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INTRODUCTION

During the past few years, manned and unmanned space probes
have been launched to investigate the nature of the Earth, the
Moon, the Sun, and nearby planets of the solar system America’s
space program has stirred the imaginations of many science-
oriented students in secondary schools and colleges.

In 1958, Congress established the National Aeronautics and Space
Administration. The Space Act required that NASA make avail-
able, “for the benefit of all mankind,” the results of its activities.
As a part of this mission, the Educational Programs Division of
NASA’s Office of Public Affairs has sponsored the writing of
teacher resource units in several disciplines.

Space Resources for Teachers: Chemisiry is the fourth.of a
series of curriculum supplements developed for NASA. Those
previously published include Space Resowrces forthe High School:
Industrial Arts Resouwrce Units; Space Resources for Teachers:
Biology, and Space Resources for Teachers: Space Science. In
prepa_ ation are Spuace Resources for Teachers: Physies and
Space Resources for Teachers: Mathematics.

HOW TO USE THIS BOOK

This publication is composed of 10 units, each based on an area
of space science and technology in which chemistry plays an
important role. Each resource unit can be used independently
of the others and materials can be selected from within a unit.
The materials range in difficulty from the junior high level of
understandirg to those that will appeal to the advanced student
seeking challenging research activities. Thus, a chemistry in-
structor can choose materials of appropriate depth and breadth
for his particular teaching situation.

The 10 resource units are arranged in a sequence of topics

similar to many general chemistry textbooks. For instance,
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the gas laws and stoichiometry are treated in early units, where-
as topics in organic chemistry and biochemistry appear in later
units. Traditional topies that can be enriched through use of a
resource unit are listed at the beginning of the unit. Following
this introduction are tables of contents by unit and by topic;
the latter is a graphic display of relationships among units in
this supplement and topics in general chemistry.

Space Resources for Teachers: Chemistry will enrieh general
chemistry instruction materials with recent developments in
the Nation’s space program. This publication will provide a
source from which teachers, supervisors, curriculum specialists,
and textbook writers may draw space-oriented material.

This publication is neither a textbook, a Iaboratory manual, nor
a course of study. It is a compilation of resource units designed as .
an educational tool for the chemistry teacher. The contents are
based on the staff’s search of the literature and on visits and dis-
cussions with numerous space scientists at NASA research
centers.

The Ball State University faculty members who developed this
project have taught chemistry at both secondary and college
levels and are intimately concerned with science education. The
materials developed were field tested by chemistry teachers in
neighboring high schools znd by project staff members in their
Ball State classes. They were also evaluated by an ad hoc com-

Each of the resource units has three parts: (a) a brief monograph
to provide backgro'ind information; (b) several activities that can
be used as demonstrations, laboratory experiments, or projects;
and (c) a list of literature sources and, for some units, related
films. The literature sources include technical references and
supplemental sources of information.

The monograph at the beginning of 2ach unit can be used to
provide background information for the activities included in
the unit, or it can be used directly in class discussion for citing
space-related applications of chemical principles.

The part of a unit labeled “Activities” comprises teacher-tested
activities, each including sufficient detail to make it directly
usable as an experiment or demonstration. (NOTE: Where experi-
ments involve an element of danger, the authors have indicated
such by inserting *the word CARE.) In some units, “Topie(s) for
the Development of Additional Activities” are suggested. These
topics are not described or developed in detail; rather, they pro-
vide subjects that may be developed by teachers for individual
student projects or group activities.



In the reference section at the end of each unit, the items marked
with an asterisk are resources giving broader coverage. Some of
the bibliographic entries from Go.ernment sources are available
from the Superintendent of Documents, U.S. Goverament Print-
ing Office, Washington, D.C. 20402 (identified by initials GPQ).
The rest may be obtained from the National Technical Informa-
tion Service (NTIS),! U.5. Department of Commerce, 5285 Port
Royal Road, Springfield, Va. 22151. For publications with a NASA
center listed as a source, write to the Educational Programs
Office at the center. (See Appeundix D.) For publications with
ATAA identified as the source, write to the Technical Informa-
tion Service, American Institute of Aeronautics and Astro-

In the film lists that follow some of the reference sections, those
films listed as available from NASA may be obtained by writing
NASA Headquarters, Code FAD, Washington, D.C. 205486.
If the source for the film is listed as a specific NASA center, it
may be obtained by writing the Educational Programs Office
at the center. (See Appendix D.) Most of the films listed give
broad, general coverage of topies and therefore can be used to
provide background informuation and inspirational material.
It is suggested that a film be previewed in order to determine its
appropriateness.
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CABIN ATMOSPHERES IN SPACE VEHICLES

Topics that may be enriched by use of this unit:

Gas laws
Diffusion of gases
Partial pressure
Respiration

Manned explorations always have been hampered by man’s
physiological limitations. In choosing to explore space, man is
placing even greater demands on his knowledge of his own phys-
iological needs and on his technological capability of meeting
them. Man is adapted only to the environmental conditions prev-
alent near the surface of the Earth. These conditions include an
atmosphere composed principally of nitrogen and oxygen gases
(Table 1-1) at a total pressure of about 760 mm Hg (or 1 atm).
This atmosphere (troposphere) extends to an altitude of about 10
miles with little change in composition (1). Yet, with only a few
exceptions, human communit zs . re all located at altitudes of
less than 1 mile (2). If man is exp: sed to altitudes in excess of 2
miles for extended periods of time, he begins to develop symp-
toms of oxygen deficiency (3).

Man has an absolute need for oxygen; an insufficient supply
quickly results in unconsciousness and eventually in death. The
partial pressure of oxygen in the atmosphere at sea level is 159
mm Hg (Table 1-1). Although this is sufficient to supply man’s
oxygen requirements, the total pressure and hence the partial
pressure of oxygen decreases with increasing altitude (Figure
1-1). At an altitude of about 12,000 ft, for example, the ambient
pressure drops to 480 mm Hg and the partial pressure of oxygen
is only 100 mm Hg. At this oxygen partial pressure, borderline
hypoxia (oxygen deficiency) occurs in man (3). From 12,000 to
40,000 ft, man can use a supplementary oxygen supply at am-
bient pressure to increase the percent of oxygen in inhaled air;
but beyond this altitude, compression of the ambient atmosphere
or a sealed cabin is required (3).

In the near vacuum of cuter space, a sealed cabin is the only
feasible means of survival. As the name implies, a sealed cabin is

14




Unit 1 Cabin A:mospheres in Space Vehicles

TABLE 1-1 COMPOSITION OF INSPIRED AIR (DRY BASIS)
Gas Percent Compasition Partial Pressure,
by Volume mm Hg at sea level
0. 20.95 - 159
CO, .01 3
N. o 79.0 600

800 =—T—T—T—T—T"T — — 168

700 AA—1—T——1— ' 1 147

600 |— — — +— 126 B
£ g 41 —1 )5 =
E 500 10¢ &
= - o
5 7 3
2 400 - ——TT 1 84 5
s 7
g 300 F+H—1—1PN—1— ——1—6 8
0 o
g H- . s

200 —+— + - —42 g

100 —1 — . - 21

0 b—L - — : - 0
0 10 20 30 40 50 60

Altitude (1000 ft)

FIGURE 1-1. Change of atmospheric pressure and oxygen particl pressure with altitude.

completely isolated from its surroundings. Within the cabin, the
total pressure, the partial pressures of oxygen and carbon diox-
ide, the temperature, the relative humidily, and the levels of
microcontaminants are controlled to meet man’s requirements.
Ideally, this atmosphere should duplicate that found near sea
level on Earth. Nevertheless, constructing a spacecraft capable

placing it into the near vacuum of outer space present many




Unit 1 Cabin Atmospheres in Space Vehicles

formidable technological problems, some of which are discussed
later. In resolving the dilemma of man’s physiological needs
versus his technological capability to fulfill them, NASA sci-
entists arrived at a compromise solution; and a cabin atmosphere
of pure oxygen gas at a pressure of 1/3 atm was selected for
America’s early manned missions in space. Let us examine fur-
ther some of the relevant physiological and technological aspects
of this problem.

OXYGEN PARTIAL PRESSURE

Man requires a constant supply of energy to live. This energy is
released through oxidation of the food he eats. The ultimate
oxidizing agent for this process is molecular oxygen that is ob-
tained from inhaled air and transported to his body tissues by
the blood. A brief deseription of the process of breathing may be
helpful in understanding the importance of controlling the par-
tial pressure of this gas in the atmospheres of manned
spacecraft.

When a man breathes, air flows alternately into and out of his
»angs because the volume of the lungs is alternately increased
and decreased by the respective downward and upward move-
ment of the diaphragm and the expansion and contraction of the
rib cage. The process of breathing is represented schematically
in Figure 1-2. Following exhalation, the volume of gas contained
in the lungs is at the normal minimum, and the pressure in the
lungs is equal to that of the atmosphere. During inhalation,
the volume of the lungs increases, and the pressure in the lungs
decreases slightly below that of the atmosphere causing air to
be inhaled.

The total pressure in the lungs, however, is not entirely caused
by the inhaled air. Carbon dioxide and water vapor in sufficient
quantities to maintain relatively constant partial pressures of
40 and 47 mm Hg, respectively, also are found in the lungs. The
carbon dioxide is an end product of the oxidation of foodstuffs in
the body and is eliminated through the lungs. The water vapor
arises from the evaporation of the water serving as the dis-
persion medium of the body cells. Considering the relatively
constant vapor pressures of carbon dioxide and water vapor
and assuming that the atmospheric pressure is 760 mm Hg, the
inhaled air exerts a partial pressure of 760 —40 — 47 =673 mm Hg.

Because air is 21 percent oxygen (by volume), the partial pres-
sure of oxygen in the lungs should be 141 mm Hg. Oxygen,
however, dissolves in the blood; and its partial pressure is less
than this caleculated value. The relatively constant partial pres-
sure produced by oxygen in the lungs is about 108 mm Hge.

16
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Exhaled ] Ny ] Inhaled
air % Feo, = 40 mm Pco, + 40 mm air Pco, — 40 mm
Pugg = 47 mm Pngg == 47 mm ' P;[EQ =47 mm
Pur = 672 mm , P.sr <673 mm Pur = 673 mm

'\
]
g\

x|

AllA

CO: CO: 0.

