ratio of the 1ength of 1ine BC to that of line AC represents
the coil by-pass factor, which, for this example, is approximately 0.2.

The enthalpy of air leaving the cotl 18 25.3 Btu/lb. . Therefore, 0.8
- (33,3 = 25.3) or 6.4 Btu of heat are rejected for every pound of air passing
through the coll. The water vapor content of the air leaving the coil 1g
0.0009 1b/lb. so that O. 0025 lb are removed for every pound of air passing
through the 8811, . ' - )

2. 5 2 . Heat Removal by Chemical Process’

Latent heat may be chemically removed (converted ‘to sensible) from the

shelter atmosphere by either absorption- or adsorption-type desiccants. The
minimum amount of heat liberated during condensation of one pound of water at -
177'F and 14.7 psila is 1050 Btu regardless of the method. Absorption, in which

the water reacts chemically with the desiccant to form a hydrate or ﬁydroxide . .
generally liberates a heat of reaction (exothermic reaction) in addition to the
_heat of condensation. Certain desiccants which react endothermically with .
water do exist but are not practical.- Adeorbents such as silica gel, in which
the water is. pbysically attached to the surface of the material usually

liberate & much smaller amount. of heat. -

2, 5 2. l gxpical Examp e - A typiecal exothermic dehydration cyele
is depicted on, the peychometric chart below. .

Y

PR NNN HE

.0126
Humidity Ratio, - . 5
g/l Fe=
/3 o =
=

..005 . - . .v N o = . ;-or :

68  @igo 130
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As shown, 0.121 1b __ per ib, are removed as alr passes throﬁgh the deaiccant..
Algo, 1t is noted at the &?y bulb temperature incriases from 84L°F to 130°F. ..
In comfort alr conditioning, where abstraction of both sensible and latent heat

18 required, the dehydration process must be supplemented by:equipment for

removing the totel heat, both sensible and latent contributed by the process.

- This ise shown on_the psychometric chart by sensibie cooling to a dry bulb

temperature of 90°F and partial rehumidification t0 a useful dry bulb tempera—

" ture of 68°F.

. The temperature ilncrease and humidity decrease are functions of many

factors including air flow rate, equipment design and type of desiccant employed. .

A survey of deaicuants iB found in the Pollowing Bection.
L2.5.2.2. Desiccants

2. 5.h,2 1 Calcium Chloride - Calcium chloride is one of the

-oldeat used desiccants. . The gas gas industry was one of the first industries to

take advantage of its absorptjon properties in order to prevent corrosicn in
pipelines. Calcium chleride 1s also widely used to control the excesa moisture -
found in basements Quring thé summertime.

Thie chemlual forma & rumber of hydrates. These are Ca01 . H20 CaCl -‘2Héo
FaCl hHéO ard CaCl, « BH,0." R

At temperatureg belpw:&éfF the ove:;il resctl on is 7
Call, + 6H,0 ——> CaCl, 6]-[20 + 151+ 000 Btu -
This equals 1430 Btu per pound of water of 1h3 Btu per man-hour. 8ince

1050 Btu are contributeéd from the latent hest of ,ondenaation, 380 Btu muet
come from the hydrate’ fo"mauion. : : -

. Caleium chloride 1s commonly used as & sclid which diséolvea into a solution .-

of CaQl, ¢ 6H,0 and water. At B80°F, the solid stete is maintained through the
formation of The nexahydrate. Any water absorbed after this dlssolves the-solld
and a 2-phase system exists until the CaCl, holds 1.2 pounds of water for every
pound of Ca012 - Af4er this the entire mlxfure exists as a solution. )

. The phase dilagram in Figure 16 shiows the prhases and hydrates formed at
various temperatures. .

Because two phases are involved; & container is needed for the crystals

“and another one is needed 1o catch the drippings. The common househcld units

consist of a wire mesh conteiner which is placed in & pan or psil. - As the solu-
tion forms, it runs down the bed ard drops into the pan. The low cost of the
materisl makes il feasible tc-diccazd tha spent soluticn.
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VFigure 16 PHASE DIAGRAM FOR EHE SYSTEM CAICIUM CHIORIDE-WATTR (Ref 71)

‘Hazards

Celeium chloride is nontoxic and as a pure material ie noncorroeive, however, L
in solution it forms an’ electrolyte which promotes corroaion. : .

. Gapacity

The amount of calcium chloride required depends on: the relative humidity .
which 18 to be maintained.. Figure 17 shows the equilibrium capecity for various
desiccants as a funchion of relative humidity. ;

The equilibrium moilsture content at 50 per cent relative humidity is l 8
pounds of water per pound of calcium chloride. This would mean that O, 555 pounde
of desiccant are required per pound of water or 0.055 pounds per man-hour. .
Becsuge these are equilibrium values, it is probably necessary to add extra :
desiccant. Using a factor of 150 per cent of the equilibrium reduirements would :
bring the amount to 0.0832 pounds per man-hour or two pounde: for 2k: hcure.

v
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Calcium chloride costs approximetely $0.06 per pound for quantitiee ‘under
one ton and $0.02 for carload guentitles.. On the $0.06 per: pound baeis, the
chemical cost per person for 24 hours would be $0.12. ,

The advantages of calcium chloride are high capacity and low coet. ,The
disadvantage s the handling of thé dripping of sclution. =~ -

. 2 5,2,2,2 Sodium Hydroxide or Potassium Hydroxide - The hydroxides‘
of sodium or potassium also react ag dlseolving solids to rembdve moistufe from L

an environment. The reaction of sodium hydroxide sy

VLNBOH.+ Hao(gae).-———>-NaOH" H20 + 2k,300 Ptu -

This is eqﬁfvalent'to 1350 Btu perrpound of water or 135 Btu per man-hour.‘

The alkali hydroxides possess ‘a-gtrong dehydrating power ag an anhydrous
material,. The surface soon becomes covered with a £ilm of water and the rate
18 then dependent upon that of the saturated solution. . The solution does not
have as great a dehydrating power as the anhydrous form. (Ref, 72) The optimum
working limits for/alkali hydroxides are considered to be from 85 to 120°F for a
saturated solutich or a dissolving solid. . (Ref. 73)  Alkali hydroxides also

- abgorb carbon dioxide and thus can be used for a dual purpose absorbent.;

-On the basis of the- equation ‘NeOH 4 + HO —> NaOH H?O 2.2 pounds
of hydroxide are required per pound of: &EEQg gbsorged. The actual Sapacity et
70-80°F to maintain a relative humidity of 50 per cent would be greater than this.
Assuming a ecapacity of 1 pound of hydroxide per pound of water removed would.
require 2.5 pounds of desiccant per person for 24 hours. - On the basis of a
material cost of $0.08 per pound, the cost of stored material would be $0.20.

. For potessium hydroxide the. material cost would be.$0.11 per: pound, so‘assumingu

the seme capacity, the material cost would be $0.23 for 2 hours.~'

* Alkali hydroxldes have the disadvantage that they are toxic and corrosive.
They redct violently in the presence of strong acids.

- Alksli hydroxides have no advantage over calcium ¢hloride except that 1t
will coahsorb carbon. dloxide. The higher material cost, toxicity of material
and corrosiveness tend to make calcium chloride a more suitable material.

2.5.2.2.3 ILithium Chloride Solutlon - Lithium chloride is a salt
vhich may be used as & dissolving desieccant such as calcium chloride, however,
vhen it is used, it 1s more commonly used in solution. - At 80°F a concentrated

solution ccntains 1.25 pounds of water per pound of chloride, ‘while the equilibrium -

concentration at 50 per cent relative humidity contains 2.65 pounds of water per
pound of chloride. Thus a concentrated solution could pick up 2.65 pounds of
wvater. . ’ ‘
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The average amount of heat liberatad duving the absorption of 2.65 pounds
of water wiih one pound of L.hlﬂ“"d(- zguals 200 Btu (Ret. Ti) per pound of LiCl .
~or 110 Btu per pound of wibter. This is eguivalant to 11 Btu per man-hour. If
a saturated solutfon o lithiuw chloride i3 uged, 65 Btu. are liberated per pound
of lithium chlcride in absorbing Troa 2.55 to l.?; pounds of water. - Based en &
pound of waber; this equsls 4£.5 Btu or 4.65 Ptu pev man-hour. The values are
“Por the salt and water. . Mo them must be sdidal the latent of corderieatmn which
is- 21050 Btu per pound o wa‘rev or 10b Btu pev ma;-hour. e

Iithium echloride 1s ’1'.".lt1011L. but la:rge doses taken bintérnally may _éause
dizziness. It 1a also nors*dered. te hi noncorrosive except toward alloys of
magnesium. It ie corrosive I the sense thab it i3 a good electrolyte which
will promote elECfrOly‘b’C SUYTUSLON -

If the lithinm chlo‘v'jde 1s used s8 A satursted sclufion, 0.0715- pound.s
would be required per howr:- Xu dram qwutltics this would cost $0.86 per
. pound of -#alt ox $0. 0615 per man-hour. . The atinped material would be 1,72
ounds of solution per person Lor 2U howes or an investment of approximately
1.50. . IL the lithium chloride i3 used as a dissolving.solid, O. ¢378 pounds:
would be required per man-hour at 4 vost of $0.0525.  On the basis -of 21+ hou.'rs '
0.9 pound. vrnuld. be reqm ed pev. ;e-rq..n. Tl would \,ost $0. 75 ) )

. Lithium chlur*de is. & very Pco" desiccant from the sLandptﬁnt of capeclty,
low possible relatilve humidilty, low heat of' absorption. The only drawbaok is
that it 1s geveral tLvreq as expenslva as (,a'l.cium chLu'.Lde. - !

2.5.0.2.4 Su]:f‘wir A:j»_ o SulfuFie 8314 18 effective in remb\;ing’
molsture from the air. Al 50 per cent relatlve huu’dl.tv, 1,25 ponurds of. water
are ahsorbed by 1.00 poawd o 1008 andd. , '

Th. heat liberatod when cne puund. of’ J(‘O% acid ahsor‘bs 1.25 pounde of' water:g.

yr——
—

e B e B oo,

— P ememey
———— | r— — —

18 275 Dty ox 220 Bhl per pound of waser. Alac 1050 Rtu's must be ‘added for the
condensatilon of one povred & vater. This amounts to 12707 Bt per poudd of water

vapcr- or- 127 Btu por man<hour. B%ause 0.823 pounds of acid sre required per T
pound of WB‘bE:Z' the ampount of 201d peeded In a nonvegenecablve syatem would be i
O 0833 povids per oEn-hote or o, 0 pounds + person Por 2k Hours. '

Saeds
Although sulfuxic scld has & skeong sf¥inity for water, it would be un-.
advisable to use 1t for 8 shelt S deslrcant bessuse it 1a very toxile snd very
corrosive. Alsc, since the primary carhon 2ioxife absorbents are sirong bases,
_a violent peachion would coomr it the asid cane in contact with the carbcn
dioxtde sbsorbent.
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2.5.2.2.5 Fhosphoric Acid (Phosphorus Pentoxide) - Phosphoric
acid may be used as a desiccant. its properties are similar to those of ‘sulfuric
acid; -that ie, it abesorbe water with -the liberation of heat but it is very toxic -
and corroeive . . )

©  The aseid enhydride, phosphorus pentoxide, is & white crystalline eolid R
which chemically combines with water to form phoaphoric aéid. The réaction is, :

+ 3H20(E) —--# 2331’0,‘ + 112, OOO Btu

: Thie is equivalent to 2070 Btu per pound of water or 207 Btu per- man-hour. The

‘anhydride is likewise corroelve and toxic.

