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CHARACTERISTICS OF EMERGENCIES

Emergencies occurring during space flight can be characterized in
a variety of ways: (a) by cause; (b) by consequence; (c) by nature of
threat to lives of crew members; (d) by the apparent survival time, or
time available for remedial action; (e) by required remedial aids or
other needs of survivors.

While each of these methods of characterizing emergencies is use-
ful and relevant, this paper focuses on the ranges of survival times
that would be associated with life-threatening emergencies in space.

A knowledge of survival times and their statistical distribution yields
a means of comparing various remedial systems having different response-
time characteristics. The survival times clearly depend upon the under-
lying factors that threaten the lives of crew members, and these factors
in turn depend on what has happened to place the lives of crew members

in jeopardy.

CAUSES OF EMERGENCIES IN SPACE

Equipment Failures

Passive failures (subsystems that cease functioning), malfunctiouns
(equipment that functions improperly), and catastrophic failures (on-
board explosions or fires) are included in this category. It would

not be useful to catalog each type of equipment present in a conceptual
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spacecraft, the various ways in which each could fail, and the kinds
of emergencies that could ensue. However, it is clear that most space-
craft subsystems have finite (but usually not measurable) probabilities
of failing within a given period of time, and that such failures could
result in a fairly small number of different serious consequences to

the crew.

Personnel Errors

Causes in this category include errors of judgment or actions re-
sulting in docking collisions, a hard landing on the moon, accidents
during extravehicular activities, or wasting of fuel needed to complete
a mission safely. As with equipment failures, the end consequences
would be a few underlying threats to life: metabolic deprivation,
excessive physiological stresses, or physical injury. Flight-crew
members and ground controllers will undoubtedly continue to be selected
according to stringent standards of competence, stability, and perfor-
mance, and will be very intensively trained for their missions. In ad-
dition, there should be few opportunities in the space environment for
potentially fatal errors of judgment (compared with flying an airplane,
for example). Thus personnel errors cshould be a less frequent cause

of emergencies in space than equipment failures.

Environmental Hazards

Causes in this category include meteoroid penetrations and damag-
ing fluxes from very large solar flares. Although direct environmen-
tal hazards, especially catastrophic hits by large meteoroids, were at
one time regarded as the paramount danger to manned spacecraft, it now
appears that the probability of a damaging hit by a meteoroid islquite
low relative to the probability of a critical subsystem failure. The
probability, however, increases with increasing exposed area and in-
creasing duration of stay in space. Such an event, if it did occur,
could produce damage to spacecraft subsystems, rapid decompression, or
flash burns or other physical injury to personnel.

Very large solar flares, capable of producing lethal doses of ra-
diation to shielded crew members, should also constitute a relatively
rare cause of emergencies. This cause would apply only to missions

going beyond the protection afforded by the earth's magnetic field.



Personnel Breakdowns

Causes in this category include the outbreak of possibly fatal or
incapacitating infective diseases, the occurrence of fatal or incapaci-
tating noninfective ailments, and mental, psychoneurotic, or personal-
ity disorders among crew members. Statistics on the incidence of in-
capacitating diseases and disorders among rigorously selected men in
the age group considered to be typical of future space-flight crews
have been examined. On the basis of these data it appears that human
failures can be considered as such low-probability causes of emergen-
cies in space, relative to equipment failures, that they can be disre-
garded for the purposes of this paper.

Neither the space flights carried out so far in the U.S. space
program nor the experiences of personnel in remote and isolated bases
on the earth give any indication that the space situation itself will

produce an unusual incidence of psychoneurotic disorders.

Conclusions on the Causes of Emergencies

On the basis of the foregoing survey of potential causes of emer-
gencies in space, it is concluded that these may be ranked, in order of
importance, as (1) equipment failures, (2) personnel errors, and (3)
environmental hazards. A fourth potential cause, personnel breakdowns,
appear to be of negligible significance relative to the other causes.

Whatever the cause of emergencies in space, they will result in
a relatively small number of conditions constituting actual threats to
life: that is, conditions due to (1) metabolic deprivation, (2) exces-
sive physiological stress and (3) chemical, radiation, or physical in-
jury. It will be noted that each of these, with the exception of phys-
ical injuries, would probably affect the entire crew.

It is assumed that, in situations affecting only one member or a
fraction of a crew, the remaining crew members could usually render
first aid or provide other appropriate remedies to those afflicted.
Thus we are concerned primarily with those kinds of emergencies that en-
danger the lives of all of the flight crew members aboard a spacecraft.
Regardless of the specific cause of the emergency, it is useful to con-
sider all of the possible underlying threats to life that might result

from an emergency in space, as well as their associated survival times.