Hg(‘ga H=0

w v 1
B C

Schematic representation of breathing. In each case, the piston represents the
combined cffects of the diaphragm and the vib eage, and the enclosed space above
the piston represents the volume of the lungs. The atmospheric pressure is taken
to be 760 mm Hg. A Ezhalation: Lungs are compressed to their minimum volume:
Prunes= Patmosoheric. B Diaphragm is lowered allowing volume of lungs to increase;
therefore, P < Pamospherice CO2 and H2O vapor enter at a rate sufficient to main-
tain a constant partial pressurc for each. For simplicity, eir is assumed not to
enter in this step. C Inhalation: Sufficient air enters the lungs to make Pyuu=
Plimospherie, OTygen is removed.

From the lungs, oxygen is physically dissolved in the blood in
accordance with Henry’s law, which states that the amount of
dissolved gas is directly proportional to the vapor pressure of
the gas. As apnlied to this situation, Henry’s law may be ex-
pressed as
) PDg;Kﬂg;bmudxﬂz
where
P,,=the partial pressure of O in equilibrium with the blood
K,,=the Henry’s law constant for O. in blood
X,,=the mole fraction of O. dissolved in the blood

[

Almost as rapidly as it dissolves, however, oxygen combines
with the hemoglobin present in the red blood cells. This reaction
effectively removes the oxygen from solution, allowing addi-
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Unit 1 Cabin Atriospheres in Space Vehicles

tional oxygen to be dissolved. The overall process may be repre-
sented as follows (Hb represents hemoglobin):

0. (9) = 0. (soln) (1-1)
O: (soln) + Hb (soln) = HbO. (soln) (1-2)

Both of these reactions are readily reversible, and the position
of each at equilibrium is determined by the partial pressure of
oxygen in contact with the blood. As the blood leaves the lungs,
it has an oxygen tension of approximately 100 mm Hg, which is
sufficient to produce 97 to 98 percent saturation of the hemo-
globin (Figure 1-3, from Anderson (4)). (“Oxygen tension” re-
fers to the amount of oxygen dissolved in a solution, in this case
the blood. Because the amount of oxygen is determined by its
partial pressure in accordance with Henry’s law, it is customary
to express the concentration in terms of the partial pressure of
oxygen with which the solution would be in equilibrium.)

The transfer of oxygen from blood into body tissues occurs by
diffusion. Arterial blood, having an oxygen tension of about
100 mm Hg, flows into capillaries permeating the body tissues.
The fluid bathing these tissues has an oxygen tension of only

100 p=y—T1—7— T _—
80 —— -
£ _
3]
@ 60 -
=
s - —
2 -
2 40} - -
5
E _— - -
m I
20 }— : — -
oMl L i ) -
0 20 40 60 80 100
Po, (mm Hg)

FIGURE 1-3. Percent satuwration of hemoglobin with oxygen when exposed to different oxygen
partial pressures at a constant CO; partial pressure of 40 mm Hy (4).
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Unit 1 Cabin Atmospheres in Space Vehicles

20 to 50 mm Hg. Consequently, oxygen dissolved in the blood
diffuses into this tissue fluid. Loss of dissolved oxygen from the
blood causes a reversal of reaction (1-2), thus maintaining a
supply of dissolved oxygen in the blood. By the time the blood
has passed through the capillaries, 25 to 30 percent of its initial
oxygen content has been lost, and the oxygen tension is reduced
to about 40 to 50 mm Hg. Returning to the lungs, the blood is
resupplied with oxygen and the cycle is repeated.

Even though it is nc necessary to our present discussion, it
might be noted that the transport of carbon dioxide from body
tissues to the lungs is also effected by a pressure gradient. The
values in Table 1-2 illustrate this point. Just as the major por-
tion of oxygen in the blood is transported in combination with
hemoglobin, sc is the major portion of carbon dioxide in the blood
transported in a chemically combined form as the bicarbonate
HCO; ion.

Man requires a supply of oxygen at sufficient pressure to main-
tain a partial pressure in the lungs at the “normal” value of
about 108 mm Hg. In a pure oxygen atmosphere, the minimum
pressure that will provide the necessary amount of oxygen,
taking into account the constant pressures of carbon dioxide
and water vapor in the lungs, is about 40447+ 108=195 mm Hg.

The partial pressure of oxygen in the lungs can vary within
limits with little adverse effect. The extent of hemoglobin satura-
tion ean be reduced to about 90 percent before the symptoms
associated with oxygen deficiency appear (2). As shown in Fig-
ure 1-3, this raeans that the partial pressure of oxygen in the
lungs can drop as low as 65 mm Hg with little apparent danger to
the individual. The upper limit, however, is less well defined. It
is known that breathing pure oxygen at pressures of 150 to 250
mm Hg for periods up to 14 days does not appear to produce any
serious effects; but at a pressure of 450 mm Hg, man can survive
for only about 1 day (6). Current evidence suggests that the
upper limit of oxygen partial pressure is in the range of 400 to
425 mm Hg (3), and studies to determine the mechanism of toxic
effects of oxygen are currently in progress at NASA’s Ames

PRESSURE RELATIONS OF CO, IN A PHYSIOLOGICAL SYSTEM

System Component Pgp,, mm Hg
Tissues 50-70
Venous blood 46
Arterial blood 40
Lungs 40
Expired air 20=30

From I’fieiner and Orten (5).
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Research Center.'! Until more definitive information is avail-
able, however, it appears best to maintain the partial pressure
of oxygen in the lungs as near the normal value of 108 mm Hg
as possible. In the atmosphere of bure oxygen at a total pres-
sure of 2564 mm Hg (Y3 atm) chosen for early manned missions
in space, the oxygen partial pressure in the lungs is approxi-
mately 165 mm Hg,

COMPOSITION AND TOTAL PRESSURE OF THE CABIN ATMOSPHERE

Man is accustomed to breathing an atmosphere of oxygen mixed
with nitrogen, and his body cavities are acclimated to an ambient
pressure of about 1 atm. Why then is an “abnormal” atmosphere
selected for our manned space flights? Several technological
factors influenced this decision. One of these is the knowledge
that although a cabin should be hermetically sealed, some leak-
age is inevitable, This leakage is essentially unidirectional —
from the spacecraft into the vacuum of outer space. Thus, a
continual loss of gas occurs for the uration of a mission. Nitro-
gen (M.W.=28) effuses more rapidly than oxygen (M.W.=32)
(Graham’s law). This, combined with the fact that the mole
ratio of nitrogen to oxygen in a normal atmosphere is about
4 to 1, means that a greater weight penalty of nitrogen than
of oxygen would be required to ~ompensate for this loss. (To
place any object into space requires an amount of thrust pro-
portional to the mass of the object. Each launch vehicle is capa-
ble of generating only a limited amount of thrust. On this basis
the total mass of the payload that can be launched is calculated.
The mass of each item in the payload is then assessed against
this total allowable mass. This assessment is referred to as the
“weight penalty” for that item.) Another consequence of this
fact is that relatively complex instrumentation would be re-
quired to maintain a constant ratio of the two gases in the cabin
atmosphere.

A factor that is relevant in the selection of the total pressure of
the cabin atmosphere is the strength of the spacecraft; the
greater the internal pressure, the greater is the strength re-
quired to keep it from exploding in the vacuum of space. The
prevention of such an occurrence at higher cabin pressures
would require additional structural support and concomitantly
an additional weight penalty.

Apart from explosion, slow decompression of the cabin, whether
accidental or intentional, is also a consideration in choosing the
total pressure. The rate at which decompression occurs is deter-
mined by the volume of the cabin, the area of the orifice, and the

'T. Wyderen, personal communication.
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pressure gradient. A high cabin pressure allows more time for
the astronauts to react during a decompression emergency. For
example, if a 150-ft* cabin were punctured in space, forming an
orifice of 0.5-in. diameter, the time for decompression from 14.7
to 4.36 psi (the pressure at which an individual breathing a nor-
mal atmosphere tends to lose consciousness) would ke 187 sec.
For the same cabin at an initial pressure of only 7.0 psi, only
68.4 sec would be required for decompression (2). The higher the
cabin pressure, therefore, the greater the reaction time 1vailable
to the astronauts in such an emergency.

On the other hand, the danger of decompression sickness is a
disadvantage of having a high cabin pressure. Decompression
sickness results from the rapid release of dissolved gases from
the blood in response to a rapid reduction in partial pressures
of gases (Henry’s law). This rapid evolution of gas in blood pro-
duces bubbles within the bloodstream with accompanying pain-
ful distentions of the tissues (bends). The seriousness of this
bubble formation depends on the amount of the gas present in
physical solution as well as the rate at which evolution occurs.
The smaller the pressure gradient, the slower the rate of release
of gas from the blood. Also, nitrogen, being present only in phys-
ical solution, presents a greater problem than oxygen, the re-
lease of which is buffered by its combination with hemoglobin.

A final consideration to be mentioned is the absolute need of
oxygen versus the apparent “luxury” of nitrogen. Although our
knowledge of this matter is extremely limited, nitrogen appears
to serve no essential function except as a filler gas, Man can
apparently survive well breathing pure oxygen at controlled
pressures. Nevertheless, concern over the long-term effects of
breathing pure oxygen does exist, and an effort is being made to
find another gas such as helium that will serve the function of
nitrogen but is more suitable for use in space.

The advantages of helium over nitrogen may be summarized as
follows (7):

1. Helium has a lower solubility in blood, thus the danger of
decompression sickness is decreased.

2. Although the rate of diffusion of helium is about 2.5 times
that of nitrogen (Graham’s law), its mass is only about one-
seventh that of nitrogen. Thus, the weight penalty of helium
would be less.