Cos 2 5.2.2.6 Cizcerine SGlIcerolZ - Glycerine i a hygroscepic
liquid which will control the humidity in an environment. i

The equilibrium capacity of glycerine at 50 per cent relative humidity is.
0. hs pound of water per pound of glycerine. . Thus 0.22 pound of glycerine is

~required per man-hour or 5.3 pounds per person for 24 houre. - This would be

slightly over 1 gallen of 100 per cént glycerine per person. .8ince the glycerine

* coste from $0.26 to $0.28 per pound, the investment would amount to approximately

$1. Sb per pezeon for chemicals or $0 0625 per man-hour

: Glycerine is nontoxic and noncorrosive and is thus safe to handle.' Glycerine
has the advantages of safety and single-phase process and the disadvantage of '
being a ligquid and having a cost several times as great 88 .caleium chloride.

2.5, 2 2, 7 @lycols - Ethylene glycel diethylene glycol, and
triethylene glycol are hygroscopic liquids vwhich absorb ‘water from 8 moiat
atmosphere until an equilibrium 1s reacheéd between the relative humidity and
the concentration of the solution.. o ;

The capacity of glycol desincants 1s lower than any of the liquid deaiccants
described thus far. -As’an example, the equilibrum capacity-at- 50 per .cént rela«
tive humidity 1s approximetely 0.25 pound of water per pound of desiccant. Thue

0.4 pound 18 requived per man-hour and ‘10 pounds must be &tored: per pereon ‘Por

24 houre, The other glycols would have similar capacities.

On the aesumption thaet 10 1lbs of eilther of the three glycols ie eufricient

for a person for 24 hours, the costs would be $1.75 for ethylene glycol $1«$V Jwifu',jj;,-u

for diethylene glycol and $2.00 for triethylene %lycol
Hazarde

The glycols are not extremely hazardous; however, they will cause d.ie‘!:uz‘-r =

bances 1f they are taken Internally. Ethylene glycol 1s the vorst offenier in

this matter. When compared to glycerine, the glycols are more toxic, costlier
and have less capacity. .o 3
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2.5.2.2.8 Solid Desiccants - Under this title of solid desiccants :
are included nordissolving solids which adsorb by physical attraction auch es :
eilica gel or by chemicsl reaction such as calcium oxide. : . )

2.5.2.2.9 Silica Gel - Silica gel is & widely used solid desic-

,'cant that ‘has found use 1in many flelds. - The cepacity of solid desiccants is
less than that of dissolving solids or. ligquids but the solids have the greatést

‘ease of handling and those which remove water by adsorption are easily regenerated.
8ilica gel is extensively ueed in packeging metal machinery parts in order to
prevent corrosiona

The equicibrium capacity of gilica gel at room temperature and 50 per cent

irelative humidity is 0.27 pound of water par pound of desiccant. - At this capacity

the heat of wetting equala 53 Btu per pound of desiccant. -(Ref. 75).- Thus the. -
following quantity of heat is liberated during the adsorption of one pound of
water ’

Heat of Condensation - S © = 1050 Btu

‘11b desiccant - TG8Z e
53 Enu/lb of desiccant % 527 b I 196 Btu

1246 Btu per. lb of water.

Therefore for one person, 0.37 pound of desiccant is needed per hour and

Qduring this pericd 125 Btu's-are liberated.

Costs_

" 8ilica g&l costs from $0.25 to $0.30 pe:—peuad—depending ‘upon the quantity

drdered.. If 0.37 pound is required per man-hour the cost per man-hour would 1‘ﬁ‘;~,

be from $0.093 to $C.11.

2.5.2.2.10 Activated Alumina - Adtivated alumina ie @ eolid
desiccant which elso remcves water from an environment by physical adsorption. -
The capacity of activated alumina at 50 per cent relative humidity and 86°F is-
approximately 0.1l pound of water per pcund of desiccant. . The quantity of:
alumina would therefore be nearly ohe pound per man-hour. ' ’

If a regeneration system ls used, provisions must be made to heet the
apent desiccant and recool it 4o room temperature. If rio regeneration is
provided for, spproximately 23 pounds must be stored per person for 24 hours.

The price of activated alumina is approximately $0.12 per pound so the
cost per men-hour is approximately $0.12.

2.5.2,2.11 Molecular Sieves - Molecular Sieves are synthetilc
zeolites which after heating to remove water of crystallization become. very
porous and thus show a high attractlon for water and other gassous and liquid
materials.
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The equilibrium capacity is 0.22 pound of water per pound of Molecular
Sieve for Type hA sieve for relative humiditles in the range of 50 per cent.
For Type 13X sieve the capacity increases to 0,27 pound of water per pound of
Moleculsr Sieve at 50 per cent relative humidity. For the Type 13X sieve,
the requirement is 0.37 pound per man-hour and for- the 4A type it is O. k55
pounds per man-hour.

In a nonregenerative system, the following quantities would be needed at
the stated cost.

Type 13 i
Capacity 1lbs/man-hr , 0.37 0.h455
Pounds pér person for 24 hours 8.9 7 10.9

Price $/pound 1.95 1.72
Adsorbent Investment $34.70 $37.50

. In a cyclic process in which the regeneration-adsorption 1ls switched
every hour, the cost of chemicals would be $L.44 for 13X sieve, and $1.56
PEr person for Type HA. - An extra investment would have to be madp for re-
generaticn equipment, so this method would astill be costly.

Although Mclecular Sleves are a very efficient moisture adsorbent, thelir
high cost eliminates them from consideration for use 1n shelters.,

2.5.2.2.12 HKumi-Sord (Culligan) - Humi-Sorb 1s & silica type
deslccant manufactured by Culligan, incorporated. Humi-Sorb is sold in units
inetead of by welght. The conversion fasztor is approximately 16 units per pound.

The capacity at 50 per cent relative humidity end 77°F is approximately
0.25 pourds of water per pcurnd of Humi-Sorb. Therefore 0.4 pound or 6.4 units
would be needed per man-hour. The requirement per person for 24 hours would be
9.6 pounds or 153 units. The 80-unit bags cost $1.290 to $1.06 depending upon
quantity ordered. The maximum cost would be $2.50 per person or approximately
$0.10 per man-hour. Jn quantity lots this can be reduced to $0.08 per man-hour.

Hhumi-Sorb hes the advantage of being a solid packed 1n bags which are ready
for service. Ii alsc leaves nc drippings. Pricewise it is less expensive than
silica gel hut is much more expensive than calcium chloride.

2.5.2.2.13 Drilevite - "Drierite"” is a desiceant manufactured by
the W. A. Hammond 3Lierite Company. Chemically 1t is anhydrous calclum sulfate
which in the presence of & molst atmosphere forms the hemi-hydrate.

CaS0, + 1/2 By0(gy === Cas0) 1/2 ®0
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The heab liberated during this reaction is 1590 (Ref. 76) Btu's per pound

of water. According to this equetion, 0.066 pounds of water react with one pound
of drierite. The actual capacity is slightly higher than this because some
additional water is taken up by physical adsorption. In "Du-Cal" industrial
Drierite, the caleium sulfate is impregnated with calcium.chloride in order to-. -
increase the capacity of the desiccent. Thé maximum working capacity of this
material would probably be 0.1 pound of water per pound of desiccant, sc one

ound would be needed per man-hour. - In 100-pound lots Du-Cal Drierite costs
go 22 per pound, thus the man-hour cost would be $0.22.

The cost of Drierite may be unattractive as a desiccant for fallout shelters
when compared to other solid desiccants such as Humi- Sorb.

2.5.2.2.14 Anhydrone - Anhydrous magnesium chlorate is known as
"Anhydrone". In-the presence of moisture, the anhydrous material passes through.
a éi-, tri~ and finally a hexahydrate.

. o v ] B &
Mg(C10,), 2H,0 —-> Mg(C10,), 26,0 Ee——> Mg(C10,), *+ 380

3,0
> Ms{e10,), - 6,0

The anhydrous material absorba 48.6 per cent of its original welght in

forming the hexshydrate. Thus to &bsorb 0.1 pound of water per man-hour would

require 0.206 pound of anhydrone in an idesl system. This is attractive from &
weight and volume viewpolnt; however, the high cost make.the-use of Ahhydrone
prohibitive. The cost per pound is approximately $2.00. This would make the

- per men~hour cost $0.L0.

The material can also form exploslve mixtures 1f it comes in contact-with
organic vapor, so even if it were less expepgive, 1t would have to be rejected
for this reason.

2.5.2.2.15 falcium Oxide - Lime 1s hygroscople and absorbe water
te form the hydroxide. TheoretiEEle or:e pound of lime should absorb 0.32 pound
of water, but the actual capacity 1s 0.1 pound of water per pound of lime or less
because of the formatlon of carbonates. On the assumption that the capacity is -
10 per cent of the dry welght, one pound of lime would be required per man-hour.

2.5.2.2.16 Barium Oxide - Barium oxide reacts with water to form
the hydroxide and. the hydrexide then forms a monohydrete and a octohydrate.

The hydrcxide is extremely stable. In fact, barium hydroxide can be used
for moisture removal at temperatures as high as 10CO°F. The primary drawbsck is
low capacity. Rarium hydroxide absorbs only 10 per cent of its dry weight in
water. Therefore one pound 18 nezessary per man-hour. .Since the cost of ground
material in drum lots is approximately $0.15 per pound, the ccst per man-hour
would be $0.15.
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The material is also toxic and is hasardous in this respect.

2.5.2.2.17 Actlvated Carbon - Activated carbon 1s used exten-
sively as an adsorbent. It 1s capable of adsorbing water, odors, organic
compounds &nd various other substances. While substances such as ‘Molecular
Sieves and silica gel adsorb water In preference to carbon dioxide or organic
vapors, actlvated carbon acts in the reverse manner. That 1s, any water which -
is adsorbed can be replaced by organic vapors. (Ref 77)

Since there would certainly be organle vapors present from human sWeat or
flatus, and cooking, the sctivated carbon would not be as efficlent as a
desiccant as one which adsorbed water in preference to other. vapors.

2 5 2.3 Comparison of Vhrious Desiccants

Type ) 7 Reli- : Pover ",COst per - | Storage &
: abllity | Requirement | ~ Man-hour Handling

Deliquescent Solids S ) )
Caleium Chloride | Good | = Nome . -Very low Fair
KOH,. NaOH Good “Nome | 1w | Fair
1iCl Solidd | Good | None . ow | wair
Phosphopus Pentoxide | Good - Nona 1 Cwew Poor
Solutions A ] o -
LiCl. | Goca ‘None - | Moderately Low | - Good

|sutfuric Acia Good ‘None ~ |. wew . | -Poor- -
Phosphoric Acid Good ' None 1 - Tow . LFbor" K
Glyecerine Good None | Moderately Iow | = Good
Glycols _ Good None - Moderately Iow | . Good
Solids ' R
Silica Gel Good None Moderste |  Good ¥
Activated Alumina Good None  Moderate " Good
Molecular Sieve Good Nene Very High Good
Humi -Sorb Good Noe  Moderate Good -
Drierite Good None High Good
Arhydrone Good None High Fair
Calcium Oxide Fair : None Lov Good
Barium Oxide Fair None Moderate Falr
Activated Carbon ¥air None High Good
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Moisture control is not essential for life support but it is necessary
from the standpoint of morale, comfort and preventlon of colds. Reference is
made to Figure 3 for this comparison. ST E

Reliabilitx

Deliguescent Solids - Deliquescsnt materials are raliable dssicoants,
however, alkali hydroxides form a surface film which decreases the rate of
“water absorption. : . )

Solutions « Solutions of desiccants are reliable although thsy do not have -

‘the capacity of a deliqusscent material. e e i
-Bolids - The solid desiccants, silica gsl activated alumina, Molecular
Sieves, Humi-Sorb, Drierite, and Anhydrone adsorb moisture ‘efficiently. Oxides

" of calcium or barium will form carbonate whigh will hinder further adsorption.