THREATS TO LIFE

The underlying threats to life are classified as follows:
1. Metabolic deprivation:
a. Anoxia; b. Dehydration; c. Starvation.
2. Excessive physiological stress:
a. Exposure to tumbling; b. Exposure to heat.
3. 1Injuries and poisonings:

a. Chemical injury; b. Radiation injury; c. Physical injury.

The ranges of survival times associated with the above list, and
the potential maximum crew involvement fractions, are summarized in
Table 1. It should be noted that threats 1(a) through 3(b) could po-
tentially affect the entire crew, while threat 3(c) would most likely

affect only a part of the crew or one individual.

Table 1

THREATS TO LIFE AND SURVIVAL TIMES

UNOERLYING THREATS TOLERABLE DELAY TIMES
DEPRIVATIONS OF:
OXYGEN 1 MIN
WATER 2 DAYS } TO MANY MONTHS
FO0D 30 0a¥§
PHYSIOLOGICAL STRESSES 1 MIN
CHEMICAL INJURY I MIN
VERAL DAYS
RADIATION INJURY 1 DAY To 5
PHYSICAL INJURY MINUTES

The survival times displayed in Table 1 apply to the crew members
involved and indicate how long they could survive in the absence of ef-
fective remedial measures. Survival time, T, is defined as the time
interval within which remedial action must be completed in order to
save lives. (The zero point, or time zero, is the instant when the

existence of the emergency condition is first recongized.) The surviv-

al-time ranges given in Table 1 are discussed below.



Metabolic Deprivation

Anoxia. The human need for a continuous supply of oxygen to sus-
tain normal physiological functioning is too well known to require ex-
tensive documentation. It is sufficient to note here that the daily
oxygen requirements of man depend chiefly on body size, activity level,
individual traits, diet, and ambient temperature; for adults, the ex-
treme range is from 0.7 1lb/day to 4.5 lb/day. On the basis of avail-
able flight data, astronauts in a weightless state have consumed between
1 and 1.5 1b of oxygen per day on the average, although a nominal con-
sumption rate of 2.0 1b/day is often used for design purposes.

After breathing air, human beings can hold their breath for sev-
eral minutes without harmful results if there is no significant differ-
ence between the ambient pressure and the pressure in the lungs or if
there is a positive pressure difference (as in underwater swimming).
After breathing oxygen, the breath-holding time may be increased. How-
ever, with a negative pressure difference, such as occurs in rapid de-
compression to low pressures, it is not possible to retain an adequate
supply oxygen in the body for a significant length of time by breath
holding, and consciousness is lost in a matter of about 10 sec. No ex-
perimental data are available on human beings, of course, to determine
how rapidly a victim of rapid decompression to low pressures must be
repressurized in order to save his life. It has been shown, however,
in experiments with dogs and small primates, that rapid recompression
within 90 sec after a rapid decompression to 1 or 2 mm Hg absolute pres-
sure resulted in the saving of life and an apparent return to normal
behavior and respiratory function after a recovery period of 24 hr.(l)
If the data of Ref. 1 can be applied to human beings, then a rescue of
a victim of sudden decompression must be completed within 1 or 2 min
in order to save his life, which gives us the lower end of the range of
T for anoxia.

The simple failure of fresh oxygen supply to a sealed cabin, with-
out a drop in the ambient pressure, does not imply such low survival
times because there is still a quantity of oxygen available in the en-
closed volume. If the CO, absorbers are working properly but the oxy-

2
gen supply has been cut off, the survival time depends on the initial



partial pressure of oxygen in the cabin and the free volume per man.
The oxygen content of the air diminishes as time goes by, and at some
point the crew members will perish from anoxia unless they can obtain
fresh oxygen supplies.

An inadequate supply of oxygen does not always constitute an im-
mediate danger; it can sometimes be anticipated. As a result of a mis-
hap, a flight crew in space could have lost some of its oxygen supplies,
or the use of its oxygen-recovery equipment, and not have enough oxygen
remaining on hand to sustain the entire crew for the time required to
complete the mission. The survival time in such cases becomes the esti-
mated maximum time that on-board sources of oxygen could support the
crew members affected. Thus anoxia, as an underlying threat to life,
could be anticipated for any length of time short of actual remaining
time needed to complete the mission or to reach a haven where oxygen
is available. Survival times for long space missions could range up
to many months and longer.