3. Helium has a higher thermal conductivity than nitrogen so
that astronauts can tolerate higher ambient temperatures.
For example, the comfort range for air is 18° to 24° C, whereas
for a He/O. mixture it is 25° to 29° C.
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ACTIVITIES

PARTIAL PRESSURE CALCULATIONS

For missions in space and at high altitudes, man must be pro-
vided with artificial atmospheres. The partial pressures of oxygen
and filler gases, if any, along with the total pressure of the atmos-
phere must be selected. Asexplained before,the minimum oxygen
partial pressure in the lungs required to prevent hypoxia is
about 656 mm Hg. Assuming no absorption of oxygen by the blood,
calculate the minimum volume percent of oxygen that must be
present in atmospheres of various values of total pressure. For
instance, make the calculation for a pressure of 254 mm Hg, the
pressure chosen for manned missions in space. Also perform this
calculation at total pressures that are equivalent to those found
at altitudes in the range of 10,000 to 40,000 ft. (See Figure 1-1.)
Remember to include the partial pressures of CO; an- H,O vapor
in your calculations. For instance, at a total pressure of 250 mm
Hg the pressure of air in the lungs is 250 —87=163 mm Hg. The
minimum percent oxygen is then 100 (65/163) or 40 percent.

IDEAL GAS LAW CALCULATIONS

The volume of air normally inhaled in a single breath is about
0.5 liter. Assuming ideal gas behavior, calculate the number of
moles of oxygen in a breath of normal air (see Table 1-1)at 20°C
and 1-atm pressure. Calculate the volume of this air in the lungs
at 37°C, assuming no absorption of oxygen by the blood. What
volume of pure oxygen at 254 mm Hg, the pressure chosen for
manned spacecraft, must be inhaled to obtain the same number
of moles of oxygen contained in 0.5 liter of normal air?

TOTAL PRESSURE AND FORCE CALCULATIONS

HENRY'S LAW

The total pressure of the atmosphere of a manned spacecraft
is selected on the basis of several factors, including the required
strength of the spacecraft. The greater the total pressure, the
greater is the tendency of the spaceeraft to explode in the vacuum
of space. To illustrate the magnitude of this problem, calculate
the force tending to explode an Apollo spacecraft having an in-
ternal volume of 300 ft? and a cabin pressure of 5 psi. To simplify
the calculation and to obtain the minimum value, assume the
Apollo spacecraft is spherical in shape (a sphere has the smallest
surface area in relation to the volume contained). (The surface
area of a sphere is equal to 47 and its volume is 4/3mr3)

Several gases including N,, O,, and CO, are dissolved in blood.
Their concentrations are dependent on theijr partial pressuresin
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equilibrium with blood as related by Henry’s law, which states
that the amount (mole fraction) of a gas dissolved in a liquid is
proportional to the partial pressure of the gas in equilibrinm
with the solution. This activity is an experimert that applies
Henry’s law to a system of carbon dioxide and water.

The apparatus is assembled as shown in Figure 1-4. A eudiom-
eter is filled about one-third full of water and fitted with a one-
hole stopper containing a glass tube. A gas bottle is filled par-

Eudiometer

Screw
COMpressors

Clear tubing

M N N N AR A

FIGURE 1-4. Apparatus for demonstrating Henry's law. Dry Ice is placed in the gas bottle, and
the equilibrium partial pressure of CO. is found by noting the volume of gas in the
eudiometer.
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tially with water and fitted with a two-hole stopper with glass
tubing; one of the glass tubes is connected to a short piece of
rubber tubing that in turn is connected to several feet of elear
plastic tubing. The bottle is tilted to fill the plastic tubing with
water, and then the free end of the plastic tubing is connected
to the eudiometer. Air bubbles remaining trapped in the tubing

should be manipulated into the eudiometer or toward the gas
bottle so that none remains between the free water surfaces in
the eudiometer and tubing. The remainder of the water in the
gas bottle is discarded, and then a measured quantity of water
(ca. 100 ml) is added to the gas bottle. A short piece of tuhing is
placed on the second glass tube of the gas bottle and serew com-
pressors are located on the tubing at positions 4 and B as indi-
cated in Figure 1-4.

Having both screw compressors open, the height of the eudiom-
eter or bottle is adjusted so that the water level is the same in
the eudiometer and plastic tubing. The gas pressure in the
eudiometer is now at atmospheric pressure. Once this is
achieved, the screw compressor at B is closed tightly and the
volume of gas in the eudiometer is recorded. The atmosgpheric
pressure should be recorded during the course of the experi-
ment. A small amount (ca. 10 g) of Dry Ice (CARE)? is placed
in the gas bottle, and the bottle is again stoppered. One may
wish to tape the stopper to the bottle with plastic electrical tape
at this time because pressures sufficient to dislodge the stopper
will occur in the bottle later in the experiment. When only a
small amount of Dry Ice remains in the bottle, the screw com-
pressor at B is opened and the screw compressor at A is closed
slowly until the volume of gas in the eudiometer is compressed
to about one-half its original volume. The screw compressor at
A is closed completely when all the Dry Ice has sublimed. The
bottle may be shaken to help dissolve as much CO, as possible.
The free surfaces of water are adjusted to approximately the
same level, and sufficient time is allowed for the bottle and CO.
solution to come to room temperature. Then the height of the
bottle or eudiometer is again adjusted until the free surfaces
of the water in the plastic tubing and eudiometer are the same,
the screw compressor at B is closed, and the volume of gas in
the eudiometer is recorded.

The CO, solution is removed from the gas bottle and is poured
immediately into a 250-ml beaker containing 100 ml of freshly
prepared saturated solution of calcium hydroxide (limewater).
The precipitated CaCO; may be collected by filtration, dried at
105° C, and weighed. The experiment is repeated selecting other
approximate final pressures between 1 and 2 atm. The weights

*Teacher should exercise cave inthis experiment.
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of CaCO, and thus the amount of dissolved CO. are shown to be
proportional to the partial pressure of CO: in the gas bottle.

Calculation of the partial pressure of CO: in the gas bottle at
equilibrium may be approached as follows:

Initially, the pressure of the gas in the eudiometer is adjusted to
that of the atmosphere.

Peuﬂiometr}ripmmusnhere

The pressure in the eudiometer is equal to the sum of the vapor
pressure of water (a constant at constant temperature) and the
pressure of dry air at the beginning of the experiment.

Eeudlumeteri ;i20+ (Pdryair)!

When the apparatus has reached room temperature after in-
serting the Dry Ice and the water surfaces again have leveled,
then:

Prasvoe= (PH20+PCDg)gasbuttleiPeudmmeter:PHED%E (Paryair)2 (1-3)

where it is assumed that the air originally in the gas bottle has
been flushed out by the gaseous CO..

According to Boyle’s law:
~ v
(Pdryair)'l:ﬁ (Pdryair)I

where V. and V; are the final and initial volumes of gas in the
eudiometer, respectively, and (Pgyyar)1 1S the initial pressure of
dry air in the eudiometer; i.e., Paymospnere — Pugo. If Wwe assume that
the partial pressure of water in the CO: solution is effectively

Py, from both sides of equation (1-3) vielding:

(PCDg)gashnme: (Paryair)2= — (Paryar)1= = (Patmusphere—PﬂgQ)
V. Vs

Thus, the equilibrium partial pressure of CO; can be found from
knowledge of the eudiometer readings, the atmospheric pres-
sure, and the vapor pressure of water (tabulated value).

RATE OF DIFFUSION
Loss of gas by leakage through small openings is a persistent

problem in spacecraft. The rate of this loss is determined by
several factors, including the mass of the gas particles, the size

or
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of the orifice, and the difference in Pressure on opposite sides of
the orifice. This activity examines the rate of loss of a gas from a
container as a function of differences in the external pressure,

Into a petri dish are placed 20 ml of distilled water and 2 drops of
phenolphthalein solution. Sufficient 1.0 N NaOH (2 to 3 drops) is
added to impart an intense pink color to the solution. This dish
is placed under a bell jar as shown in Figure 1-5. It may be help-
ful to set the dish on a piece of white paper to Tacilitate observa-

Bell jar

~

Saran Wrap ~d)
Rubber band |

100-mI beaker ~

o

F‘etri dish

FIGURE 1-5. Apparatus for investiyating rates of diffusion. Fases escape from the eovered
beaker and diffuse at different rates depending on the pressure in the bell jar,
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tion. Ten ml of concentrated HCI (ca. 12 N) (CARE)" are poured
into a 100-ml beaker. The beaker is covered securely with a piece
of Saran wrap held in place with a rubberband. The Saran wrap
is punctured with a common pin and the beaker is then placed
under the bell jar next to the petri dish. Valve 4 is closed, and the
time necessary for sufficient HCI to dissolve in the base solution
to cause the pink color to just disappear is recorded.

To demonstrate the effect of external pressure on the rate of
gas loss, the experiment is repeated but with a reduced pressure
in the bell jar. After inserting the acid solution, the bell jar is
partially evacuated by means of an aspirator, and the time for
color change is noted to be less than that required at higher
initial pressure,
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LIFE-SUPPORT SYSTEMS
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Chemical equations
Stoichiometry
Oxidation-reduction
Ionie reactions
Adsorption
Chromatography

Man is far from being an independent creature. He is dependent
upon his environment for food, oxygen, water, and other basic
necessities as well as for the dissipation of many of the toxic
byproducts of his existence. In choosing to venture into space,
man has intensified the problem of providing systems capable
of supplying these needs.

life-support divisions of NASA. The problem is complicated by
the fact that the life-support systems must meet rather strin-
gent criteria including simplicity of design and operation, re-
liability, efficiency, and compactness. Furthermore, although
nonregenerative systems using storage techniques are adequate
for short-term missions, those of longer duration will require
regenerative systems that can use waste materials as sources
of water, oxygen, and perhaps even food.

All space flights to date have been of relatively short duration;
and sufficient food, water, and oxygen have been provided largely
by prestorage aboard the spaceeraft. The development of freeze-
dried foods has been instrumental in permitting adequate
storage of this commodity. Water has been prestored on all the
manned flights to date, but was also produced as a byproduct
of a fuel-cell reaction, aboard the Gemini and Apollo spacecraft.
Oxygen, like food, has been provided solely by prestorage on all
manned flights to date. Carbon dioxide, a major waste produect
of man, has been removed from the cabin atmosphere by reac-
tion vith lithium hydroxide,

Anyone who has seen a manned spacecraft is acutely aware of
its limited storage capacity. The Gemini spacecraft, for example,
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had an internal volume of approximately 80 ft* for its two occu-
pants and their equipment. The three-man Apollo spacecraft
(internal volume approximately 300 ft#), although larger than
either of the two previous types of spacecraft, is still extremely
limited in storage space. Consequently, when missions of several
months or more are considered, physical storage of the neces-
sary quantities of food, water, oxygen (Table 2-1), and absorb-
ents becomes increasingly difficult or even impossible. For such
missions, either regenerative systems or a series of space sta-
tions along the route must be established. The former approach
presently is considered more realistic, and space scientists are
now attempting te develop regenerative life-support systems.

