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Section I, 1.2 - Space

Definition

Space, beyond being the final frontier, is different things to different people.  For pilots, space is beyond the atmosphere where they no longer have aerodynamic control and vehicles must be controlled in their position and altitude by thrusters.  For a meteorologist, space is where there is insufficient atmosphere to cause a measurable barometric pressure.  For a planetary scientist, space is that edge of the earth’s influence called the magnetopause, the last vestiges of earth’s magnetic field in wispy remnants of ionized particles marking the presence of our planet.  For cosmologists, space is beyond that, beyond the very fringes of our solar system, past even the distant orbiting, icy rocks of the Kuiper and Oort belts, extending billions of miles and out to the very limits of where the pressure of sunlight is bounced against the interstellar gas position known as the heliopause.  However, when we use human beings as a measure of space, the distance above our home planet is dramatically less.  

At an altitude of 63,000 feet above mean sea level, barometric pressure drops to 47 mm/Hg.  At this altitude and pressure, the boiling point of water drops to 37º C or body temperature.  For all practical purposes from the human point of view, space begins here.  There is little difference between 63,000 feet, the surface of the moon, and halfway to Mars.  These are places we cannot go without taking our own environment with us in order to survive.  While 63,000 feet (18,900 meters) is known as Armstrong’s Line, in practical application we must keep the human body far below this level in order to maintain normal function. When it comes to actual space flight, we must deal with the limits of aerodynamic flight and orbital altitudes as a minimum.  Von Kármán defined the aerodynamic limits of flight at about 120,000 feet. Higher still is the altitude at which air resistance is negligible and marks a boundary between the atmosphere and the lowest limit of orbital space flight.  This altitude is 180-200 km above earth’s surface, although NASA awards astronaut status for flights above 50 miles (80 km).  
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STS 113 Orbiter Endeavour over Cook Strait, New Zealand

The environment of outer space varies considerably.  In the first phenomena we will encounter is the absence of gravity.  Gravity, of course, is a property of mass, but we can simulate gravity through various forms of acceleration.  On launching astronauts into space, they experience fairly high levels of sustained acceleration during their flight.  The current fleet of space shuttles launches with a maximum acceleration force of about 4 Gs (1 G = 9.8 m/sec2 or 32.2 feet/sec2).  After 20 minutes of launch acceleration, the space shuttle will have gained sufficient altitude and speed to be in an orbital position.  Once the engines have cut off, the vehicle is no longer under acceleration and weightlessness or zero gravity is achieved.  In reality, this is not absolutely zero gravity.  

The very mass of the space shuttle or the space station provides some degree of trivial acceleration called micro-gravity.  The acceleration forces present are often on the order of 0.001 G, and the additional acceleration forces of an astronaut propelling themselves through their space cabin under their own propulsion is greater than this.  These forces are trivial from the human physiology point of view, but they make a significant difference to certain kinds of experiments performed in orbit.  Additional forms of acceleration and gravity can be obtained through centrifugal acceleration by rotating various structures.  

For many years, small centrifuges have been floating in space for conducting biological experiments, and in the future, rotation of spacecraft themselves may be used to produce a form of “artificial” gravity through centrifugal acceleration.  Additionally, in outer space, we may encounter in our travels other objects with less or more acceleration than earth.  So far humans have only trod upon the surface of the moon, which has but 1/6 of earth’s mass and, therefore, 1/6 of our earth’s gravity.  We have, however, sent probes to Mars, which has 1/3 of earth’s gravity, and Venus has 95% of earth gravity.  We have also touched down on several asteroids, which have only hundredths or even thousandths of earth’s gravity, but these have been sufficient to require breaking force when probes have touched down. Since humans are biologically adapted to 1 G of acceleration, entering this new environment, an abnormal environment, with normal human physiologic processes adapting to it, will require an understanding of how these processes work and what changes occur to humans with time.  Astronauts train on earth by using neutral buoyancy immersion tanks or on short parabolic flights in an airplane known as the “Vomit Comet”.
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Astronauts train in the NASA’s KC-135, the “Vomit Comet”.
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Flight Surgeon in Neutral Buoyancy Facility

The initial move into micro-gravity will result in short-term adaptive changes.  First, human body position, which is normally erect, is a response to earth’s gravitational pull.  Without this pull, the human tends to relax into a semi-fetal position with the knees and hips flexed, the arms bent somewhat forward, and the back slightly bent.  This position, while seemingly trivial, can be important when viewing ergonomic factors, such as operating controls in flight when they were designed by engineers on earth’s gravity, and would have a definite vector of acceleration to work with.  However, in space, any surface can be the floor, ceiling, or wall and can do so simultaneously for different individuals.  Gravity also has an orienting effect for us.  
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STS 109 Crew performs extravehicular activity, upgrading the Hubble Space Telescope.

A second short-term adaptation is shifting of fluid upward in the body.  In earth’s gravitational field, normally water is held in interstitial compartments of the lower extremities.  Once released without gravitational forces, this fluid will leave the interstitial spaces of the lower extremities, and the legs will shrink.  However, as the fluid then shifts upward, there may be engorgement and congestion of the face and, more importantly, nasal passages.  This can lead to some congestion or difficulty breathing through the nose.  In addition, fluid entering would then enter the venous system raising central venous pressure and triggering Gauer-Henry reflex and diuresis.  However, usually insensible loss through respiratory means accounts for most of fluid loss in the first day or two in space.  
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International Space Station 1 Crew “juggling” oranges in space.