Anoxia, or the threat of anoxia, as a result of an in-space emer-
gency would generally affect the entire crew of a spacecraft or of a
spacecraft compartment. It could, however, also threaten the life of
one individual involved in a mishap while engaged in extravehicular
activities.

The needs of the people affected would depend on what had gone
wrong. For cases involving very short survival times, it appears that
manned assistance would be required if the affected personnel did not
have time to help themselves. For cases involving long survival times,
the emergency would usually be resolvable either by unmanned delivery
of supplies or by repair or replacement of critical equipment to en-
able the crew to return home safely.

Dehydration. The length of time an adult human being can survive
without ingesting water in any form depends strongly on the rate at
which he is losing water by perspiration. This, in turn, depends mainly
on the ambient temperature and humidity. Under optimal ambient condi-
tions (an air temperature of 50°F or less) men may survive for as long
as 10 days without water. The survival time drops to about 5 days at

900F, and to 2 days or less if the air temperature is over 110°F.



Behavioral changes become evident when the bodily weight loss due to
dehydration reaches about 5 percent of the initial weight, and further
losses result in increasingly severe symptoms of distress. A 10 per-
cent dehydration weight loss produces virtual incapacitation, and 20
percent is estimated to be close to the bare survival limit.

Rationing of limited water supplies may greatly prolong survival
times, particularly if temperatures are moderate and if activity can
be reduced to a minimum. Thus survival times associated with simple
dehydration could range from a few days to many months.

Dehydration would usually affect the entire crew of a space vehicle.
The needs for resolution of the emergency, except where the crew members
were already incapacitated and unable to perform effectively, could usu-
ally be met either by unmanned resupply or by delivery of replacement
parts or systems to enable the crew to return home.

Starvation. Depending on physical condition, body type, amount of
stored body fat, and other individual differences, normal human beings
can probably survive for about one month or slightly longer without in-
gesting any form of food as long as they have oxygen and water in ade-
quate supply. With supplementary rations of vitamins and even meager
calorie and protein intakes (semistarvation), survival can be extended
to many months or even years.(z)

Like other types of deprivation, starvation would affect the en-
tire crew, and the need would be for resupply or for repair or replace-
ment of equipment to permit a safe return to earth. In most cases this
could be accomplished by unmanned assistance except where crew members
would be unable to correct the condition responsible for the predica-
ment (inability to maneuver, for example) even with the delivery of

equipment or supplies.

Excessive Physiological Stress

Exposure to tumbling. Human tolerance to tumbling depends on the

location of the axis of rotation with respect to the body, its angle
with respect to the long axis of the body, the attitude or posture being
assumed by the body, and the resultant blood pressure in the brain. As

used here, tumbling refers to spinning about an axis that passes through

the spacecraft cabin.



Tumbling of a spacecraft would probably always be inadvertent and
undesired. There are so many different factors that must be specified
to pin down human tolerances to tumbling that it is not possible to
treat the subject here in an entirely general manner. It is always
possible to find ranges of tumbling rates that imply values of survival
time ranging from less than one minute up to many hours. Mild tumbling
rates, i.e., those that would not produce a physiological end point per
se, would still tend to interfere with normal mission operations. If
uncontrolled, even mild tumbling might prevent atmospheric reentry,
and in such cases the survival time would depend on limitations pro-
duced by the depletion of metabolic supplies.

Tumbling of a spacecraft would affect the entire crew, although
individuals engaged in extravehicular activities could also get into
an uncontrolled tumbling situation that would prevent their return to
the spacecraft or result in injury.

The need would be for stopping the tumbling, which would require
either on-board tumbling arresters, or outside manned assistance plus
a high degree of ingenuity in solving the problem of gaining control
over a rapidly tumbling spacecraft from another spacecraft.

Exposure to heat. Human tolerances to high temperatures depend

on so many factors that it is not possible to provide strict quantita-
tive delimitations of each one that would have general application in
the spacecraft environment. For present purposes, however, it is ade-
quate to note that heat stresses (combinations of temperature and hu-
midity) up to a certain level can be tolerated by acclimatized individ-
uals almost indefinitely, as long as water and salt lost in sweat are
replaced at frequent intervals and dehydration can be avoided; heat
stresses beyond this critical level result in the storage of heat in
the body, and increasing internal body temperatures which eventually
lead to collapse and heat stroke. The significant times for collapse
due to heat storage, for resting individuals, are in the range from
about one-half hour to possibly a few days, although experimental data

on "time to incipient collapse"

do not generally go beyond 5 or 6 hr.
Survival times associated with exposures to heat, of relevance to

space-emergency situations, would lie in the range of less than 1 hr



to several days. Dangerous heat stresses, when they result from emer-
gency situations, would usually involve the entire crew. The need
would be for manned assistance in extreme cases, although very prompt
repair or replacement of defective equipment might be carried out by
crew members before they become incapacitated if needed parts were al-
ready on board or were delivered by unmanned vehicle.