Botk chemical and biological types of regenerative systems are
being examined. The biological systems employ algae, bacteria,
green plants, or some combination of these, to establish an eco-
logical cyecle that mimics that existing on Earth. In one such
system, photosynthetic organisms use carbon dioxide and water
to produce food and oxygen, while a species of bacteria uses
hydrogen, oxygen, carbon dioxide, and urine to produce water
and bacterial cells. The major disadvantage of most biological
sy=toms iz their size: they are simply too bulky. For this and
other reasons, chemical regenerative systems are considered
superior for interplanetary space travel. These systems use
sequences of relatively simple chemical processes to establish
an artificial ecological cycle.

MAN’S DAILY BALANCE

Commodity Material Balance, 7\7viager— Balance,
Ib 1b
Qutput:
Urine (95 percent H,0) 3.24 3.08
Feces (75.8 percent H,0) .29 22
Transpired H.O 2.20 2.20
CO: (1.63 1b Oy) 224 e
Other loszes 14
Total 811 5,50
Input:
Food (dry weight) 1.5 0.15
Metabolic H.O PP . .88
H.O 4.69 4.69
Total 8.11 5.50

The values given in the table are from Poprma and Collins (1) and are the nominal
amounts of substances consumed and excreted by a moderalely active man of

waste products are also indicated.
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CARBON DIOXIDE

In this unit we shall examine the chemical aspects of life-support
systems that have been used on missions in the past or that ap-
pear most promising for use in the future.

REMOVAL

manned spacecraft. It is formed as an end product of the oxida-
tion of foodstuffs in man and is expired into the cabin atmos-
phere. The carbon dioxide output of an average individual is
about 2.2 Ib/day. The minimum allowable concentration of carbon
dioxide in a space cabin has been estimated to be approximately 3
parts per hundred (2) or a partial pressure of about 7.6 mm Hg (3).
Continuous exposure to concentrations in excess of this amount
produces varying degrees of headache, dizziness, confused
thinking, and eventu~1ly will ecause death.

Removal of carbon dioxide from the cabin atmosphere on all
flights to date has been accomplished by its absorption with
lithium hydroxide. Alkali metal hydroxides react readily with
carbon dioxide in the presence of water vapor according to the
following general equation (M represents any alkali metal):

2MOH (s) 4+ CO; (g)—M.CO; (s) + H:0 (aq)

A simple weight-weight calculation shows that to absorb the
2.2 1b of carbon dioxide releasad per man per day requires about
2.4 1b of LiOH, 4.0 1b of NaOH, or 5.6 1b of KOH. Thus, the use of
LiOH gives the smallest weight penalty per pound of carbon
dioxide absorbed.

The LiOH/CO. reaction is essentially irreversible and is of
little use if the carbon dioxide is to be used subsequently in a
dioxide must be removed from the cabin atmosphere and con-
centrated by some mechanism that will allow its easy recovery
for subsequent treatment. One potential regenerative system
uses a bed of synthetic zeolite (metal-ion alumino silicates, e.g.,
NaAlSiO,) to absorb the carbon dioxide as cabin air is circulated
through the bed. Zeolite, however, reacts readily with moisture
and loses its ability to absorb carbon dioxide. The airstream,
passage through a desiccant such as silica gel. The carbon
dioxide absorbed on the zeolite can be desorbed easily by heat-
ing the zeolite to 340° C (4), by exposing it to a vacuum, or by
using a combination of heat and vacuum.

Another regenerative system for concentrating carbon dioxide
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that is currently under investigation at NASA Ames Research
Center uses metallie oxides, particularly silver oxide, as the ab-
sorbent. The general equation for the reaction may be writ-
ten as follows:

Ag,0(s)+CO. ()= AngOu (s8)

The reaction is reversible; about 20 percent of the silver car-
bonate can be decomposed in 4 hr at a temperature of 180° C.
An advantage of the Ag,0 system is that the airstream need not
be predried as in the case of the zeolite system. In fact, evidence
suggests that the reaction is catalyzed in both directions by
water vapor.

A third system for the removal and concentration of carbon
dioxide takes advantage of two properties of ions—their ability
to undergo exchange reactions and their migration in an eleec-
tric field. As illustrated in Figure 2-1, the cabin zir flows through

Anode

Concentrati
cell

Cabin air
- CO- removed

Cation resin Anion resin
H* OH-
Cathode
e
=3  Anion
#]_.- transfer
on membrane
& ]  Absorption
: \ 4.~ cell
\- Cabin air

containing CO,

FIGURE 2-1.

Schematic representation of an ion-exchange system for concentrating carbon
dioxide. Carbon dioxide, removed from the cabin wir by reaction with hydroxide
ions, migrates in the form of carbonate ions to the cation resin. There the carbonate
iong react with hydrogen ions, and carbon dioxide is liberated as a gas,
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an anion-exchange resin containing hydroxide ions as the ex-
changeable ions. These react with the carbon dioxide to form
carbonate ions.

20H~ (aq) + CO: (g) — H.O (aq) + CO3~ (aq)
Under the influence of an electric field, the carbon.ate ions mi-
grate from the absorption cell into the concentration cell con-
taining a cation-exchange resin. Here hydrogen ions from the
cation-exchange resin react with the carbonate ions to regen-
erate carbon dioxide.

CO%~(aq) +2H" (aq) — H.0 (aq) + CO. (g,

The carbon dioxide is then discharged as a more highly concen-
trated gas and is fed to an oxygen recovery system.

polymers of styrene and divinylbenzene:

©=CH=CH2 + H3C=HC=—CH:CH2 —_—

atyrene divinylbenzene

»*CH—CH:—CH-—CH;-—CH—CHs— """

O O Q

e ;CH"_CHﬂ— &=

The resins are crosslinked to varying degrees depending upon
the amount of divinylbenzene used. Various functional groups

cules. If sulfonated styrene is used, for example, a strongly
acidic cation-exchange resin is formed:

H+

Similarly, an anion-exchange resin is formed if the starting
styrene contains quaternary trimethylaminomethylene groups:

. ?H3 +
CH:=CH CH- —N— CH, OH~-
~— I
CH;
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Oxygen can be stored in a variety of forms, including high-
pressure gas, supercritic. ! fluid, cryogenic liquid, and oxygen-
producing chemiecals. Prestorage as a high-pressure gas was
employed for the Mercury flights primarily because it is the
simplest method. The gas, stored in heavy tanks under a pres-
sure of approximately 7500 psi (4), is released at a rate sufficient
to maintain the proper partial pressure of oxygen in the cabin,
(See Unit 1, “Cabin Atmospheres in Space Vehicles.”) Although
it is the simplest method, high-pressure storage also provides
the greatest weight penalty because sturdy, pressure-resistant
tanks are required.

Liquid storage has several advantages over gas storage. The
greater density and lower vapor pressure of oxygen in con-
densed form reduces the size and strength of the tanks re-
quired. Among the disadvantages of liquid storage are the need
for maintaining the temperature below the critical tempera-
ture of oxygen, 154.8° K, and the continuous presence of two
phases in the storage tank as a result of vaporization of the
liquid. Removal of oxygeun from the container as a gas is desir-
able from the standpoint of regulating both temperature and
pressure within the storage tank. Discharging O; in the formof a
gas removes larger amounts of heat energy from the tank than
would the discharge of 0. as a liquid; thus, the capacity of the
cooling system needed to maintain the O: in the form of a liguid
is smaller. In a zero gravity environment, however, it is difficult
to prevent discharge of the liquid.

As a compromise solution, the Gemini and Apollo spacecraft

carry oxygen in the form of a supercritical fluid (4). Stored as a
supercritical fluid —that is, at a pressure greater than its critical

perature—the oxygen exists as one phase, behaving as a com-
pressed liquid. Thus, the density advantages of a liquid are
combined with the single-phase advantages of a compressed

iz maintained constant by the regulated addition of heat.

Numerous chemical methods of regenerating oxygen from waste
products have been examined (5). Most of these systems are
based on the reduction of carbon dioxide and the direct or subse-
quent recovery of the oxygen eontained in the carbon dioxide.
The processes that appear most promising involve the reduction
of earbon dioxide with molecular hydrogen to form water, which
is subsequently electrolyzed to produce oxygen (6). One variation

37

30



Unit 2 Life-Support Systems

of this process is known as the Sabatier or methanization reac-
tion. The equation for this reaction is:

CO: (9) +4H: (9)—hmme CH (9) + 2H.O (g)

At a temperature of 200° C, about 99 percent of the carbon dioxide
is converted. The methane from this reaction can be pyrolyzed,
and the resulting hydrogen can be recovered and then recycled:

CH, (9)—C(s) +2H. (g)

The water from the methanization reaction can be electrolyzed
to yield additional hydrogen and the desired oxygen:

2H,0 (aq)*>2H. (g) + 0: (g)

The sum of these three reactions gives the desired result—the
recovery of oxygen from carbon dioxide:

CO; (g)—C () +0: (g)

A modification of the hyc ;ogen-reduction process, known as the
Bosch or carbonization reaction, reduces carbon dioxide to ele-
mental carbon and water: )

CO; (g) +2H: (¢)mrameC (s) + 2H,0 (g)

Again the water is electrolyzed in a subsequent step to obtain
the desired oxygen. Although it requires one less step than the
Sabatier method, the Bosch process is less efficient, achieving
generally less than 25 percent conversion of the carbon dioxide
per pass through the reactor (4).