Activated carbon will preferentially adsorb- high molecular Wsight compounds.

Power Requiremehts -

___ -.- None of the dssiccants require powexr for operation although a blower would

increase the rate of adsorption. Power is roquirod if regeneration is required.
' Costs . '

The costs of desiccants listed below are based on chemical prices and a
nonregenerative system. Regencration will lower chemical costs but raise ‘equip-
ment costs and also necessitate a power supply.

TABLE,15

COSTS OF DESICCANTS

Compound Dollars per Man-Hour
Calcium Chloride 0.002-0.004
NaOH - KOH 0.008-0.011
11C2 (so0lid) 0.032
P,0. ) 0.0k45
L?ci (sat. soln.) 0.0
Sulfuric Acid : 0.001
Phoaphoric Acid 7 ow
(lycerine 0.063
Glycols 0.088
Silica Gel 0.10-
Activated Alumina 0.12
Molecular Sieyes 0.886
Humi=-Sorb 0.10
Drierite 0.22
Anhydrone 0.40
Calcium Oxide . 0.01
Barium Oxide 0.15
Activated Carbon Moderate
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because of the following features:

Storage and Handling

Deliquescent desiccants must be stored sealed. Other than this, there le
no storage problem. The main problem of handling the chlorides of calcium or
lithiun’ come from the Tact that the deliquescent materials drip a saturated solu-
tion and  require a: pan to chteh this soliution. This solution is nontoxic but
may be corrosive. The hydroxides of. sodium or .potassium on the other hand are
not only ¢orrosive but are also toxic.: They do have secondary effect of also
scrubbing carbon dioxide. Phosphorue pentoxide is also corroeive and toxic.

Solutions - ‘Solutions of lithium chloride, glycerine and glycols are easy
and safe to handle. BSulfuric and phoephoric acid solutione are toxic and ‘
corrosive.

Solide - The solid desicecants are easily handled and for the most part are
safe to use. The exception is Anhydrone, which is & perchlorate and is capable
of forming unstable mixtures in the presence of combustible substances. Barium
oxide 1s rated fair instead of good because it is a toxic compound..

Of tme desiccents investigated the following will be further considered

',Calcium,chloride - -very low cos£,~high capacity\
Bilica gel - moderate cost, handling ease - -
Huml-8orb '~ Moderate coet; handling ease

2.5.3 Heat Rejection Methods

o

To provide temperature control in an underground shelter sensible heat must
be transferred from the shelter to a suitable external hesat eink ‘such as the
surrounding soll or proximate well water. Temperature control methode include N
both aetive (mechenical refrigeration) and paseive techniques. J—

2.5.3,1 Mechanical Refrigeration Systems

2.5.3.1.1 Vapor Compression System - The most common refrigeration
method used in air conditioning applications today is the vapor-comprésaion system,
so-called because the refrigerant 1s in vapor form when raised from the low tempera-
ture to the high temperature by compression. The most common refrigerants used,
especially in air conditioning applicaticn, are the Freons such as Freon 12
{dichlorodifluoromethane). Freon has two distinctive and important advantages
for shelter réfrigeration systems, namely, it is nontoxic and nonflammable. . A
schematic of a bhasic vapor compression system 1s shown below.
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1
Condenser .2
B ol 6“. Compreasor’
> Valve
¥in
‘Evaporator

- i Qin

Figure 18 FLOW DIAGRAM FOR VAPOR COMFRESSION SYSTEM
An explanation of the thermodynamics taking place is best made by reference to

‘8 temperature-entropy diagram as shown below:

. /\/ 2
T 3 :

Figure 19 TEMPERATURE-ENTROFY DIAGRAM FOR VAPOR COMFRESSION SYSTEM
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Beginning at point 1, the refrigerant vapor enters the compressor, which may be
either s reciprocating or centrifugal type. The low temperature refrigerant ls
compressed (isentropically in the ideal case) to some pressure, p,; such that the
corresponding saturation temperature is above that of the temperafure to which
heat 1s to be rejected in the condenser, which may be elther air-cooled or water-
cooled. The condenser removes any superheat, the latent heat of condensation,
and generally subcools the liquid a small amount. From 3 to 4 the refrigerant

18 throttled through the expansion valve at constant enthalpy. The saturated
liquid at state 3 thus becomes a very wet mixture of liquid and vapor at 4.

. From 4 to 1 the mixture absorbs its latent heat of vaporization from the aree

which is to be cooled.

The coefficient of performance, which is a ratioc of- the heat absorbed in
the eveporator to the heat equivalent of work done by the compressor, may be .
expressed as, -

?“u = by

¢c.0.p. =

vwhere, - h =. . enthalpies at the state polnt indicated by
subscripts, Btu/lb.

.For a Frecn 12 system operating with a condeneing temperature of 120°F end an -
- evaporator: temperature of LO°F, assuming iseéntropic compression and conetant

enthalpy expansion, the coefficient of performance is,

4—5—935:362 - 363

The the. retical horsepower per ton of refrigeration (12,000 Btu/hr) and the -
coefficient of performance are inverse functiocns as showu by,

Hp/ton w .ﬂ

c.0.D.

For the example glven,

HP/ton = Eﬁ%l= 1.1 .

Each pound of Freon 12 ahsorbs 46.5 Btu of heat passing through the evaporator.

2.5.3.1.2 Air Refrigerating Cycle - Alr itself is used as a
refrigerant in this system, which does not entail & change-of-phase and the
consequent latent heats of vaporization and condensation as did the previous
system deseribed. The equipment schematic for this system is presented next.
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Heat Exchanger

Compressor

Shelter
Alr -

4/

Figure 20 FLOW DIAGRAM FOR AIR CYCLE SYSTEM

The ideal process ls shown thermodynamically on the temperature-entropy diagram
below: . :

-
3 _
- - _ - ’“Pl
T ‘—-
'1

- |
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1 1
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Figure 21 TEMPERATURE-ENTROFY. DIAGRAM FOR AIR CYCLE SYSTEM
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. Figure 22 shows the effect of prgssure ra

As shown, air at P. is drawn directly from the shelter into the compressor when
lsentropic compression to P, occura. From 2 to 3 constant pressure cooling of
the alr takes place by heat rejection to water or some other acceptable heat sink.
From 3 to 4 the air is ilsentropically expanded through an expansion engine, such

"as a turbine, directly into the shelter at temperature, T), which is lower than
. the intake temperature, T

1* -
The area, a-3-2-b, represents the heat rejected in the heat exchenger while
the area a-l- l-b represents the cooling effect.

The coefficient of performance 1s the cooling effect area a-b-1-b, divided
by the net work, area 1-2-3= 4. Assuming lsentropic compression and expaneion
the coefficient of performance may be expreseed by,

- Th

cop =y
) Ty =Ty - Ty - 0

To compare the theoretical coefficient of performence of the air cycle to
that of the vapor compression cycle for Freon 12, it will be mssumed that the
temperature entering the compressor, T , is equal to the evaporating temperature.
and the tempersture leaving the cooler) T., is equal to the condenser temperature.

%io upon coeffigient Of performence and
heat absorbed per pound of fluid circulated. . As ehown, a theoretical coefficient
of performance of 2.5 is obtained with & pressure ratio of 2.5, but only 12.5-
Btu ot heat are removed per pound of air pumped. Higher pressure ratios yield .
grester refrigeration effects per pound of air but at the expense of decreasing
coefficients of performance. A point of diminishing returns must be established
in the actual case where the frictional losses due to pumping larger volumee of
alr offset the greater coefficients of performance, .

The Freon 12 vapor compression system with a refrigeration effect of h6 5 Btu
per pound of refrigerant and a coefficlent of performance of 4.3 is superior- to
any alr cycle system operating between the same temperature limits. Air cycle

equipment would also be larger because of the larger amounts of gas which must’be o

handled. ) i

In general, an alr refrigeration system is superior to a vapor compressicn
system in freedom from refrigerant leakage but requires more power for the same
refrigeration effect.

For shelter applications. however, the reliable and completely safe operating
characteristics of the air cycle gyestem may outweigh the requirement for more
power. Consider an alr refrigeration system operating with an inlet temperature
of 80°F and a temperature drop through the cooling coils of 50°F. Table 1T shovwe
the theoretical coefficients of performance and refrigeration effects for various
pressure ratiocs. A trade-off study could be made to select the cptimum pressure
ratlio for minimum power consumptlon. .
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'2,5.3.1.3 Absorption System - Absorption refrigeration systems
are heat-operated and utilize at least two working substances, & refrigerant
and an absorbent for the refrigerant. A simpie continuous cycle for a liquid - -

absorbent is. shown in Figure 23«

) 7 - \

R .

-Pressure
-\ Rediclrg
Valve

R o “Re;f'r.‘Varpor - I , Valve

'%u%/ - — /“ﬂm

Pump  Absorber . Evaporator

Figure 23 FLOW DIAGRAM IN ABSORPTION REFRIGEﬂATIQN SYSTEM

The four maJjor steps of this cycle are latent-heat processes ihvolving‘the.n .
transfer of refrigerant between the liquid and vapor states in the evaporator, .

‘absorber, generator, and condenser. In the evaporator, nesrly pure liquid

refrigerant bolls and absorbs the cooling load. In the absorber, the vapor from
the evaporator is absorbed by a weak solution producing a stronger solution and.
waste heat which must be rejected to & heat sink. The rich solution is then pumped
to the generator where a high temperature source of heat 1s used to boll out-
refrigerant vapor. The vapor then passes to the condenser, where it condenses

and evolves waste heat to be rejected to a heat sink, such as cooling water. The .
generator and condenser operate at the high side pressure. The weak solution
produced in the generator is fed to the absorber through a valve, and the liquid-
refrigerant produced in the condenser is fed to the evaporator through another
valve. )
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A factor expressing the efficiency of absorption refrigeration systems,
which is comperable to coefficient of performance is called the performence
factor. Performance factor is the ratio of the heat absorbed in the evaporator
to the heat absorbed in the generator, and is equal to slightly less than one
for the ldeal case under all circumstances. The performance factor decreases
slightly as the difference between evaporator and abscrber temperature is in-
creased. In comparing the sbsorption system with a vapor compression system
it 18 noted that the performance factor has an upper limit of one.

In comparing the absorption system to the vapor-compression system the

value of the particular typé of energy required must be considered rather than
the ameunt. The cest of the abscrption iachine, both initial and operating, 1s
less influenced by the évaporating temperature than that of the vapor-compression
machine, so that at low temperatures the absorption machine compares favorably.
The abscrption machine has certaln particular advantages for shelter applications:
(1) no prime moving parts, (2) no lubrication is required, (3) easy to control at
partial load while meintalning its full load efficiency, (4) heat is often easier
to supply than electrical power.