Other physiological stresses. The other potentially incapacitat-

ing or lethal physiological stresses to which human beings are subject,
such as prolonged high linear accelerations or excessive vibrations, do

not appear to have any relevance to the space environment.

Injuries and Poisonings.

Chemical injury. In a closed space, carbon dioxide could accumu-

late as a result of a failure of the CO, absorbing system. The rate

2
at which the concentration of metabolic CO, would increase as a func-
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tion of time would depend on the free volume per man, the atmospheric
pressure, and on the level of activity being engaged in by the crew.
For free volumes in the range of 100 to 600 ft3 per man, with assumed
total energy output per day at the 2000-kcal level, and a cabin atmo-
sphere pressure of 7.5 psia, incapacitating levels of 002 would be
reached in the approximate range from 12 hr to 3 days.

Other toxic gases might accumulate in a spacecraft cabin as a re-
sult of the overloading of the trace contaminants-absorption system
by the introduction of extraneous materials, such as carbon-monoxide
(from an on-board fire), or rocket fuels and oxidizers (from leaks).
Typical survival times resulting from exposure to significant concen-
trations of such gases tend to fall in the range 1 min to several days.

Injuries due to poisonous gases would probably affect all crew
members. Manned assistance might be needed in the event of rapid in-
capacitation, but unmanned resupply of equipment needed to ameliorate
an incipiently dangerous situation could be effective if accomplished
speedily.

Radiation Injury. As is the case with other underlying threats

to life, we are concerned here with personnel who would probably die

without treatment but who might recover if treated in time. People
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receiving less than about 200 rems (acute whole-body dose) will prob-
ably survive without treatment, although one-quarter to one-half of
those exposed will show symptoms of radiation sickness and will be in-
capacitated to some degree for various periods of time. People receiv-
ing more than about 600 to 700 rems will probably all die, even with
treatment. In the midrange from 200 to 600 rems, there is the possi-
bility of saving lives by giving prompt treatment (such as bone-marrow
injections, broad-spectrum antibiotics) and providing hospitalization.
For significant effectiveness, treatment should be started within four
days after exposure and the sooner the better.

Radiation from large solar flares would most likely result in much
the same dosage to all crew members. The need, in the absence of ef-
fective self-help capabilities, would be for manned assistance.

This threat to life could occur in all mission areas except low
earth-orbital missions.

Physical injury. A great deal of experience and knowledge about

fatal and near-fatal wounds of every description has been gathered by

(3)

military surgeons in modern wars. Some of this experience can be
applied to the space-emergency situation, particularly that related
to survival times. Salient observations are summarized here briefly.

In any case of serious wounds, the time factor is of great impor-
tance. Self-help and first-aid abilities can do much to save lives.
Most preventable early deaths, at least among battle casualties, are
from blood loss (uncontrolled hemorrhage), from obstructed airway
(asphyxia), and from shock. These are problems that can be ameliorated
in many cases by well-trained nonmedical personnel as long as they have
adequate first-aid supplies and medicines, and blood, plasma, or plasma-
volume expanders. While the time factor is important in arresting hem-
orrhages, in rendering first-aid, and administering antibiotics to re-
duce the incidence of wound infections, extreme haste in giving sophis-
ticated medical care and surgery to injured people apparently does not
affect the survival rate very drastically.

Medical treatment of wounds, to be very effective in saving lives,
should begin well before 48 hr have elapsed, and preferably between 6

and 18 hr. Treatment instituted after 48 hr can still be profitable
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(e.g., in reducing the incidence of deaths from gas gangrene), but with
increasing delay times, the number of salvageable cases tends to diminish.
Similar survival times also apply to other forms of physical injury,
such as burns, fractures, and cold injury. Since physical injury as a
result of a mishap would probably not affect all crew members equally
and would most probably involve only one person, the other crew members
would be available to render first aid and to return the injured indivi-
dual to earth if feasible. For cases requiring medical or surgical skills
beyond the capability of the crew, outside manned assistance would be re-

quired to save the life of the injured person.