Two electroiysis systems also might be mentioned as possible
methods for the recovery of oxygen from carbon dioxide. One of
these, under investigation at NASA Ames Research Center in
California, employs a mixed solid oxide electrolyte consisting of a
mixture of zirconium oxide and caleium oxide. Carbon dioxide is
reduced at the cathode to earbon monoxide and an oxide ion:

Cathode reaction: CO; (g) +2e—— CO (g) +02% (8)
The oxide ions then mig~ate under the influence of the electrical
field through the electrolyte to the anode where they give up

electrons and form oxygen gas:

Anode reaction: 02~ (8)=1/20, (g) + 2e-
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The carbon monoxide formed is subseque: .1y converted to car-
bon and carbon dioxide, and the latter can be recycled through
the electrolysis cell:

2CO (g)¥ C (s) +CO: (g)

A seccnd electrolysis system for the recovery of oxygen from
carbon dioxide involves the electrolysis of a molten solution
of lithium ecarbonate formed by the reaction of lithium oxide
with carbon dioxide. The reaction may be represented as follows:

3Li.0 () + 3CO0: (g) —~ 3Li.CO; (5)
4Li* (8) + 4e~ — 411 (8) (cathode reaction)
2C05 (8) — 2C0, (g) + 02 (g) +4e~ (anode reaction)
4L (s)+ Li.CO4 (8) — C (s) + 3Li.0 (s)
CO. (g)—= C(8)+ 0:(g) (overall reaction)

Lithium carbonate is formed by reaction of lithiuin oxide and
carbon dioxide. It is then electrolyzed to form metallic lithium
at the cathode and oxygen at the anode. The metallic lithium
reacts further with lithium earbonate, re-forming lithium oxide
and carbon; the carbon then deposits on the cathode. In practice,
lithium chloride is added to the cell to lower the melting point
of the lithium carbonate, thus lowering the operating tempera-
ture of the cell (4).

Oxygen-releasing chemicals generally cannot compete with
other methods of oxygen storage for long-duration missions,
but they are being considered as a possible source of oxygen
for spacesuit backpacks (4). The compounds under investigation
for this purpose are primarily peroxides, superoxides, chlorates,
and perchlorates of alkali and alkaline earth metals. An illus-
trative example is the “chlorate candle,” which has also been
used on submarines and for emergency supplies of oxygen on
airecraft. Sodium chlorate decomposes when heated according

to the following equation:

2NaClO, (s)— 2NaCl (s)+30:(9)
Theoretically, 0.451 1b of oxygen is available per pound of sodium
chlorate. Actual production is only about 40 percent of theo-

retical production.

A combined carbon dioxide removal/oxygen supply system, which
has also been used successfully in submarines, employs potas-
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sium peroxide. The sequence of reactions may be represented
as follows:

2K.0. (8) + 2H.0 (9) = 4KOH (s) + O, (g)
4KOH (s)+ 2C0. (9) — 2K.CO,4 (5) + 2H.0 (g)

FOOD AND WATER SUPPLIES

40

Tian needs about 5.5 Ib of water per day. Some of this water can
be obtained in the food he consumes; even freeze-dried foods
have a residual water content of about 10 percent by weight.
In addition, some water is formed as a preduct of the oxidation
of these foods within the body. The remainder must be supplied
as drinking water. (See Table 2-1.)

Hydrogen/oxygen fuel cells, such as those used aboard the
Gemini and Apollo spaceeraft, can provide drinking water as a
byproduct of their production of electrical current. (8ee Unit
4, “Electrochemical Cells for Space Power.”) On longer missions,
fuel cells probably will be replaced by other power sources (1),
and stored water will be the only source available. Because man
does not chemically alter the water he consumes, recovery of the
water contained in his waste products (Table 2-1) will greatly
reduce the amount of water that must be stored on board the
spacecraft.

Numerous water reclamation systems have been examined 1).
No single system appears applicable to all situations. For ex-
ample, a modified vacuum distillation system (4, 6) appears most
feasible for recovery of water from urine. The basic principle —
vaporization followed by condensation —is the same as that com-
monly used in the laboratory to obtain “pure” water. On the
other hand, transpired water—water lost through respiration
and perspiration—is already in the vapor phase and is recovered
most easily by cooling the cabin air below its dewpoint and
allowing the water vapor to condense. This is the same prin-
ciple employed in household dehumidifying systems. The produc-
tion of potable water often requires treatment to remove contam-
inants such as micro-organisms, volatile solutes, and dissolved
gases,

Man’s daily food intake weighs considerably less than the water
he requires, averaging about 1.5 Ib “dry” weight per day (1).
(As indicated earlier, “dry” foods contain some residual water.
The value given is based on use of freeze-dried foods containing
a residual water content of about 10 percent by weight.) Pres-
ently, this need is met in space largely in the form of stored
freeze-dried foods. Recently, the feasibility of regenerating
foods, particularly carbohydrates, from metabolic waste prod-
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ucts has been studied (7, 8, 9; and NASA scientists, NASA Ames
Research Cente The available starting materials for such
a synthesis ar arbon dioxide, hydrogen, and water. Direct
synthesis of car. .iydrates from these materials has been con-
ever, by starting with intermediate products such as formalde-
hyde, CH.O.

Formaldehyde can be prepared by first reacting carbon dioxide
with hydrogen in the presence of the oxides of chromium and

zine to form methanol:

CO: () + 8H. (9) — 2220 — CH,OH (9) + H.O (9)
Methanol, in turn, is readily oxidized to formaldehyde by air in
the presence of s silver or copper catalyst:

2CH,0H () + 0. (¢) ——-—> 2CH.0 (¢) + 2H:0 (¢)
Another synthesis of formaldehyde involves the oxidation of the
methane formed in the Sabatier reaction. Barium peroxide
serves as the catalyst:
CO: (9)+ 4H: (9) —=> CH, (9)+ 2H:0 (9)

180°

CH., (g)+ 0:(g) SLLLCN CH.O (g)+ H: O (g)

Formaldehyde can be polymerized under alkaline conditions to
give polyaleohol structures of the type:

CI)H (?H (?’H crH Cl)H
—C—C—C—C—C—

R T N
H H H H H

This reaction makes possible the synthesis of carbohydrates; the
net reaction may be represented as:
CH.O (aq) sy CuHz,0, (ag)

where n is any integer greater than 2. Studies by Sinyan (7)
and at the NASA Ames Research Center have shown that a
mixture of carbohydrate and noncarbohydrate products gen-
erally is formed. Furthermore, this mixture was found to be
toxic when fed to rats at levels equivalent to 30 to 40 percent
of their caloric requirement. Identification and elimination of
any toxiec material may make ihis process of primary importance
for production of carbohydrates for consamption during ex-
tended missions in space.
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Work on the synthesis of fatty acids from simple hydrocarbons
such as methane is also being supported by NASA., Whether
methods such as these can be used as sources of edible food re-
mains to be demonstrated.

TRACE CONTAMINANT REMOVAL

Numerous potentially hazardous materials might be encoun-
tered in the atmosphere of a space vehicle (10). S8uch materials
might arise from any number of sources including metabolic
wastes, internal structural components, lubricants, stored
materials, rocket propellants, and combustion processes (11).
Data regardinz the nature and quantity of trace contaminants
are presently quite sparse. Until such data are available, effec-
tive control systems cannot be developed.

As an interim measure, manned spaceeraft have been equipped
with an activated carbon adsorbent. As the cabin air is circu-
lated through this adsorbent, contaminants are concentrated
onto the surface of the carbon particles. The principle is the
same as that employed in some cigarette filters and gas masks.
Numerous low-boiling materials (e.g., carbon monoxide and
methane) are not adsorbed appreciably on carbon; therefore,
long-term missions in the fulure undoubtedly will require
additional control systems for contaminants.

CARBON DIOXIDE REMOVAL WITH A SILVER OXIDE SYSTEM

42

Removal of carbon dioxide from the atmosphere of the cabiiiof a
manned spacecraft is one of the major functions that the life-
support system must perform. The carbon dioxide may be stored
simply in combination with an absorbent for the duration of the
mission (nonregenerative system). Alternately, the absorbent
may serve simply as a concentrating meadium from which the
carbor dioxide subszequently can be desorbed and treated to re-
cover the combined oxygen (regenerative system).

This experiment simulates a regenerable ecarbon dioxide removal
system, utilizing silver oxide as the absorbent:

Ag:0 (5) +CO: (g)s e —A2:CO; (5)

Desorption of the CO. is achieved by heating.
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The apparatus is set up using two Erlenmeyer flasks as shown in
Figure 2-2. Flask I contains alternating layers of glass wool
and silver oxide, prepared as follows. A layer of glass wool is
placed in the bottom of tne flask. About 1 g of Ag.0 is sprinkled
over the surface of the glass-wool layer. A second layer of glass
wool is placed in the flask, and 1 g of Ag.0 is sprinkled over the
gurface. This layering process is continued until a total of about
5 g of Ag»O have been introduced into the flask. The top layer
should be glass wool. The flask and its contents are weighed; and
the weight recorded. The inlet and exit tubes are inserted
throurh a two-hole rubber stopper. The inlet tube should extend
as close to the bottom of the flask #% possible without touching
it; the exit tube should terminate above the uppermost layer of

COq-containing
mixture

Vent

Alternating
layers of
Ag:0 and
glass wool

Saturated
Ca(OH)=

\ Flask |

t

AN T R TTI R
3 3 P A o A

Apparatus for obsorption of CO: by Ag:0. A gas econtaining CO, is passed through
layers of Ag:0O supported on glass wool. Any carbon dioxide not absorbed in flask I
ig precipitated as carbonate in flask 11,
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glass wool, Flask II con...ins a freshly prepared saturated solu-
tion of Ca(OH). (limewater), and serves as an indicator of the
efficiency of the Ag,0 absorbent. Should the flowrate of CO. be
excessive for the apparatus, precipitation of CaCO; will be ob-
served in flask I1. If this occurs, the flowrate should be decreased
and/or flask I should be repacked.

A piece of tubing is attached between the inlet of flask I and a
source of CO., such as the breath of a person. Allow CO. to pass
slowly through the Ag:0 system for a period of about 10 min.
Then flask I and its contents are reweighed wnder the same
conditions as before. The difference in weight represents the
amount of CO: absorbed by the Ag.0, plus any water vapor
trapped within vae glass wool matrix or on the Ag.0. An estimate
of the amount of water adsorbed on the glass wool may be ob-
tained by passing an equivalent amount of gas through a similar
system but omitting the Ag.O absorbent. An alternate approach
in measuring the amount of CO, absorbed by the Ag.0 is to
recover the CaCO; from flask IT by means of filtration in both the
test system and control system, and then dry and weigh it. The
difference in weights indicates .he amount of CO. absorbed by
the Ag,0O. The reversibility of the Ag.O reaction may be demon-
strated by heating the Ag.0. The stopper is removed from flask I,
and the flask is placed into an oven having a temperature of
about 180° C. At intervals of 1 hr, the flask is removed from the
oven, covered with a glass plate, allowed to cocl to room tempera-
ture, and weighed. This process is repeated until two successive
weighings give the same value. A plot of the weight of desorbed
CO: versus time can be made, and the time necessary to desorb a
fraction (e.g., 90 percent) of the CO; can be found. The Ag,0 used
in this activity can be heated at about 180° C for several days and
retained for future use in this experiment. It should be noted,
however, that the reused Ag:0 will appear to lose up to 100 per-
cent of the absorbed CO. upon being rcheated.