For shelter appllcatlons, however, very low evaporator temperatures are not
required.  If heat and pover are considered equally difficult to supply then the
absorption system is inferlor to both the vapor compressilon and alr cycle systems
as indicated by the performance factor.

2.5.3.2 Passive Cooling Technigues

Passive ecoolirg technigues are those requiring litile or no external
powver to transfer heat Trom the shelter to elther an external or internal sink,

2.5.3.2.1 Circulstion of Well Water - An obvious method of
rejecting heat is by clrculating well water from outside the shelter through
an internal heat exchanger. Since it is very likely that many shelters will be
built to include a well water supply, this method ls convenient, but does
require pover for & water pump and clrculation fan. The power required to provide
a certain coocling effect, Q, is dlrectly propcrtional to the guantity of water
pumped. The quantity of water pumped, m, 1s inversely proportional %o the tempera-
ture change, At, across the heat exchanger as shown by,

me

dn
7]

Therefore, the required power consumption rate is largely dependent upon the
temperature of well water in the particular shelter location. In addition to a
pump and heat exchanger, a circulation fan to force shelter ailr across the heat
exchanger is required.

A seriocus disadvantage of this system 1s that the well water temperature
also dictates the minimum dew point which can be obtained in the environment.
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2.5.3.2.2 latent Heats of Fusion - The latent heat of fusion of
solids such as ice may slso be ccrsidered for & means of absorbing the sensible
heat of & shelter. Ice sbsorbs 144 Btu/lb upon melting and if s temperature _
increase of 30°F 1s assumed then each pound of ice 18 capable of absorbing ebout
174 Btu. If metabolic heat is assumed. to be 400 Btu/hr per man it is readily
seen that about 2.3 pouds of ice are required for each man per hour of occupancy
for metabolic heat removal alone, which is & prohibitive amount. No other common
materials having higher latent heats ¢f fusion possess low enough melting tempera-
tures for such application.

2.5.3.2.3 Latent Heats of Vaporization - Vaporization of a liquid
is an effective way of' absorbing sensible heat, Water, with a latent heat of
1060 Btu/lb (at 60°F), absorbs more energy upon vaporization than does any other
common liguid. Vaporization at 14.7 psia does not take place until temperatures
of 212°F are attalned, however. To vaporize water at 60°F, for example, the
pressure must be reduced to 0.256 psiam necessitating incorporation of 2 high
capacity vacuum pump and-an evaporstor-heat exchanger,

Armonie hes a high latent heat of vaporization (518 Btu/lb at 60°F) but
introduces problems of corrosion and teoxilcity into a shelter system. Of the
readily avallsble 1lquids that can be nandled easily, propane has the highest
latent heat of vaporization (184 Btu/lb at 60°F). The heat of vaporization for
propane 18 thus seen tu be only slightly greatier than the heat of fusion for ilce.

Since propane is a fuel it ~ould also be used i1or auxiliary power generation
and the elsctrical power vsed to drive a mechanical refrigeration system. The
cooling cepeclty, @, of such a system can be calculated as follows:

- & . . 3
Q=m \npg; + B:r,g (OF)

where Q = conling cepacity, Htu/he
m = flowsate of tuel, Lb/tr
bfg = latent heat of vaporizstion of fuel, Btu/lb

H =  hneating value of fuel, Btu/lb
k! = gererator syster efficiency

cop

roefficient of per¥irmance of refrigeration unit,
assume a valiue of 6.

Ta prodivee & coeling effect equsl Lo the metabolic heat production of one
man, sbout 0.2 1b/hr of propane are raguired. Thus, this sys*em could effectively
be used %o previde sensible 2coling but the effect of vaporization is small
compared to the combustion energy.




BETTTINCINES
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2.5.3.2.% Heat of Solution - Many materials release or a&bsorb
thermal energy when dissolved in water. The following three salts absorb thermsl
energy upon dissolving in water. These are examples of a number of compounds
listed in Perry's Handbook having & negative heat of solution.

3 : -.' © Amount of Water
Compound (C) Heat Abéorbed @ 64*F for Dilution
Sodium diphosphate 117 Beu/lb, 80.3 1bs/1b, -
NEEHPOh . 12Hé0

Sodium Thiosulphate . PL.B 29.0
Na 8,05 * 5H;O ..

Sodium tetraborate 794 42.5
NaQBhOT . lOHQO

It is seen that prohibitive quantities of chemicals would be required to
absorb the heat leads anticlpated in underground shelters.  Also large quantities
of” water would be required to form the solution.

2.5.3.2.5 Thermal Buss Bars - Since the soils surrounding under-
ground shelters are relatively poor thermal conductors, little thermal energy
is transferred through conventlonal shelter walls. (See Table 14)  If the heat
transfer through the soll is corsidered one-dimensional and the soil 1s regarded
as an infinitely thick heat sink, then the total heat flow during &n interval of
time is,

Q=l13kF =

vhere, Q@ =  total heat flov during interval, -Btu/ft2

2 o

X =  thermal conductivity of soil, Btu ft/hr - ££°-°F

C tempsrature differential between soil and air, °F

t = interval of time concerned, hr.
K 2
& = diffusivity of soil, T ££°/hr

A system requiring nc power to improve heat transfer utilizes several fixed

" conductance heat paths to improve the overall coaductivity through the soil.

These fixed ccnductancs piths are termed thermal buss bars and are fabricated
of some reasongbly inexpensive and relatively high conductivity metal. Shown
next is 2 cost and condustivity comparison for aluminum, copper, and steel buss
bars. ’




Material Conductivity Cost

Copper 226 Btu-rt/hr-£t2-°F $0.10/1n3
Aluminum li% .03
Steel 36 0L

The comparison clearly shows that aluminum provides the highest conductivity
per dollar. o

Since the bussg bars must proéect about 4 ft. Into the soil the conductivity
of the aluminum bars is 29 Btu/ft‘uhr-°F. The above equation may be used to

calculate the required conductivity of the soll-buss for combination, k.
The ratio of aluminum per unit sres of soil, x may then be calculeted a8 below.

¥ " %s

X B eceee————
29 - ks

where, x =  ratio of aluminum ares to scil area
ke =  required conductivity of combustion, Btu/hrfft2-°F
kg =  soil conductivity, Btu/hr-££°-°F .

To incorporate such a thermal control system would require: (l)'alseries
of convective heat exchangers located inside the shelter, (2) & number of thermal

‘buss bars projesting into the soil, (3) a thermal control switch to provide some

means of controlling the amount of heat rejected; which might be required in
rocl climates to prevent overcooling of the shelter interior.

Control of this gystem could be provided by meens of & switch which connects
end disconnects the convectlve heat transfer panels from the shelter end of the
thermal buss bars. The thermal switch itself 1s any device which will bresk the
circult. Simple bimetallic devices can be used, but the thermal contact reslstance
of these devieces 1s usually high. A superior system utilizes a bellows filled
with a temperature-gengitive fluid to actuate the switch contacts. The Cluid may
operete on the volume variation produced by a phase change or simply by expansion
and contraction to temperature change.

For shelters located in relatively cool climates, the thermal buss bar
method is most sttractive., Many shelters may thus be afforded temperature
control without sxpernding power.

L




SECTION 3

EXPERIMENTAL EVALUATIONS

Sectlon-2 of this report demonstrated the superiority of soda-lime and
Baralyme over other types of carbon dioxide absorbents when used in a- dynamic
system. However, the literature and field survey also conducted under Sectiocn 2
falled to uncover sufficient experimentally determined performance data upon
vwhich application specifications could be based. Therefore, experimental evalua-
tions were underteken to obtain optimizetion data for absorbent canister design.

As mentloned in Section 2, the use of lithlum hydroxide anhydrous crystals
for static absorption of carbon dioxide in small family fallout shelters has been
nationally advertised. Experimental results upon which application deslgns could

be based were found lacking, therefore, statle absorption teste of thls absorbent -

were conducted in & sealed 500 cubilc-foot chamber.

Since chlorate candles have been advertised as a source of oxygen in failoﬁt

shelters, a 90 cubic~-foot candle was obtalned and tested to establish the gage of -

operation, safety, and performance of these items.

3.1 Dynamic Absorption Systems

3.1.1 Test Objectives

The removal of 0, by solid absorbents with forced ventilation 1s a problem
of gas absorption in plcked beds. Estimation of the concentration of a fluid
stream and the capaclty cf the absorbent bed present formidable mathematical
difficulties vhich have not been completely solved for the general case. '

Marshall and Hougen (Ref. 78) have developed a solution for the special case
where adsorption (the two terms "adsorption' and"sbsorption" have clesrly defined
differences but are used interchangesbly to include both meanings) takes place
from & dilute soluticon and where equillbrium adsorption 1s directly proporticnal
to the concentration. Danby and coworkers (Ref. 79) presented "The Kinetics of
Absorption of CGages from an Alr Stream by Granular Reagents" in which the aseump-
tiong were irreversible chemlcal reaction between the absorbent and the gas or at
least irreversible sdsorption. The latter approach was used here because of the
ninimum amount of experiment necessary to chtain design data.

The materials examined in the present investigation were packed columns of
soda-lime and Reralyme. SHExisting-information on the performance of thege chemicals
vas inedequate to ensble an optimum process design. Therefore, a series of experi-
nents were carried out to cbtain kinetic data in the form of breakthrough time
and capacity as functions of vessel dimensions and flow rate.
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" tration of the absorbate in the stresm. entering the zone is C

3.1.2 Theory

For the theoretical equation, consider a column of unlt cross section.
A distance £ from the bottom there 1s a zone with thickness df and the concen-
and leaving
the concentration is Cpm ( C/BE)T df, where T is the total t?me the column
has been exposed to the’gtream- If™x ls the amount of .gas reacted per unit
volume of material, then the amount reacted during 4T in the zone is

A -4 (%’T‘r)z T | (1)

where A 15 the cross-sectional area of the column. . The standard equation of
continulty for a binary mixture applled in this situation: o

e

where V ig the super: icial velocity (volume flow divided by the cross- sectional
area). In essence the equation states that the difference between the concentra-

‘tion of the absorbate-in minue the absorbate-out is equal to- the absorbate reacted

in the zone plus the rate of éhange of 1lts concentration with time in the zone.
To obtain a reasonably slmple mathemsitlcal treatment, the following assumption-
must be made concerning the kinetics of the reaction. The rate of removal of the
gas (carbon dioxide in this case) 1s directly proportional both to the econdentra-
tilon in the stream and the concentration of active centers remaining in the
material at any given time. Thus a relatlon between x and C is given:

% = kON (3)

vhere k is a constant and N 1s the pumber of active sltes per volume of material.
Since each active center as defined above is concumed with one molecule, then it
follows,

N _ X

- 57 = 5 = kCN _ ()

These simultaneous equations zombined with Eq. (2) are solved to obtain C as a
function of both £ and 7. The general solution combined with the boundary condi-
tion at Am Ejvc = C (Co is the entering gas) and a limiting condition
C= C e &t To= 0 glven the final relation,

C

KT (emvoz 71

C= (5)

+ 1

where N_ 18 the initial number of active sites. Other assumptions implied in
the solution are that the heat of reacticn or adsorption is conducted awasy
immediately, and changes in local water content in the column do not appreciably
change the rate of removal of the gas.
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Equation (5) 18 very flexible since all the significant variables; namely,
b column length, time, and outlet concentration are contained in it. Upon re-
: - arranging Eq. (5), the following is obtained,

R . e Cmo (o /- 1) = ke r v (@) - (8)

: - For a given set of conditions such as the velocity,\the length, and the

' S inlet concentration, & linear relation exists between n(C_/C - 1) and T. . The

i constants k and N_ can be determined from a plot of this,data in the edarly stages
of breskthrough wlen ¢ /C is finite. Tt is possil”e that the process 1s diffusion-
controlled; that is, tBe diffusion of CO, to the particle surface from the bulk
strean is much slower than the reaction.” In this event, k and N will be dépendent
on the veloeity, and should follow a relation such as k proporti%na;,to the square
root of the velocity. ' ‘ ' ) o

l The concentration of the outlet stream at which the column is no longer
considered ugeful is known as the "breakthrough concentration". Corresponding
) N to thia i3 the time atkﬁhiiyvthis oceurs, the "brealkthrough time". : Because it
. , ‘{ is usually true that e o is much greater than unity, the breakthrough time
. is approximately linear with column length, and inversely proportional to th

velocity. Thie 1s seen from inserting the last assumption in Eq. (6): 7 .