SURVIVAL TIMES

It would be extremely useful, for purposes of comparing various
types of remedial systems that might be used in resolving space-flight
emergencies, to know how survival times are distributed on a probability
basis so that the effects of different response times could be evaluated.
It would also be useful to know what proportion of all emergencies will
require external manned assistance for successful alleviation so that
unmanned and manned remedial systems can be compared.

Some insight into the distribution of survival times on a probabil-
ity basis can be obtained from theoretical considerations. For a large
number of individual emergency situations, each one having a definite
survival time associated with it, the cumulative survival probability
as a function of time can be shown to be a mathematical curve with cer-
tain known properties. Specifically, if we plot, as a function of time,
the probable fraction, F, of all cases with survival times greater than
a given time, t, the curve has the form of a negative exponential
F = exp[-f(t)], where f(t) denotes a function of time. A subclass of
this general function, the Weibull survival curve, has the form,

F = exp(-Ata), where A and o are constants which must be determined
empirically.

An example of an actual survival-time distribution, obtained from
historical data on submarine diasters, is given in Fig. 1. This is
based on ten cases in which submarine crews were lost and reasonably ac-

curate times of crew survival could be established. The stepped curve
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SURVIVAL TIMES
(EXAMPLE FROM SUBMARINE DISASTERS, 1905-1963)
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Figure 1

of the figure gives the raw data, while the smooth curve is a Weibull
survival curve with A = 0.219 and ¢ = 0.5. As may be seen, the raw
data can be fitted reasonably well by a curve of this kind, although
the small sample size would not give the expectation of a very close
fit. Similar cumulative survival probability curves as functions of
time should be applicable to any class of situations in which a popu-
lation is gradually reduced or attrited,

Thus, survival times associated with space-flight emergencies, as
a class, should also be distributed in accordance with a similar prob-
ability function. As we also know something about the major threats to
life, as discussed earlier in this paper, we can construct approximate
survival -probability curves appropriate to each threat to life by taking
into consideration the known physiological reactions of human beings to
each, and the fact that some can be anticipated and some cannot. The
curves in Fig. 2 are estimates of the survival-time distributions asso-
ciated with the seven individual threats to life that could involve en-
tire crews. These curves were produced by estimating the times corre-
sponding to F = 0.50 and 0.05 and solving for the constants A and ¢ in

the exponential functions.
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SURVIVAL CURVES FOR SPACEFLIGHT EMERGENCIES
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Figure 2

We do not know, however, the proper weighting factors to assign to
each threat to life to establish an overall cumulative-survival proba-
bility curve that would be characteristic of future space-flight emer-
gencies. Neither do we know what fraction of all future space-flight
emergencies will require external manned assistance for their success-
ful resolution. Therefore, we were forced to make assumptions regard-
ing the appropriate weighting factors and the need for manned assistance
in developing suitable survival curves. One assumption that can be made
is that the threat to life from anoxia may be quite dominant, with lower
weighting factors assigned to the remaining threats to life. However,
since all the curves have a similar shape, no matter what weighting fac-
tors are assumed, the overall (cumulative) survival curve representing
the distribution for all space-flight emergencies (lower right in Fig. 2)
should have much the same shape. This inevitably places a premium on re-
medial systems with short response times. In a study in which various
classes of remedial systems were being evaluated, it was found that the
cumulative survival curve could be shifted quite drastically right or
left without altering the relative rankings of the remedial systems under

(4)

consideration.
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CONCLUSIONS

The credible causes of emergencies in space, the consequences of
emergencies, the major underlying threats to life, and the ranges of
crew survival times that could result have been surveyed. The follow-
ing conclusions have emerged.

1. The most probable types of emergencies in space are those re-
sulting from equipment failures and personnel errors.

2. Credible emergency situations could result in crew survival
times (thus tolerable delay times for remedial action) ranging from
one minute up to hundreds of days.

3. Two categories of emergencies are recognized: those for which
self-help or external unmanned assistance would be effective and those
requiring external manned assistance.

4. Survival times associated with space-flight emergencies will
be distributed, on a probability basis, in a manner that can be repre-
sented by appropriately selected negative exponential functions.

5. These probable survival-time distributions can be used to com-
pare remedial systems having different characteristic response times.

6. It is necessary to make some assumptions about the weighting
factors used in generating cumulative survival probabilities as a func-
tion of time, and about the proportion of emergencies requiring external
manned assistance, however, conclusions based on use of the curves are

not strongly sensitive to the assumptions that have to be made.
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