ACTIVATED CARBON FOR CONTAMINANT REMOVAL

As indicated in the text, an activated carbon adsorbent has been
employed as a general method for the removal of trace con-
taminants in the space cabin aimosphere. The effectiveness of
this system varies with the nature of the substance to be ad-
sorbed. The present experiment examines the effectiveness of
activated carbon for the removal of ammonia, a eontaminant
that might arise from metabolic waste products.

The apparatus for this activity is shhiown in Figure 2-3. Flask I,
a 2560-ml Erlenmeyer flask, contains alternating layers of glass
wool or cotton and powdered, activated carbon (chareoal). The
total amount of carbon used should be about 30 g. The inlet tube
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Alternating
layers of
activated
carbon and
glass wool

%4 Flask |

GURE 2-3. Apparatus for measuring the adsorption of geses on activated carbon. Ammania
is pagsed through flask I where part of it iz adsorbed on the carbon. The remainder
reacts with the acid in flask I11.

F

it

should extend into the lowest layer of glass wool. Flask II con-
tains 200 ml of 0.05 M H.SO,. About 10 ml of concentrated NH,OH
is placed in the test tube, and the test tube and flasks are con-
nected as shown. The apparatus should stand at room tempera-
ture for 10 to 15 min. Then, preferably using an electric hot plate,
the water bath is slowly heated to about 50° C. The heating is
stopped, and flask Il is disconnected immediately. A 25-ml portion
of the contents of flask II is titrated with standardized
0.1 M NaOH using pherolphthalein as an indicator.

These results can be compared with a control system treated in
the same manner, using only the glass wool in flask I. Comparison
of the two results gives the amount of NH; adsorbed by the
activated carbon.

CHEMICAL SYNTHESIS OF CARBOHYDRATES

Although prestorage is presently the most satisfactory solution
to the problem of providing adequate amounts of food during
manned space missions, synthetic techniques of food production
probably will be used on long-duration missions and remote space
stations. Systems capable of regenerating foodstuffs from simple
inorganic materials such as CO, probably will be most suitable
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for this purpose because the starting materials are readily avail-
able in the form of metabolic waste products.

Many biological regenerative systems are being considered, but
NASA scientists believe that systems based on reliable chemical
procedures should also be considered at least as backup systems
for the biological processes, which may be unreliable under space
conditions. In this experiment, we shall examine one of the
methods being tested by space scientists for the chemical
synthesis of carbohydrates: the condensation of formaldehyde
under alkaline conditions.

About 0.1 g of powdered Ca(OH). is added to 40 ml of a 4 to 5
percent aqueous solution of formaldehyde in a 125-ml round-
bottom flask. A condenser is attached to the flask (Figure 2-4)
to reduce loss of formaldehyde during subsequent heating. The
flask is placed in a water bath maintained between 80° and 100° C
and shaken occasionally during heating. The heating is con-
tinued until the solution turns yellow. The reaction is auto-
catalytic, and the exact time required to reach completion
depel..s in part upon how soon the reaction initiates itself. On
the average, a heating period of 30 min is required.

The reaction mixture is filtered to remove any Ca(OH)., and the
filtrate is neutralized with dilute formiec acid. (CAUTION: Formic
acid can produce severe skin burns.) The yvellow liquid is con-
centrated to a small volume having the consistency of a viscous
sirup. This is accomplished most readily with a rotary evaporator
if available; if not, the solution may be poured into an evaporat-
ing or petri dish and placed in a vacuum desicecator over concen-
trated H.S0,. Whatever technique is employed, the temperature
should be kept below 50° C to prevent caramelization of the

products.

Five to ten ml of ethanol are added to the concentrated sirup to
precipitate any dissolved inorganic materials; and the pre-
cipitate, if any, is removed by filtration. Further evaporation of
the filtrate will yield a yellow solid, which is a mixture of carbo-
hydrates and noncarbohydrate contaminants.

If desired, the nature of this mixture of carbohydrates can be
examined by chromatographic techniques. A strip of Whatman
filter paper (preferably No. 1 or No. 8), about 1 in, wide and 6Y4
in. long, is prepared. Touching only one end of the strip, the
student draws a light pencil line about 1 in. from the other end.
A wire or stringis inserted through the paper about Ysin. from the
handled end and as near the center of the strip as possible
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IGURE 2-5.

(Figure 2-5). This will serve to support the paper during the
chromatography.

A clean, dry 500-ml Erlenmeyer flask fitted with a cork may be
used for the chromatography vessei. A long-pronged staple or
half a paper clip from which to hang the strip of filter paper is
inserted into the bottom of the cork. The developing solvent is
prepared by thoroughly mixing (preferably in a separatory
funnel) n-butanol, glacial acetic acid, and water in the ratio
4:1:5 by volume. The mixture separates into two phases on
standing. The upper butanol phase is used for the chromatog-
raphy. About 30 ml of the developing solvent is placed in the
Erlenmeyer flask, and the flask is stoppered immediately to
prevent evaporation.

Filter

paper
Developing

solvent

1

H

Pencil
line =

Apparatus for chromatography of carbohydrates. A amall amount of sugar solution
is gpotted at the level of the pencil line on the filter paper, and the mixture of sugars
i regsolved chromatographically.
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solved in as small a volume of ethanol as possible. By means of a
capillary tube drawn out to a fine point, a small amount of the
sugar solution is deposited on the center of the pencil line on the
strip of paper. (The volume of solution drawn into the tube by
capillary action should provide sufficient material for the chro-
matography.) The spot should be kept as small as possible. (If
the liquid is applied in several small doses with suflicient time
for complete drying between each dose, a small, compact spot is
obtained.) After allowing the spot to dry for 5 to 10 minutes,
suspend the paper from the cork with the lower edge of the paper
dipping into the solvent (Figure 2-5). The solvent level should not
reach the pencil line, and the edges of the paper shotr!d not touch
the sides of the flask. When the solvent has climbed to within
1 in. of the upper edge, the paver is removed from the flask and
allowed to dry. The flask should be restoppered immediately to
prevent evaporation of the solvent. Much better resolution of
the components is achieved by returning the dried paper to the
flask and repeating the solvent migration step.

After the final drying, the paper is sprayed uniformly with or
dipped quickly into an aniline phthalate reagent (0.93-g aniline,
1.66-g phthalic acid, and 10G-ml water-saturated butanol) and is
dried at 105° C (drying oven) for 56 min. With this reagent, triose
sugars produce a yellow color, pentose sugars give a crimson
color, and hexose sugars give a brown color. In this manner,
several components in the sugar mixture are characterized.
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MICAL ROCKET PROPELLANTS*
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Topies that may be enriched by use of this unit:

Heat of combustion
Temperature
Periodic law
Enthalpy
Stoichiometry

It is the nature of man to move himself and his goods from place
to place, to explore his surroundings, and to extend the limits of
his abilities. It is natural, therefore, that man in his present
stage of technological development is sending vehicles on mis-
sions into space. Because the atmosphere in space is far too
rarefied to .llow use of conventional engines, these space ve-
hicles must ve powered with rocket engines that produce thrust
by expelling large amounts of gases at high velocities (1, 2). In
the case of chemical rocket engines, the high-velocity gases that
are expelled are the products of highly exothermic chemical
reactions (3). A continuing problem for rocket scientists is to
optimize the thrust produced by these rocket engines through
choice of propellants, reaction conditions, and rocket-engine
design.

SOLID PROPELLANTS

Chemical rockets are classified as solid or liquid based on the
physical state of the stored reactants. The first rockets, called
“arrows of flying fire,” were made in the 13th century by the
Chinese. They used heterogeneous solid propellants possibly
composed of tow (fibers of hemp), pitch, turpentine, sulfur,
charcoal, naphtha, petroleum, incense, and saltpeter. The first
recorded attempt at manned rocket flight occurred about the
year 1500 when a Chineze man named Wan Hoo strapped himself
between two kites in front of 47 gunpowder rockets. Ignition of
the rockets annihilated both the vehicle and its pilot. More

*The chemical compositions of several rocket propellants are stated in this unit,
1t is not suggested that these substances be prepared or obtained from other sources
Jor purposes of experimentation because of the inherent danger involved.
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recently, heterogeneous scli propellants were composed of mix-
tures of an inorganic oxidizer with an organic fuel, such as the
mixture of potassium chlorate and asphalt used in World War I1
jet-assisted takeoff rockets. This mixture is cast inside a rocket
case; the asphalt gives the charge sufficient strength to with-
stand the stress associated .7ith the rocket’s acceleration and the
pressures resulting from combustion. Most recently, elastomeric
materials have replaced asphalt as the organic fuel in hetero-
geneous solid propellants. A mixture is formed of a monomer and
oxidizer particles, and then the monomer is p: .yr-erized. Am-

finely divided metals, such as powered aluminum, are added to
increase the efficiency of combustion. In audition, other additives
may be included to improve the physical properties of the pro-
pellant. The Polaris is an example of modern rockets using
improved types of heterogeneous solid propellants.

A second type of solid propellant, termed ‘“homogeneous” or
“double-base propellant,” is formed from gelatinized colloidal
mixtures of nitrocellulose, nitroglycerine, or diethylene glycol
dinitrate. Plasticizers, modifiers, and stabilizers are added to
give homogeneous propellants more suitable physical properties.
The Nike booster used such a propellant.