Cy ! kNoﬂ’ ' -
ln ng -1) =~ kC T' + == (7

s

i -~ where C' is the breaktlrough concentration, and T' ls the corresponding time.

The experiments were planned from consideration of the theoretical perfor-
mance predicted by k-. (7). With given conditicns of packing height, inlet
concentration, outler breskthrough concentration, the superficial velocity vas - .
varied for each run. It could be expected from the theory that plots of T'! vs l/V
would be streight lines, ore for esch length. A knowledge of T' enables the’
ealculation of the capacity of the bed in pounds of CO, per pound of bed from
the known weight of bed, the flow rate, and the inlet Concentration. . Similar
plots could then be constructed as capaclity versus l/V for each length of the S
corresponding cross-plot, length versus capacity for each velocity. Extrapolation:
of sueh charts during the process of expsrimentation enabled the intelligent
selection of test variables for subsequent runs.

3.1.3 Test Procedure

Experimental procedures involved in testing the two absorbents were aimed
at simulating typlcal shelter condltions. The average laboratory temperature N
during these tests was 8O°F ard the relative humidity was 70 to 80 per cent. A o
Roots-type, rotary-lobe blower was used to eirculate room air through the system. '
. Carbon dioxide was injected in the air stream at & rate necessary to produce a
one-per cent mixture in the inlet to the absorbent bed. The one-per cent

i
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concentration was used in order to fulfill the physiologlcal requirement that
the shelter air be controlled at one-per cent carbon dioxide or below.

4 flow diagram of the apparatus is shown in Figure 24, A cylinder of .
compressed carbon dioxiis was used as the carbon dioxide source for inlet stream.
In order to maintain & constant pressure and flow of carbon dioxide the pressure
in the cylinder was adJusted through two reduction valves to 2,5 psi. ¥Fine —4?'
control of the carbon dioxide flow was accomplished with a small needle valve.;

A column by-paes enabled the inlet flow to be monitored by the sensor prior to
an actual cxperimentsl run. In this manner, it was possible to adjust the carbon
dioxide to one per cent and also check the concentration at any time during the
run. The total stream flow rate was set by adjusting the blower by-pass and ohtlet
valves. :

- The effluent gas from the column was partially vented to the afmosphere.'
The remainder was circulated to the carbon dloxide sensor with a constant-volume
diaphragm pump. Another vent was provided prior to the sensor inlet to remove )
water condensed in the Tygon tubing. A recorder was used in conjunctlon with the
sensor to glve & confinuous record of the effluent concentration-

The firet aeries of teste were conducted in a six-inch diameter (5. hh in.
I.D.) Plexiglass column. Only one bed length of 13 irchés was tested in this
column. The remainder of tests were run in a 1.5-inch I.D. gless tube with the ~
bed length varying from 13 to 39 inches. Comparable conditions in the two - -
columns gave results which agreed within experimental error; therefore, the
smaller column was used in order to conserve material and to-decrease the time
requlred for each test. Several flow rates were run at each of three packing
lengths, namely 13, 20 and 26 inches. One test with a 39-inch bed length was
necessary to verify scale-up designs. Superficial velocities varying from 0.28
to 1.0 foot per second were tested at each of the latter three bed lengths,

.The particle sizes of both soda-lime and Baralyme were the low dust 4.8
mesh types. ¥resh sbsorbent was closely packed in the column for each run by
tapping the outside vigorously vhen each third of the total length was fllled.
During the majority of a typical run, the effluent carbon dioxlde concentration
was approximately zero. The period during which the outlet changed from zero to
0.1 per cent was smell compared to the total time, and thus all but 2 negligible
amount of carbon dioxide was absorbed.

3.1.4 Test Results

The data collected for each run consisted of the total gas flow rate, break=-
through %ime, bed temperature, packing length, end packing weight. Pressure.
drops were determined in & separate experiment. All the other important variables
can be caslculated from these measurements. The total weight of €O, absorbed is
determined from the breskthrough time, the temperature and one per~cent of the
total flow rate. Velocity is calculated directly from the bed diasmeter and the
flow rate, therefore it is considered superficial; that is, the velocity which
would result at the given volume flow rate if the column was empty The data and
pertinent calculated variables are listed in Table 17.
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Figure 24 APPARATUS FOR EVALUATING CO2 ABSORBENTS
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TABLE 17
SODA-LIME
Experimental and Calculated Data

L, Bed Volume Breakthrough| Packing Bed | Ib of CO2 Ib of . CO, 'l/V, o

Length, In.| Flow, CFM Time, Hrs. |Welght, Ib. Temperature, °c Abs_orbed, Ib of Beg Sec/FYy
13# 2.5 12.4 9.80 30 . 2.005. 0.210 | 3.88
13% 6.0 2.63 9.97 30 1.046 0.105 1.62
13 0.323 3.88 0.67h 30 0.0831 | 0.123 2.28
13 0.222 8.50 0.703 30 0.125 | 0.178 3.32
13 0.563 1.33 0.695. .30 0.0496 | 0.0714% | 1.31
20 0.210 2h.3 1.126 30 0.338 0.301 3.51
20 0.320 12.7 1.129 a7 0.272 0.2h1 2.30
20 0.737 2.45 1.116 30 0.120° | 0.107 | 1.00
20 0.355 11.0 1.120 30 0.259 0.231 2.08
20 0.485 5.25 1.116 30 0.169 | o0.150 | 1.52
20 0.737 2,28 1.113 30 0.111. - | 0,100 | 1.00
20 0.337 11.2 1.110 30 0.250 0.225 | 2.18
26 0.553 6.50 1.b23 30 0.238 0.167 1.33
26 0,195 39.2 1477 30 0.507 0.356 3.78
26 0.3L 19.3 1,436 30 0.397 0.276 2.38
26 0.337 14.5 1.h6c 32 0.319 |o0.218° | 2.18
13 0.357 1.70 0.822 30 0.0k02 | 0.0k50 | 2.06
13 C.736 0.4%0 0.813 30 0.0195 | 0.0240 | 1.00
1 0.210 9.66 0.8¢h 3 0.134 0.167 3.51
20 0.362 7.46 1.857 30 0.177 0.1k1 2.0k
20 0.210 £5.5 1.2h2 30 0.355 0.286 3.51
20 0. 75k 1.36 1.267 30 0.0720 | 0.0530 | 0.99
26 0.368 16.6 1.621 30 0.ko1 0.247 2,0
26 0.736 1.80 i.630 30 0.0878 0.0539 1.00
26 0.200 38.9 1.570 30 0.515 -0.328 3.68
35 0.355 30.6 2.340 30 0.720 0.308 2.08

* Tests in six-incn diameter column

108

o ey

S ——
e



P——— g
Ymee a1 PRI

[ e ]

In order to correlate the experimental results with the theoretical con-
siderations in Section 3.1.2, the results were plotted for soda-lime in Figures
25, 27, 31 and for Baralyme 1n Figures 26 28 and 32. Ah attempt was made to
correlate the reaction velocity conetants and the corresponding active site
numbers as functions of velocity and length.. . However, it was found that these-
variables vere very sensitive to experimental deviations and that no correlation
could be obtained on this basis. As a result, a more empirical approach using

graphical procedures was developed and a satisfactory correlation was obtained.

Figures 25, and 26 show the effect of velocity on the breakthrough time
for each of the three lengths tested. The theory predicte that these curves
should be straight lines intersecting the reciprocal velocity axis at velocitiles
where the breakthrough time is essentlally zero. . A comparison of Figures 25
and 26 shows that soda-lime agreed more closely with the theory than Baralyme.
The convergence of the times at high velocities imdicate that channeling prevails
at these conditions and therefore, even with high packing lengthe, very little
capaclty can be expected.

Breekthrough capacity as a function of reciprocel veloeity‘with length eeu

the parameter is shown in Figures 27 and 28 for soda-lime and Baralyme, respectively.

As could be expected, breakthrough capaclty increases with increasing length and -
decreasing velocity. The runs made with the six-inch column are deesignated by

“two dots sbove the l3-inch line in Figure 27. 'The curve crossing horizontally
through the 20- and 26-inch curves represents a locus of column dimensions and o
velocities for which the required absorption performance will actually be realized

at 2k hours. The meximum capacity for each substance based on the total reactant
availeble is 0.48 pounds of CQ, absorbed per pound of abgorbant. - Therefore, the

capacities for each length wil% ‘asymptotically approach O. hB on the ordinate axis.

Figure 31 and 32 show the effect of velocity and bed length on' the preesure

" drop for esch material in the 1.5-in ID column. . The préssure drop for each

scaled-up column will be slightly higher than given in Figures 31 and 32 ‘due to
wall effects.

3.2 8tatic Carbon Dioxide Absorption

A static absorption system, which utilizes natural convection currents has
the advantage cf not requiring & blower for forced circulation and therefore is
not dependent upon & power supply, whether manual or electrical.

A satisfactory absorbent should have the following properties:

1. Dust free- to prevent irritation and possible injury to
the eyes and respiratory organs

2. Nontoxic- to prevent injury in the event of accidental
" contact with the matexial

3. . Low required exposed surface area- to conserve space.
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. Pounds of €O, Absorbed per Pound of Bed -

Figure 29 SODA-LIME PERFORMANCE CHARACTERISTICS -
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3.2, l Bacgggoun

Of the various aolids which may be satisfactorily used in a blower - canister
system, anhydrous lithium hydroxide.is the only material availsble at the ‘present
time which is sufficiently active to abaorb-carbon diokide 1n afatatic system.

At the present time, Maywood Chemical Works is the only lithium hydroxide
manufacturer knovn-to be marketing the anhydrous material for fallout shelter
use. This material is the 4/8 mesh granular form sold under the tredename of
"Granlox". It is sold in four-pound and elght-pound containers. The four-pound -
container is advertised to be adequate for one person for U8 hours. Maywood

Chemical Works' recommendetions call for spreading the meterial on a screen at: '
least 1-1/2 £t x 3 £t 80 that the.air can circulate through the material.

3. 2.2 Test Procedures o

The" diagram below shows the experimental setup that was used to evaluate a-
gtatic system using anhydrous lithium -hydroxide as a carbon dioxide absorbent.

V-
ot
H

v

- B | ‘ -?:V?>,VV . 1o

81

A

ead  Meter ' MSA Recorder
COE Lira Ahalyeer -

Range: 0-2% CO,

The carbon dioxide was released into the chamber and circulated by means
of a 10-cfm fan. The purpose of the fan was 0 promoté circulation which
ordinarily would be provided by the movement of the habitants and thermal
convection. The fan also insured that a representative ailr sample would be
obtained at the CO, sensor. The "Granlox" was spread over two 1-1/2 £t x 1-1/2 £t
trays. Since this provided only for contact from a single surface as compared
to the double surface of a screen, one could reasonably expect only one-half the
absorption rate.
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3.2.3 Results

Several runs were made to determine -the rate of carbon dioxide ebsorption
per sguare foot of exposed lithium hydroxide. When carbon dioxide was added to
the chamber at a rate of 1.2 cubic feet per hour the concentration increased at
a rate of 0,12 per cent per hour. . This indicates that the 4.5 square feet of
"Granlox" were absorbing CO at a rate of 0.5 cubic feet per hour. :

Therefore, - to control the carbon dioxide production of one person an exposed
surface of 8 to 10 square feet would be required.  This value agrees reasonably
well to the figure of 4.5 square feet of screen that Maywood Chemical Works
recommends because a screen has two exposed surfaces and allows easy paaaage of
the air through the granulea. :

The problem of duet formation was found to be severe. When the "G;ehlox" was

poured from the container en irritating dust forced the experimenter to leave the

chamber. . This dust also formed when the poured material was spready evenly over

the eurface of the tray. This problem is a serious dieadvantage for the use of
:anhydroue lithium hydroxide in e etatic system. N

e e T

324 . Conclueion
Anhydrous 1ithium hydroxide will absorb carbon dioxide in a paaaive environ-~’

mental control eyetem, hOWever, the dusting problem places serious limitations on
‘its application. :
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SEOTION 4
APPLICATION STUDY

4,1 Oxygen Supply

. The oxygen consumptlon for a man varies from person to person and for the
same person depending upon his state of activity and/or emotlonal stress. As
explained 1in Section 2.1, the aversge adult during sedentary activity consumes
approximately one cublc foot of oxygen per hour. This value will be used as
the basic requirement in designing oxygen supply gystems.

h.1.1- Agglication

‘A shelter can satisfactorily be. eupplied with oxygen from either chlorate
candles or high pressure gas cylinders., These two methods are nearly equal
when safety, rellability and ease of handling are considered. Therefore the
declding factor is coet, although it must be mentioned that high pressure gas
cylinders are now commerclally avallable in large quantities whereas a family-
size chlorate cardie is still in the development stage.

A cost comparison dictates the choice of a chlordte candle for a shelter
designed. for less than four persons. If the shelter 1s designed for four or
more people, the more desirable method of oxygen supply would be the use of the
high pressure gas cylinders. The number and size of cylinders depends upon the
deslgn capaclty of the shelter.

One commercial 2hli-cubic foot capseity oxygen cylinder will furnish! oxygen
for 10 persons for 24 hours, or two of these cylinders will take care of 20 people.
I7 12 persons are present in the shelter with one 2ll-cubic foot eylinder the
stored oxygen will beécome depleted in 20-21 hours. Then the oxygen from the room
will he used. Ag shown in the chart helow, if 100-cublc foot of shelter volume is
available for each person, the oxygen connentration will £all te 16 per ‘sent in the
period from 20 hours to 24 hours.

Assume Shelter Volume = 100 fts/person

Stored O Concentration
3 Depleted I% at 24 Hours
(1) 10 Persons/2hh £t° Oxvgen Cylinder 2l hours 20%
(2) 12 Persons/2hk £t} Cxygen Cylinder 20.3 16
(3) 14 Persons/2hi £t Oxygen Cylinder 17.h4 13
(k) 16 Persons/2ki 23 Oxygen Cylinder 15.2 11

TABLE 18 OXYGEN DEPLETTON IN A SEALED ENVIRONMENT
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In a smell shelter the cylinder would best be placed in the horizontal
position 80 as to eliminate the danger of knocking over. .In larger shelters
provisions can be made to secure the cylinders upright against a wall, If
high pressure tubes are used in large shelters, they will have to be mounted
in the horizontal position. A concrete stand is recommended for installation
of 1500 cu. ft. capacity tubes. -The advantage.of using high capacity cylinders
is that less cylinders are required. o

An example of two sizes which could be used for & 100-person shelter is
shown below.

-Number Type . Volume
10 = ok g3 cylinder ko £t3 oxygen
6 400 £4° eylinder _euho.§t3 oxygen

4,1.2 Cost end Space Re'quirements

P .
~For four or less persons the use of chlorate candles is more economical,
The Maywood Chemical Works is presently developing a candle advertised to be
capsble of supplying UB-man-hours of oxygen. This unit is not presently . -
available but when marketed the price is expected to be approximately $10 for
the candle and $12 to 315 for the required burner, =Fhus the total cost of
providing oxygen for 48 man-hours by this method is $25. per person., Infor-
mation as to the present stage of development and probable price when produced
in quantity has not been released by the Maywood Chemiecal Works., .The self- -
contained chlorate candle which liberates 90 cu. ft. of oxygen is manufactured
by the M3A Research Corp. at a cost of $60.00. Since the oxygen is released’
over a period of one hour, a design change would be necessary to release the
oxygen ove? a period of 2k hours. Assuming no major increase in cost for & -

new design, the cost per person would be $15.00. This is several times as
expensive as the use of high pressure cylinders., - M3A has given no indication

of price reductions for large quantities of these candles.. )

Table 19 shows the costs and space "requirements for inetalling oxygen
supply systems in 10-100- and 1000-man shelters. Although provisions for
manifolding would reduce the amount and degree of monitoring and maintenance
required, the cost is considered prohibitive.. However, a small plastic
flowmeter such as the Dwyer No., 490~10 costs only $9 and would prove extremely
helpful in adjusting the flow rate of oxygen into the shelter. In shelters
where more than one cylinder is installed the regulator-flowmeter assembly
must be removed when the cylinder is depleted and attached to another cylinder.
A single stage regulator such as the Matheson No. 1-540 costs $31.50. .Comparable
regulators and flowmeters may be obtained from other manufacturers if desired.
The cost of oxygen for small installations i.e., one or two 244 cu. ft.
cylinders cost approximately $2.50 per 100 cubic feet whereas in bulk quantities
the cost of ges is approximately $1.00 per 100 cubic feet.
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TABLE 19
APPLICATION DATA

'OR

HIGH PRESSURE OXYGEN STORACE AND - SUPPLY

Total Oxygen Required (cu.ft.)

cylindérs

Number

Storage Capacity of each

(cu. ft. STP)

Dimensions of each

Total Filled Weight (1bs.)

Total Floor Space (8q.ft.)
{nhorizontal position)

Total Cost of Cylinders

Cost of Regulator and Flowmeter

Cost of Stored Gas

Total Cost

Per Person Cost

Shelter Size (persons)

10 100 1000
2lio 2,00 2,000
1 6 16
2hil L00 1,500
911 x »52171 ' 10-5/8" x 56" 9-5/8" x. 20'6" .
120 1,166 | 13,200
4 30 506
$38.00 $400.00 33, 584.00
40.50 40.50 " 40.50
5.00 60.00 600.00
$8L.50 $500.50 $4,224.50
$ 8.5 $ 5.00 $ k.23

A similar cost analysis performed in 1959 by the U.8. Naval Radioclegical
Defense laboratory yielded a per person cost value of only $2.23 (in contrast

with $5.00).

end gas which may account for the discrepsncy. (Ref. 80)

This source quoted the use of Navy stock cylinders, regulators
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One means of reducing the cost of the oxygen supply is to develop a
dependable low cost regulator-flowmeter., -It is reslized that a needle valve
could be substituted for the regulator and reduce the cost from $30.to $10,
but needle valves have the disadvantage of requiring frequert regulation = -
and will develop full tank pressure in the event of plugged line or flowmeter.

k.1.3 Power

Neither chlorate candles nor high pressure gas cylinders require any

_power,

Lolok Ava.ilabilitz

Oxygen is readily available from such distributors ae ‘the Air Reduction
Company, -Air Products,:1¢., -Linde Company, Liquid. Carbonic Division of the
General Dynanmics Corp., National Cylinder Gas,.Thomas A. .Edison Industries -
Medica.l Ges Division, and the Matheson Company.

“Various producers of high pressure oxygen cylinders include the Pressed
‘Steel Tank Company, Ha.rrisburg Steel Company, - Ta.ylor-Wharbon COmps.ﬁy, and the
Marison Company.

_Chlorate candles are produced by the Maywood Chemical Works and Mine
Safety Appliance Company. These are not commercial items so very large -
quantities are not readily available.

k.2 Carben Dioxide Removal

The -statlc absorption tests utilizing anhydrous lithium hydroxide as
described in Section 3.2 showed that this material had such an excessive
tendency. to dust that its use is not recommended. -Lithium hydroxide could
be used in dlower-canister eystems but both soda-lime and Baralyme are
less expensive. .Therefore, the use of soda~lime or Baralyme flower-canister
systems as described below are recommended for carbon dioxide absorption in
¢losed shelters.

4.2, 1 Application

Cross-plots of Figures 27 and 28 were constructed in order to facilitate
the scale-up design of the bed lengths. These are shown in Figures 29 and 30
for soda-lime and Baralyme respectively. .The vertical curve crossing the
constant reciprocal veloclty curves again represents a locus of column para-
meters which will ebsorb the required amount GO up to 24 hours. .The
requirement is based on the figure of 0.85 i‘t garbon dioxide produced
per hour per man, For a 10-man deslgn the total carbon dioxide production is
8.5 3 per hour or at one per cent this represents B50 £t3 of shelter air per

hour which must be treated by the ehsorbent. In a 2hk-hour pericd, the absorbent.

should remove 22.6 pounds of carbon dioxide up to breakthrough at 0.1 per cent.
The actual column sizes which will give the required performance are listed in
Table 20.
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TABLE 20

S0DA-LIME, WORKING DESIGNS

10 Men, .2 Hours.

/v, | column Ib. €O, Avsorbed Column Absorbent “Estimated
. |Sec/ft Length per Ib$ of Bed Diameter. Weight - Pressure
_In. _In. 1b. Drop, In. Water
1.87 42.5 0.251 9 0.7 2.5
2.31 30.7 0.282 10 1 80.9 1.4
2.80 | 23.7 0.30L 11 75.5 0.8
3.32 20.0 0.292 12 5.9 0.6
3.90 | 18.0 0.285 13 | 8. , o.hf,
" BARALYME . S e !
/v, Column | Ib. CO, Absorbed | Column . Absorbent Estimated
Sec/ft Length per IbS of Bed Dismeter Welght Pressure
i I0. _ In. - Lb. Drop, In. Water
1.87 36.0 0.202 9 76.8 3.0
2,31 | 30.0 0.301 10 1 7s.0 o 2.1
2.795 25.5 0.298 11 81.3 . 1.3
3.325 | 21.6 0.290 12 82.0 Y}
3.90 16.7 . 0.30k4 13 .3 0.4

The possible experimental devistions and various eonditions in actual
use would probably smooth over the differences between the prediicted. absor-
bent weights for each velocity. Since a scale-up method was used to predict
the ~column diameters, the predicted weights (and therefore, lengths) will
be siightly lower than necessary in operation. This iz due to the fact
that end effects will be realized with the smaller length to dlameter ratios

12%
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of the scaled-up columns. In order to include a safety.factor in the design,

the column length mey be increased to the desired percentage of safety. -The

effect of increaaing the length at a given diameter will be to increase the:
capacity, the breakthrough time and the pressure drop. - . .