Data for two representative solid rocket propellants are given
in Table 3-1 (4). Propellant I is a homogeneous propellant com-
posed by weight of 52 percent nitrocellulose, 43 percent nitro-
glycerine, and 5 percent additives. PropellantITisaheterogeneous
propellant composed of 80 percent ammonium perchlorate and
20 percent resin and additives,

A solid propellant is packed or molded inside a rocket case in the
general shape of a tube, thus a cavity runs the entire length of
the center of the solid charge (5). The initial cross-sectional shape
of this cavity is selected with a view to controlling the area of
surface that will be burning at any given time. The rocket is
maintained at sufficiently low temperatures to retard reaction

COMPARISON OF TWO SOLID PROPELLANTS

Property Propellant I Propellant II
Density, g/em?* 1.61 1.72
Flame temperature, °C 1760 15630
Average particle mass, g/mole 27.8 25.5
Heating velocity, em/sec 1.65 0.8-2.0
Specific impulse, lb-sec/lb 230 236

From Jaukoevic (4).

59 65



Unit 3 Chemical Rocket Propellants

or decomposition of the charge during storage. For ignition, the
surface of the propellant along the cavity is brought to a suf-
ficiently high temperature to sustain combustion. Ignition is
accomplished by igniting small pyrotechnic devices placed near
the charge or by introducing substances that sponta: eously
react together or with the solid propellant. Burning then occurs
along the entire inner surface of the tubular charge; the re-

bustion chamber. Heat from the combustion rrocess melts,
sublimes, and boils the reactants close to the surface; and the
vapors react as they are carried along in the gas stream. Addi-
tives and polymeric binders keep large chunks of propellant
from being dislodged by the vaporization or foaming action
within the solid propellant.

The rat~ of combustion 1 + unit of surface area of the solid
charge is dependent on the pressure in the combustion chamber
and on the propellant temperature. The pressure in the com-
bustion chamber is related in turn to the amount of material
burning per unit of time and to the size of the exhaust opening or
throat. The surface temperature of the solid charge is deter-
mined by its specific heat and thermal conductivity. The rate of
penetration of the heat into the solid charge is regulated by
additives, such as soot or pigments. Solid propellants usually are
consumed at 0.1 1o 5 cm/sec in the absence of extreme erosive
effects. Two examples of rates of combustion (or heating velocity)
are listed in Table 3-1. Certain additives called inhibitors regu-
late the rate and direction of the consumption of the propellant,
thus delaying exposure of the rocket case to high temperatures.
Structural parts that have extensive exposure to the hot gases,
such as nozzles, are protected by coatings of ceramics or ablating
materials. (See Unit 8, “Ablative Materials for High-Temperature
Thermal Protection.””)

reliability along with the disadvantage that the solid propellant
may decompose or react prior to launching. Homogeneous pro-
pellants are also very sensitive to shock. Solid-propellant rockets,
however, have the further disadvantage that once the combus-
tion process is initiated, it cannot be throttled easily and con-
tinues until all of the propellant in the engine is consumed.
Thus, solid-propellant rockets are more difficult to use for some
functions, such as maneuvering space vehicles.

LIQUID PROPELLANTS

A second type of rocket propellant that is used extensively in
our space efforts is stored in the liquid state. Rocket engines
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using liguid propellants have the advantage that the combustion
process in the engine can be throttled by the pilot or ground
control because the storage and combustion sites of the pro-
pellants are separated. The liquid propellants are forced or
pumped from storage tanks through pipelines to a combustion
chamber. The complex systems required for the storage and
movement of liquid propellants, however, impose penalties of
increased mass of a rocket and create realiability problems.
Furthermore, many liquid propellants must be handled and
stored at very low temperatures.

The first use of liquid propellant: ccurredinthe year 1895 when
Paulet in Peru operated a bipropellant rocket using gasoline as
the fuel and liquid oxygen as the oxidant. The work of Robert
Goddard, both in theoretical analysis of space flight (1919) and
in experiments with liquid-oxygen rockets (first flight, 1926),
wasg important early pioneering work. By World War Il German
scientists had perfected a liquid-oxygen/aleohol rocket ealled
the V=2, More recently, nitrogen tetroxide and aerozine (hydra-
zine that has been stabilized by mixing it with unsymmetrieal
dimethyl hydrazine) were used in Titan II boosters to launch
the Gemini series of manned satellites. Nitrogen tetroxide and
hydrazine have the advantage that they can be stored at tem-
peratures just below room trmperature, but the disadvantage
that they are very toxic. In addition, hydrazine can be dangerous
to handle because it can burn alone as a monopropellant. An-
other example of a liquid-propellant rocket engine is thes F-1
engine, five of which provide the 7,500,000-1b thrust for the first
stage of the Saturn V-Apollo. The propellants of the F-1 engine
are RP-1 (a type of kerosene) and liquid oxygen. (See Figure
3-1.) More energy per pound of propeilant and a larger specific

RP-1/oxygen A Hydrogen/oxygen
—3
. J-2
F-1
B . g 3. . M—].
S g o

188,000 ' .‘373700 OdO

1,500,000 1,200,000

FIGURE 3-1. Some liguid-propellunt engines and the pounds of thrust produced by each. RP-1
iz a type of kerosene; five F-1 engines using this fuel power the Saturn V rocket.
The size of a man 18 given for eomparison.
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TABLE 3-2

impulse iratio of the thrust produced by a rocket motor to the
mass « the propellants reacting per unit time) are obtainable
from thic reaction of hydrogen and oxygen. These propellants
are used to power the 200,000-1b thrust J-2 engines in the second
and third stages of the Saturn V-Apol'o. Table 3-2 lists some of
these biopropellant combinations anu the approximate storage
temperatures of each fuel and nxidant.

The combustion chamber of a liquid-propellant rocket (Figure
3-2) is much smnller and lighter in weight than that of solid-
propellant rocke of comparable thrust. In many liquid-propel-
lant rocket engines, the liquid fuel is circulated through the
tubular walls of the combustion chamber and nozzle. This pro-
cedure, called regenerative cooling, warms the fuel to the proper
temperature for ignition and protects these surfaces from the
effects of the high temperatures. The liquid fuel and oxidant of a

COMMON PAIRS OF LIQUID PROPELLANTS

7 o Best Specific

Oxidant () Liquid fuel (F) weight impulse

ratio (O/F)| 1b-sec/lb
Oxygen: 0., —183°C Aleohol; C:H;0H, 16° C 2.00 287
Nitrogen tetroxide: N.O;, Hydrazine: N.H,, 16°C 1.30 291

16° C

Oxygen: 0;,—183° C RP-1: kerosene, 16° C 2.60 30m
Oxygen: 0., —183° C Hydrogen: Hs, —253° C 4.00 391

Specific impulse is calculated here asswming ideal exparsion of the combiustion
produets from a pressure of 1000 psi to 1 atm. Units are the conventional pounds-
Jorce divided by weight flowrate (pounds per.second); specific impulse is, of cou se,
independent af gravity.

From Burrows (6).

Combustion
chamber

Propellant
pumps

Nozzle throat

FIGURE 3-2.

58

Components of a typical liguid bipropellant rocket. Fuel and oxidant are pumped
from their storage tanks to the combustion chamber. Cireulation of the fuel through
the walls of the combustion chaniber and nozzle cools the surfaces of these
structures.
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bipropellant rocket are metered, atomized, nnd mixed upon in-
jection into the combustion chamber. Some propellants such as
N.O,; and N.H, ignite spontaneously on mixing (hypergolic);
whereas other propellants such as H; and C. must be ignited
initially by a glow piug, spark plug, injection of a small amount

of hypergolic fuc!, or a pyrotechniec igniter.

The temperature of the droplets of liquid propellant rises rapidly
when they are injected into the hot combustion chamber. Vapori-

for only several microseconds as they are accelerated to the
speed of the surrounding gases. The gaseous reactants begin to
burn after they reach a sufficiently high temperature under the
prevailing pressures. Burning occurs downstream from the fuel
injectors, thus preventing convective heating and erosion of the
fuel injector plates. Although these plates are also heated by
radiation from the burning gases, excessive damage to the plates
is prevented by the cooling effect of the liquid propellants being
injected.

The location of fuel injectors in a rocket engine is one of several
variables that affect the stability of the combustion process.
Critical regions of instability in an engine develop wherever
large gradients in temperature, pressure, and composition exist.
These can cause pulsations to arise with frequencies ranging
fror less than 100 to several thousand c;cles per second that
would vibrate the entire rocket. In addition, the high-frequency
oscillations can cause erosion of the combustion chamber and
fuel injector Figure 3-3). Elimination of this instability is still
an art and often is achieved by making changes in the geometry
of the combustion chamber through modification of the fuel
injectors and the baffles on the fuel injector plates (7) (Figure
3-4).

A combustion chamber must be of sufficient size to complete the
process of atomizing, mixing, igniting, and burning the pro-
pellants by the time the gases enter the nozzle (Figure 3-2).
The area of the nozzle throat determines the combustion pres-

therefore, the size of the combustion chamber. These and other
parameters have no optimum magnitudes but are calculated by
NASA space scientists for a given set of conditions including
the nature of the propellants, external pressures, and the thrust
expected from the engine.

Heating of the rocket nozzle provides still another problem for
combustion scientists. The heat-transfer rate in the nozzle may
be three to four times that occurring in the combustion chamber;
and in the throat, three to four times that in the nozzle. In addi-
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FIGURE 3-3.

Frosive cffects from high-frequency “sereaming.” Instabilities in a combustion
chamber caused severe ervosion of this fuel injector plate. Burnout of this plate
occurred in about 0.5 sec.

tion to employing the regenerative cooling mechanism men-
ticned previously, these structures may be protected by fabri-
cating them from superalloys and coating them with eceramics or
ablating materials. (See Unit 8, “Ablative Materials for High-
Temperature Thermal Protection.”) The walls may also be
sprayed with liquid fuel to cover their surfaces with a vapor
shield of relatively cool gases.

Some liquid-propellant rockets derive thrust from the thermal
decomposition of a sinile substance. The hardware design of

oy
o

f 4
2 e



Unit 3 Chemical Rocket Propellants

Py S0, so0ee ™S, ..
2%sc s 0000000 e

@ g
.°"‘.Ooo-o"" o'>
0 ceeevsce® o'..
..'000-00""..'
a..'°ooo!o00"..o'
...'..-o".'.a

G.’..’.ao.