Various column sizes are given in Table 21 in order ‘0. emphasize the .
fact that more than ‘one-size will 3o the - required job. .The best size depends
on the eriteria of Judgment which include power requirements (pressure drop),
columncosts and absorbvent costs. The cholce of the best column will depend
on an optimization of these variables for- individual situations.

Soda~lime column sizes for 100-men shelters have been predicted with
the same design curves used for the tén-man system. .The physical limits
for design are given by -a maximum linear velocity of one foot per .second’
and the minimum velocity.by the minimum length to diameter ratio. At high
velocities, . soda-lime breaks down physically with the result of channeling,
dust problems end low capacity. .The column diameter is increased and the
length 1s reduced at lower velocities, the ‘net result being an increased’
absorption capacity and.a substantisl saving of materisl. - The aspparent
optimum for spda-lime is in length to diameter ratio (L/D) of approximately .
1.0, .However, the experimental dats do not show the-end effects of a.small-
L/D because the column used here had an L/D much larger than this value. It
is. expected that actual capacities in small L/D columns will be -somewhat leas
than predicted on the basis of the present experiments. Further experiments
on.a larger scale would be necessary to determine the L/D below which end - .-
effects -are important and capacity 1s effected.

_ -As shown in Table 21, working 24=hour designs have been categorized
into one, two and three separate units. A two~unit systen consists of two
towers: in parallel with each having the capacity to treat one~half the flow
of a single unit., -For a given linear velocity, the advantage of using two or

three units in parallel is to reduce the required column diemeter. .The reason

for doing this is to increase the-L/D and to bring the column to a practical
and readily availeble slze. At the same time, two disadvantages which arise
with multiple units are increased column investment and increased power
reguirement due to extra pipes and fittings.

The apparent best design for soda-lime considering factors mentioned
above is a two-tower system in parallel, 20-inch inside diameter and an
absorbent length of 44 inches. .This requires a volume of 8 cubic feet and
463 pounds of sbsorbent for each unit (based on 58 1b. per cu. ft. bulk
density). .Each unit can treat one percent COp in alr for 24k hours at a
rate of 4250 eu. ft. per hour or 0.54L foot per second superficial linear
velocity. Based on a pressure drop over the bed of 3.2 inches of water,
the total power required for both units is 0.0715 EP. These specifications
do not inelude a safety factor for scale~up errors or other unknown factors.
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-TABLE 21

- 80DA~LIME, -WORKING DESIGNS

100 Men, 24 Hours °

Qne Column

Column Ares, 2 1/V, sec/ft | Ib..CO, Absorbed [ Packing Packing Estimate I‘
Diameter, in.|- ’ - | per 1b of Absorbent | Length, in. | Weight, 1b|Pressure
Water

20.8 2,36 - L0 04167 120 | 1370 ko
25,5 o354 1.5 0.218° 60 1027 9
29.4 bo72 2.0 0.262 38 | 867 2.5

Two Colums

Specifications of One Unit 7

b7 1,18 1.0 0.167 - . 120 685 Lo
18.0 177 1.5 0.218 60 51k 9.
20.8 2,36 2.0 0.262 38 L3k 2.5
23.3 2,95 2.5 0.292 27,5 392 S Ll

Three Columns 4

Specifications of One Unit
12.0 0.79 1.0 0.167 120 456 Lo -
1.7 1.18 1.5 0.218 60 342 9 -
17.0 1.58 2,0 0.262 38 290 2.5
19.0 1.97 2.5 0.202 27.5 262 »1..1-
20.8 2,36 3.0 0,301 22.3 254 - D.6
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The same reasoning as applied to soda-lime columns also holds true for

Baralyme.

Colurn sizes for ~00 men and 24 hours are shown in Tablé 22.
best design appears to be two columns in parallel, each 20 inches inside
diameter, 38 inches of packing and & total volume ‘for each of 6.9 cu. ft.

The

The

weight of Baralyme is 40O pounds in each unit, and the pressure drop of b, 5 in.
water requires a totdel of 0.10 HP. )

' TABLE 22

100 Mgri, 24 Hours:

BARALYME, WORKING DESIGNS

"One_Column 5
A . ———— : — - - Eutlﬁated
Column » . Lb. CO, Absorbed Packing - | Packing .
Dismeter, in.|ATes Tt7 |1/V, sec/ft per 10%f Absorvent |Length, in. | Veight, 1b g::;“f;:
' ' - ' ' : | Vater
25.5 3.54 1.5 0.270 .50 85 10 |
30.0 b9 2.08 0,298 . .33 783 - '3
Two Columns’
) ~ Bpecifications of One Unit o e
18.0 1.7 1.5 0.270 50 428 - T 10-
21.2 2.16 2.08 0.298 33 392 3
23.3 2.95 12,5 0.302 27 38 - 1.5
Three Columns
Specifications of One Unit
14,7 1.18 1.5 0.270 50 285 0
17.k 1.6k 2.08 0.298 33 262 -3
19.0 1.97 . 2.5 0.302 27 257 L5
20.8 2.36 '3.0 0.292° 24 27 1.0
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In slzing columns for systems larger than 100-man capacity or for longer
pericds than 24 hours, it would be advissble to use multiple units of the 100=man
systems. The reason for this is that columns of larger capacity would  involve
large weights and cumbersome diameters of 3 feet and above. Thus, a 1000-man

gystem would contain two puirs of columns mentioned above and will require ten. -
times the power. .

h.2.2 Cost

The cost of the recommended Carbon Dioxide absorbents is as follows:-

Baralyme

In qaentities greater than 50 pounds the price of Baralyme is $0 36 per
pound. 8ince & pounds are required per person for 2L hours, the man-hour cost
is $0.12. The USNRDL study referred-to previously quotea a8 value of $2 .10 per
wan-day or $0.088 per man-hour, (Ref. . B

Soda-L: Lime

Tr drum quantitles sode lime can be purchased for $0.29 per pound. 8Since
8 pounds are required per person for 2k hours, the man-hour cost is $0 32. The
USNRDL study quotes the same value of $2.10 per man-day. - o

4.2.3 Power

The use of Baralyme or soda-lime requires a hlower which 1s either manually
opgrated or electrically powered 1f possible. Blowers suitable for this purpose
are manufactured by the Roots-Connorsville Blower Division of Dresser Industries,
Inc. and the Champion Blower & Forge Company, Inc. In order to maintaln the
carbon dioxide level at nne per cent & cireulation rete equal or greater than
100 CFH per person must pass through the absorbent bed.

Assuming & pressure drep of 1.0" H,O from the blower to the bed outlet and -3
a rate of 100 CFH the thaoretical horsefower requirement per person is 2.4 x 107 HP.

1

4.2.% Volume end Portability -

Parslyme and soda-lime have bulk densities of 55 lbs/ft2 for M/S mesh materiel.
Since 8 rounds are required per person, the material volume per person is 0.17
cutic foot. The material should be prepackaged in the columns and sealed so that
it will »ot; have tc be handled by the shelterees.

4.2.5 Availability

- The avallability of the three carbon dloxide absorbents recommended, anhydrous
llthium hydroxide, Baralyme &nd soda-lime, are described below. Most chemical
firms were hesitant to specify their capacity in producing the chemical of interest.
Where this i fermation was available 1t is mentioned below.

o [ ] s .
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Lithium Hydroxide

The manufacturers of lithium hydroxide include: Foote Mineral Company,
Lithium Corporation c¢f America, Var-lac-Oil Chemical Co., and Maywood Chemical
Works. It is believed that most firms _produce large amounts of the monohydrate,
LiOE - Hao but only limited amounts of the anhydrous material. As an example
Foote Mineral Company can produce 750 tons/month of the monohydrate but at the
present tiwme are producing only small smounts ¢f the anhydrous material which
passes U.S.. Navy specifications MIL-L-202130, Foote Mineral Company will be

able to produce large additional amounts of the anhydrous material within a
few months‘

Maywood Chemical Works is presently marketing four-pound packages -of LiOH
for family shelter use. under the trade name; Granlox::

Baralzg

Baralyme 1s marketed only by the Medical Gas Division of the Thomas A.
Edlson Industries. A realistic figure of the present capacity is approximataly
20 tons/month., They estimate that their plant capacity could be increased
50 tons per month.

Soda-Lime

The soda-lime producers include the Mallinkrodt Chemical Works and Devey
and Almy Division of W. R.Grace and Company. No data is available on plant-

capacities but soda-lime is believed to be available in large quantities because."

it 15 widely used in hospital breathing apparatus.

k.3 o0dor and Contaminant Removal

Traces of toxic substances must be removed from a shelter to prevent: injury’

to the health of the persons within the shelter and obnoxious substances must be
removed for -the purpose of maintaining comfort. Generally both properties are
contributed from the same compound. -

Practically all of the contaminants found within a shelter would be remofedf:_i S

by activated carbon. The exception is carbon monoxide and a few low molecular
weight gases. Acid gases such as hydrogen sulfide will be removed by the carbon
dioxide gsbsorber and thus present no special problems.

Special processes are required for the removal of carbon monoxide. These
include catalytic oxidation with Hopcalite, palladium deposited on silica gel, a
hot platinum wire, or abeorption in a solution of a cuprous chloride in- hydro-
chloric acid also accomplishes the absorption.

S
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k.3.1 Application

Activated carbon may be used paseively by containing the material in fine
mesh bags which can be distributed throughout the shelter or near places where
odors originate. In-a family shelter this would probably be the only odor
control needed. If & simple low cost carbon monoxide eliminator were developed
this would add to the safety of the family shelter.

Shelters designed for 100 persons or more would probably‘have an air o
clreuldation system in which canisters of activated carbon could be connected.
Otherwise the absorbent could be used paasively as recommended for family
‘shelters. -

The 1arger shelters should also have some.means of - providing carbqn monoxide;

control. The possible means of accomplishing this would be.the development of 8
satisfactory catalytic oombuation unit or chemical._ absorber.

coa “Activated | :
. T Carbon ' Lo e
Absorbver ‘ Odor Control -

Menual or Powered
Blovwer

4.3.2 Costs

Assuming that one-half pound of activated carbon was furnished per person
at .cost of $0.65 per pound, the cost per person would be approximately $0.33.
This would vary depending upon the quantity of purchases.

Hopecalite 1s not sold as such but only in catalytic oxidation units desighed
and constructed by the Mine Safety Appliance Corporation.
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{ k4.3.3 Power

Power 1s not required for contaminant removal, however, if it is available -
the adsorbent can be added to a blower-canister syetem.

——

L.3.4 Volume and Portability

“The volume of activated carbon required is very small. Oneé cubic foot would -

take care of 70 - 100 persons. Its low density would.result in eaee,of handling.

The size and weight of other units would depend upon their design.

h 3.5. Availabilitx

Activated carbon 1s readily available from commercial sources. These include
Barneby-Cheney Compeny, Pilttsburg Coke and Chemlical Company, Allied Chemical Corps,
Atlas Chemical Industries, National Carbon Co., Mallinkrodt Chemical Works,

Collier Carbon and Chemical Corp., and American Norit Co. Hopcalite Ls- available
only through the Mine Safety Appliance Corporation.

L.k  Thermal Control Equipment

As shown in Bection 2.4 thermal control equipment may be required in many
cases dependent upon the heat gain per unit area of wall surface, initial soil -
temperature,. Bnd the soll thermal properties. For purposes of equipment sizing
the estimated dimensions for three classes of shelters and the estimated total
heat gain are listed in Table 23, The average heat per person for the family
shelters 1s larger because of the possible use of chlorate candles (recommended
for oxygen supply for shelters occcupled by less than five: pereons) and the need
for deaiccants which are exothermie, for moisture control.

The method of Reference 70 1s again used to estimate the heat loss thraugh
the shelter walls so that the thermal equipment may be sized accordingly. The :
equation is shown below.

q=z(F, N) 6, U'/R

where, g = soil heat abeorgtien rate, decreasing with
. o time, Btu/hr-ft

ei = temperature dlfference, alr temperature to be
maintained in the shelter minus initial soil
temperature, *F

gr = coefficient of heEt transfer between conditioned
space and wall, Btu/hr-ft=-°F
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‘R = factor involving the ratio of the volume of
heated soil around an equivalent cylinder or
sphere to that around the actual confilguration

_F .. = . _.value to account for the decreasing heat transfer
with time due to the increase in soil temperature

N = value to account for the ratio of the film
- - econductance to the soll conductivity.

TABLE 23

ESTIMATED DATA FOR HEAT 0SS CALCULATIONS L
(Construction Material - 3-inch Concrete) : :

. [Shelter - “Dimensions - | Heat Gain Heat Rete/Unit Ares é
10-man | 10#bx12£6%x 85 | - 7,000 Btu/hr 11.8 Btu/imr-_fta
100-man | 30 £t x boTEx 826 | 60,000 o -

1000<man (100 £t % 120 :t}; 8 'f‘"’c.ri 600,000 28

For periods &s short as 24 hours the value of the function, f(F, 'N) (Ref. 70)
is 80 nearly equivalent t¢ unity that 1t may be neglected for purposes of*

simplicity. The material of comstructlon in all cases is agsumed_to be 3~ inch .

. concrete which ylelds a reasonably high U' of 0.6 Btu/hr-ft°-°F -
.An Initial soil temperature of 55°F 1ls assumed. Internsal air properties to- be
meinteined are 7S5°F DRT ard 65°F WBT (70.4°F ET).

|
4.4,1 f%on-Man Shelters

Table 23 shows that s heat dissipetion rate through the shelter walls of
11.8 Btu/hr-£t2 1s required. The actusl heat transfer rate, q, is estimated as
below.

_ V'S 0.6 Btu/hrorte-
4 R 6

°F x 20°F {R 1z obtained from Ref. 70)

= 12.5 Btu/hr~fte

Thie shows that the walls should be able to conduct heat away at a rate

sufficiert to maintain a dry bulb temperature of 75°F. A desiccant is recommended

for control of relative humidity as deacrlbed in the following sections.
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: L1l Application - The moisture in the shelters can be satisfactonily
controlled by using calcium chloride in a statlc system. This 1s accomplished by
placing the desiccant in sacks above & pan to catch the drippings of hydrate. . The
equilibrium molsture at fifty per cent relativs humidity is 1.8 pounds of water per
pound of: chloride. Thus, the minimum amount of desiccant required to control five
pounds of water 1s 2.8 pounds.. This is an equilibrium condition and can be reached
only af'ter a long period of time.-  Therefore, an excess of calcium chloride is
necessgary. - Four pounds per person 1s considered to be sufficlent, .o

4.4.1.2 Costs - The cost of caleium chloride varies from $0.08 per

pound for & single B0 pound bag to $0.02 per pound in carload quantities. Below

is the price per pound for 94-57 per cent calcium chloride from Dow Chemical
CQmpany. : :

No. of - 80 1b, b@gs Cost per pound
1 _ " $0.0825
2 : . 0.0685
3k 10.0646
- 5-6 - -~ 0.0585
7-12 ' 0.0545
13 and over 0.0388

The cost of a sultable cloth container and dripping cather or pan ghould
be approximately $2.00. - An estimation is that one of these units should be
furnished for every LO-pound bag. .

no power.

4.4.1.4 Volume and Portability - One 40-pound sack is sufficient for
10 occupants.

b.3.1.5 Availsbility - Caleium chloride is readily available from a

number of chemical companies. These include: Allied Chemical Corp., Dow Chemical -

Co., Harshaw Chemical Co., Pittsburgh Plate Glass Co., Wyandotte Chemical Corp.
and Eagle-Picher Company.

4.4.2 Hundred-Man Shelters

.

Table 723 shows that a heat transfer rate through the walls of 17 Btu/hr-fta
is required for 100-man shelters. The actual heat transfer rate, q, is egtimated -
below. ;
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L.4.1.3 Power - The use of calcium chloride to remove molsture requires L
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u'o, - 0.6 Btu/nr-£t> -

. “F x 20°F
Q R 5535 (R is obtained from Ref. 70)

= 12,85 Btu/hr-fsz

Since the required amcunt of heat cannot be transferred through‘the;shélter,,

valls some type of refrigeration system is required during the peribd of closure.

- This system should be degigned to operate cover the entire period of occupancy.

For long periods of occupancy the transfer of heat through the wall gradually
decreases due to the warming of the soil., . The total refrigeration capacity
should then be based upon the total load, assuming no heat 1ls transferred
through the walls. - Also td be considered is that the ventilation system will™
be opened after 2i to 48 hours. - The réfrigeration capacity for a hundred-man - .
ghelter and 3 CFM per person 1s L.17 tons based on outside conditions of "95°F _.
DBT and” 80°F WBT, anc. shelter conditions of BS'F DET and T72°F WBT (78°F ET)

- The load was cairulaued in the following manner:

Occupants o o
| . wo0e 400 Btu/hr-oceupant N = 4d,000
(0.1 wats/#£7) (1200 £47)(3.41) . 410
Air Ioad |
Sensible: (3 CPM/Occupant)(100)(95-85)(1.08) = . 3,240
Latent: (3)(100)(131-98)(0.68) = 6,74
Total = 50,390 Btu/Hr.
’ or
4.17 Tons

h.4.2.1 Application - A nominsl 5-HP self-contained unit as manu-
factured by Carrier Corp., York Corp., the Trane Co., or equal is suggested for
a 100-man shelter. The unit shall have a total dehumidified air supply of 2100
CI'M, of which 1800 CFM ias return air and 300 CFM is outslde air. Methods of
air supply and return are being inveatigated under Contract OCD-0S-62-134. A
1/2-HP fan motor is required for the above unit. The Carrier Model No. 1s 50R6
and has the following d;mensians

Height - 64 in.
Wwidth - 43 in.
Depth - 2k in.
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If water is avallable and the condenser tubes are clean, 4 GfM and 7,5 OFM
ere required for 65°F and 85°F entering water temperatures, respectively at &
condensing temperature of 110°F., The water pressure drop through the condenser
at 4 GPM and 7.5 GPM 18 0.6 psi and 1.8 psi, respectively. :If water is not
availlable, other heat sinke should be investigated. Each sMelter site will. re-
quire 8- study to determine a feasible heat sink. In selecting the heat sink
costs should be given consideration. '

k.4.2.2 Cost - The Carrier 50R6 distributor cost is approximately
$780 for the base unit. Diecharge grilles, a return air base, and a heating

.coll, if desired, would be extra. The cost of the system installed without

considering the power source, heating coil, and duct work .s estimated to be j
$1200 or $12 per person.- '

h.4.,2.3 Power Requirements - The power requirements sre as follows:

Compressor - 5 HP or - 3.73 KW -
Fan Motor - 1/2 P or KR
Pump Motor -  1/12 P or .07 KW

Total 5.7 KW

With & shelter equipped with a power source, the compressor and pump power-‘
requirements of 3.8 KW could be utilized for tempering the »utside air during
the winter season. . An electricel heater based on 300 CFM and 3.8 KW would have

‘a capacity of tempering the outside air L0 degrees Fahrenheit.

L4.4.3 fThousand-Man Shelter -

 As shown in Section 4.L4.2,1 the refrigeration load per occupant is 504 Btu/hr.
Therefore, the installed capacity for a 1000-man shelter is 504,000 Btu/hr or
42 tons., The total dehumidified air quantity is 20,000 CFM; 3,000 CFM cutside
air and 17,000 CFM return air. Based on a shelter area of 12,000 square feet as
indicated in Table 23, the CFM per sq. ft. is 1.67.

4.4.3.1 Application - A Carrier Model LIEEOL (540,000 Btu/hr Nominal
Capacity) with a shéll and coil condenser is applicable to shelters which have
& water source. The condenser water requirements based on & 110°F condensing
temperature, E5°F entering water, and clean tubes, 1s 34 GPM. For entering water
of 85°F the water requirement 1s 62 GPM. Model L41EGOLY4 is avallable for applica-
tion with a remote air cooled condenser or an evaporative condenser. The type
of condenser to be used on each shelter must be determined upon surveying each
gite. The physical size of the unit 1s as follows:

135




L I Sk B ) W

&

ba

Alr Discharge

Vertical Horizontal
—_——— —_—emm
Width 10'-6-1/2" 10'-6-1/2"
Depth ) 3:_10_1/2n 6'-)4-3/ "
Helght 81-10" , 6t=3-3/k"

4.4.3,2 Costs ~ The cost of the nominal 45-ton self-contained unit -
with a water-cooled condenser 1s approximately $§,800., The installed cost per

4.3.3.3 Power Requirements - The installed pover réquirements for the

».mechanical refrigeration unit 18 ag follows:

- Compressors - 40.8 KW - _.

Fan Motor 7-1/2 P - 5.6 KW

Pump Motor 1/ HP . 0.2 KW -
Total 46,6 KW

4.5 Alternate Method

As an alternate to closure of the ventilation system intake, the possibility
of supplying outside air frcm a remote intake hag been considered. . This intake
would heve to be positioned in an area relatively devoid of combustlble-matter so
that the air drawn into the shelter would bs reasonsbly cool and free of dangerous
combustion gases.

Flgure 1 on page 6 shows that at least 3 ft3/min of fresh air are reguired
per person to lnsure safe levels of oxygen and carbon dioxide. It is impossible
to predict the temperature of this incoming air but 1t is assumed that some means .
of cooling the eir would be required. If the outside alr temperature wers 500°F,
and the desired inlet temperature were 75°F, then approximately 1l.5 tons of
cooling would be required for a 100-man shelter.

¥t has been suggested that the alr be drawn through long underground ducts
to lower the air temperature hy heat rejection to the relatively cool soil. A
study of the pertinent literature has shown, however, that excessively long
lengths of pipe (on the order of 300 £t for one ton) would be required. (Ref. 83)

Since the outside air is to be used Por ventilation, an air cycle refrigera-

tion system is well sulted to this application in spite of 1te slightly higher
pover requirements as compared to the vapor compression system.
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It must be emphasized that a great danger ie inherent in the alternate
system; namely, dangercous combustion products may be unknowingly drawn into the
shelter via the ventilation duct. -As a safeguard to this possibility it is
suggested that the incoming air be sucked through a large transparent canister
of indiceting carbon dioxide absorbent such as goda-lime or Baralyme. If the
absorbent were seen to change color, innicating the presence of carbon dioxide
in the outslde air, the system would be shut down and the internal environmental
control system utilized. In this manner any carbon dioxide present in the amblent
geses drawn into the shelter would be absorbed before entering the shelter.

To guarantee that the outslde air does not contain dangercus amounts of
carbon monoxide, & sensor-aslarm to warn the inhabitants is required.
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