--

FIGURE 3-4. Injector with bafflcs. Buffles discourage the rotary motion of a pressure wave near
the fuel injector plate thus preventing damage of the type shown in Figure 3-3.

these monopropellant liguid rockets is essentially the same as
for a rocket of the bipropellant type. The monopropellant is
ignited initially by a glow plug, spark plug, or the simultaneous
injection of a small amount of a substance with which it reacts
spontaneously. For instance, the midcourse propulsion system
on the Ranger Moon probe was a monopropellant hydrazine
engine. A small amount of N:0; was injected to initiate the
decomposition of the hydrazine. At the resulting higher tempera-
tures, the decomposition of injected hydrazine was continued,
catalyzed by AlL,O; present on the walls of the reaction chamber.

ROCKET PROPULSION

The purpose of a rocket engine is to provide the accelerating
force or thrust needed to place a space vehicle into an orbit or
an interplanetary trajectory. The thrust arises as a result of
expelling small particles, called propellants, at high speeds from
the rocket engine. The amount of acceleration produced is di-
rectly proportional to the thrust, which, in turn, is directly
proportional to the amount of propellant ejected per unit time
and the velocity of the ejected propellant. If m, is the mass of
propellant ejected at a velocity V), in an interval of time ¢, then
the thrust F' is given by

_m,V,

F=—t=t 3-1)
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For a rocket having a gross mass of m,. the acceleration pro-
duced by the thrust is
r

a =E 3-2)

The gross mass of the rocket may be considered as the sum of
the mass of the vehicle m and that of the propellant .

mge=my+mp

Substituting this expression in Equation (3-2), we have a% any
instant
_ F1 —_—
i+ m, (3-3)

As shown in Equations (3-1) and (3-3), large accelerations are
achieved by expelling large amounts of propellant at high speeds
from a space vehicle of the smallest possible mass.

ROCKET PROPELLANTS

While rocket engines are rated in terms of thrust, propellants
often are rated in terms of specific impulse. Specific impulse I,
is the ratio of the thrust produced to the mass of propellant ex-
pelled per unit time. The equation for this relationship is

_ F
P (mp/t)
or 3-4
i (3-4)
I, =
mp

(It can be seen from the latter equation that specific impulse is
simply the impulse, F't, per unit mass of prorellant.)

Specific impulse is often expressed in the units of pounds of
thrust per pound of propellant consumed per second; that is,
pounds per pound per second, or pound-seconds per pound. (In
the literature, the ~nass of rocket propellants commonly is given
in pounds.) The importance of this quantity is that it is directly
proportional to the velocity with which the propellant is ejected
from the engire and to the rate of acceleration of the rocket
(Eguations (3-1) and (3-3)).

Typical values of the specific impulse of propellants in chemical
rockets range from 200 to 450 1b-sec/lb. For nuclear or electrical
rockets, the value of specific impulse may be several hundred to
several thousand pound-seconds per pound (2). The relatively
small values of specific impulse for chemical propellants result
from the fact that the energies for accelerating the propellants
come from chemical reactions involving the propellants them-
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selves. The energies produced are limited to those of the most
exothermic chemical reactions and are much less than can be
produced with nuclear or electrical devices. Chemical rockets,
however, will continue to play an important role in space mis-
sions by maximizing the specific impulse of propellants through
the use of highly exothermic chemical reactions, minimizing the
me :ses of wvehicles, and using large masses of propellants.
Chemical rockets will continue to be especially useful in launch-
ing vehicles from the surface of planets because their total
thrust can be made very large.

SELECTION OrF CHEMICAL PROPELIANTS

A fundamental and often limiting characteristic of chemical
rockets is that all of the energy used in accelerating the propel-
lants comes from the energy released in the combustion reaction.
Therefore, the chemical propellants selected are those that
undergo highly exothermic reactions. These highly exothermic
combustion reactions result in increased temperatures in the
combustion chamber, ejection of the propellants at higher
speeds, and increased thrust. The relationship among these
quantities can be understood by noting that the average velocity
of the particles of propellant in the combustion chamber V.
is directly proportional to the square root of the ratio of the
absolute temperature 7. to the average mass of the particles of
propellant m:
T,

Ve o \5 (3-5)

Furthermore, the directed velocity of the propellant V, ejected
from the nozzle of a rocket engine is directly proportional to
the random velocities of the gases in the combustion chamber;
therefore

Vo= (3-6)

This relationship 1s quite important to the rocket scientist
because it states that the average velocity of the molecules of
the ejected propellant, and hence the thrust of the rocket engine,
is increased by increasing the combustion temperature and by
decreasing the average molecular mass of the combustion
products. Higher combustion temperatures are achieved by
selecting propellants with large heats of reaction (large negative
values of AH) under the conditions of temperature and pressure
found in combustion chambers. Because the combustion tem-
perature is directly proportional to the heat of reaction and
because the specific impulse of propellants is directly propor-
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tional to the velocity of the propellants, it follows from Equation
(8-6) that (3,8, 9)
iR

I, <
s m

(3-7)

This important proportionality shows that the specific impulse
of the propellant, and thus the thrust of a rocket, is related to the
heat of reaction of the propellants and to the average mass of
the particles ejected from the rocket engine. Rocket scientists
therefore must select combinations of propellants and a com-
bustion chamber geometry that yield large values of specific
impulse.

HEATS AND PRODUCTS OF REACTIONS OF ROCKET PROPELLANTS

Chemical reactions involve electrons in the outer or valence
shells of atoms, and the number of these electrons varies periodi-
cally with iner:: sing atomic nun.oe. Therefore, as might be
expected, the amount of energy released in the reaction of 1
mole of any element with sufficient atoms of a given element,
such as oxygen, varies in a periodic manner with increasing
atomic number. Because the mass of the propellant is very im-
portant in achieving maximum acceleration from rocket engines

(Equation . -3)), the energy released per unit mass of product
is of even more significance in sel ting propellants (3). A repre-
sentative plot of the heats of rea n of various elements with
oxygen is shown in Figure 3-5. apparent from the figure
that the elements having atomic 1ibers nearly equal to those
of beryllium, aluminum, and : .ndium upon reaction with

oxygen release the most energ per unit mass of the oxide
formed. Thus, if oxygen is chose as the oxidant, potential ele-
mental rocket fuels would inclu 2 these substances. However,
the oxides of beryllium, boron, magnesium, aluminum, calcium,
scandium, and titanium have very high boiling or sublimation
points; and thus these oxides would tend to aggregate in the gas
flow and even condense on the walls of the combustion chamber.
Therefore, use of these elements as fuels would give high heats
of reaction but weould yield low values of specific impulse (Equa-
tion (3--7)). A compromise is made: typical oxidants used are
oxygen and fluorine (an oxidizing agent in the broad sense of
the term); and typical fuels include hydrogen and compourds
containing boron, carbon, nitrogen, and hydrogen. Combustion
temperatures for these substances are in the range of 2500° to
4000° C.

The average mass of the combustion products depends on the
nature of the fuel/oxidant pair, the reaction conditions, and the
thermal stabilities of the product molecules. For a given fuel/

64 61



Unit 8 Chemical Rocket Propellants

10,000 —
i
o
3 7,500 |-
b
o) O
E 5,00C |~
)
& 2,500 —
>
o
[FE]
0 Vo
L | S §
0 10 20 30
Atomic number

FIGURE 3-5. Reaction energy with oxygen. The heat released per pound of oxide formed in the
reactions of various elements with oxygen is seen to vary periodically with atomic
number. Maxima occur jor the elements beryllium, aluminum, and scandium.

oxidant pair, the average mass of the nroduct molecules often
can be made smaller by injecting excess fuel into the combustion
chamber. That is, the ratio of fuel to oxidant is made larger than
its value calculated on the basis of a balanced stoichiometric
equation. This is illustrated in Table 8-2. For instance, if hydro-

gen reacts with oxygen at room temperature, the balanced equa-
tion for the reaction is

2H, 4+ 0. — 2H,0

Under these conditions the only produet molecules are those of
water. At the temperatures found in combustion chambers,
however, small amounts of free radicals such as H and OH would
also be present in the reaction mixture. Furthermore, if the
reaction mixture is made fuel rich, the proportion of small moelec-
ular weight molecules is increased. Although less heat is released
per mole of reactant under these conditions, smealler particle
masses and a higher specific impulse result (Equation (3-7)).
For use in rocketry a typical weight ratio of oxygen to hydrogzen
is 4 to 1 (Table 3-2). Under these fuel-rich conditions, the reac-
tion at high temperature can be written approximately as

4H:+ O, — 1.98H,0+ 1.97H, + ¢.96H + 0.030H

Similar equations apply to other fuel/oxidant combinations. For
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FIGURE 3-6.

instance, if hydrocarbons are burned in insufficient oxygen,
some of the hydrogen appears as H and H, rather than as water.
Again, this results in a higher specific impulse than could be
achieved with stoichiometric amounts of the reactants.

The chemical composition of the combustion products continues
to change as the products pass through the throat and nozzle of
the rocket engine. If one considers the composition of these gases
to be fixed at that found in the combustion chamber (a “frozen”
equilibrium), illustrative calculated values of specific impulse
for various combinations of oxidants and reactants are shown
in Figure 3-6 (from Rothrock (3)).

Although specific impulse is a measure of the performance of
propellants, several other factors need to be considered in
selecting a fuel/oxidant pair. For instance, although the specific
impulse of the hydrogen/oxygen reaction is relatively large,
the density of liquid hydrogen is relatively low compared to
other fuels. As a consequence, larger storage tanks are required,
and this results in an added weight penalty for the rocket. There-
fore, not only is the energy released per unit mass of reactant im-
portant in rocketry but also the specific gravity of the reactants.
In addition, a number of other factors may be relevant to the
choice of the propellants, such as their stability, the difficulty
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Performance of representative rocket propellants (3).
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in handling and storing them, and the toxicity of the propellants
or of the combustion products. (See Unit 2, “Life-Support
Systems.”)

Although much information about propellant performance can
be determined through combustien experiments, such trials are
very costly and time consuming. A potentially more efficient
and revealing method is to predict the performance of a pro-
pellant in a given combustion chamber from thermodynamic
data. By statistical thermodyramic methods, one calculates the
molecular contribution to quantities such as enthalpy, heat
capacity, transport properties, and equilibrium constants. From
knowledge of molecular-energy levels and the distribution of
molecules am