The loss of gravitational orientation also can trigger space adaptation syndrome.  The individual no longer has a sense of up-and-down as the otolith within the inner ear no longer detects earth’s gravitational vector.  However, the eyes will still provide visual sensation of an orientation be it to a ceiling, wall, or floor, and the semicircular canals of the inner ear will continue to provide angular acceleration information.  Thus, there is a “sensory mismatch” between various motion sensors that report to the brain’s balance center leading to the transient phenomena known as space adaptation syndrome, which may be manifested by nausea, vomiting, and even incapacitation.  This phenomenon is transient as the brain is able to adapt to the new environment within about 72 hours.  Additional adaptation occurs as muscles in the body work less to move in the absence of gravitational force, and over a long period of time, several weeks to months, significant muscular deconditioning occurs. This can also involve the heart with very significant cardiovascular deconditioning occurring unless the astronauts exercise on a regular and strenuous basis. Earth based simulations of fluid shift and deconditioning use bed rest, usually with the bed tilted at 6o head-down.

Finally, in the very long adaptation of months to years, bones themselves are reconfigured to support the reduced loading, and bone loss may continue to an indefinite endpoint.  Where this endpoint is unknown at the present time, but we may speculate that the bones, if left to themselves, would reconfigure to a much more fragile status to meet the demands of a continuing micro-gravity environment, which could potentially be of insufficient strength to survive a return to earth’s gravity without fractures.  These problems suggest their own solution perhaps with generation of artificial gravity on a constant or intermittent basis.  Much research in the international space station would be directed towards solving the problems presented by living in micro-gravity.  
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STS-93 Astronaut Hawley exercises in-flight on a treadmill. Note restraint system. 

Since there is no atmosphere in space, we must create our own. Early U.S. spacecraft, Mercury, Gemini and Apollo, used a 5 psi (260 mmHg) cabin pressure with 100% oxygen in the first two and 65% oxygen during Apollo. The space shuttles and international space station use a sea level cabin pressure and gas mixture (760 mm Hg, 21% oxygen). Continuous removal of carbon dioxide  must  occur to keep the cabin habitable along with regulation of temperature, humidity. Other potentially toxic chemicals must be kept to very low levels. The standard industrial levels of toxins (as regulated by the Occupational Safety and Health Administration) are not applicable in a space station, as they are based on a 40 hour work week exposure and an assumption that the remainder of the week, the worker will not be exposed. An astronaut is in the workplace 24 hours a day, seven days a week. This means that any chemical process must be carefully tested before flight to predict and minimize leakage and hazard.

Space  suits present a different problem. The suits are fabric and must be flexible. However at sea level pressure, the suit will be too rigid for an astronaut to flex joints. A compromise pressure of 4.5 psi (230 mmHg) at 100% oxygen is used. This also reduces the risk of decompression sickness. Astronauts must still undergo a denitrogentaion cycle prior to performing extra vehicular activity (EVA)

Radiation levels in outer space are considerably different from that on earth, which was discussed in Section 2.16.  The primary source of radiation in outer space is particulate radiation in the forms of protons, free electrons, and high energy nuclei known as galactic cosmic rays.  The source of the protons and electrons is primarily the wind from the sun streaming outward constantly, sometimes greatly enhanced by storms on the sun and explosions of solar flares.  These outpourings of solar particles accompanied by x-rays can be so great that an unprotected human would receive a lethal dose of radiation in only a few hours.  

Cosmic rays originate from outside our solar system and consist of bare nuclei of atoms ranging from helium all the way to iron and mass.  Traveling at relativistic speeds, these particles have a considerable energy even though they are not electromagnetic radiation in the form of X and gamma rays.  Should a cosmic ray particle strike a nucleus or molecule, so much energy is transferred that the molecule itself is shattered and various vision components may themselves have enough energy to cause secondary and tertiary ionizations.  The phenomena of transferring this energy, called linear energy transfer (LET), is a property of particulate radiation and may enhance the absolute energy factor of radiation many fold.  

While x-rays, whose energy is measured in Grays (Gy, 1 Gy=100 Rads), cause effective a 1:1 ionization so that their energy in Gy can be directly converted to the biological effectiveness in Sieverts (Sv, 1 Sv=100 REM), this is not true for particulate radiation.  Particles collide repeatedly and may cause 2-20 times the number of ionizations for their given amount of energy; thus, the quality factor or “Qf” multiplies the energy into its biological effects, and if the Qf equals 5, then 1 Gy becomes 5 Sv.  

The radiation levels in space vary widely depending on where one is physically located.  In low earth orbit that is from minimal orbital altitude up to the bottom of the Van Allen belts at about 350 nautical miles altitude it is considered relatively free of high energy particles.  The Van Allen belts above extending from approximately 400 nautical miles to 20,000 nautical miles from above the earth’s center are created when the earth’s magnetic fields trap the protons and electrons streaming out from the sun.  Captured and accelerated, the Van Allen belts expand and become a giant donut-shaped cloud encircling the earth full of extremely high energy particles and very high radiation levels, generating auroras in the earth’s atmosphere.  Due to their presence, both humans and spacecraft must transit this area as rapidly as possible or be very hardened against the radiation.  Outside of the outer border of the Van Allen belts formed by the earth’s magnetopause, we are in free space where the primary radiation source is the wind from the sun.  Radiation levels are much higher than in low earth orbit and, in the event of a solar storm, may be higher still.  
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Aurora seen from STS 85 Orbiter Discovery
Since the particles stream outward from the sun along the sun’s magnetic field lines, they are in effect directional, and shielding can be an “umbrella” with the astronauts staying out of the rain of particles.  This would be a requirement for prolonged space flights, such as trips to Mars.  The average Mars voyage would take one year each direction and would experience at least two solar events on average.  It is possible to create significant shielding against the solar wind, and during the Apollo missions to the moon, one of the plans was to turn the Apollo command module tail towards the sun using the support module with its engine and fuel cells as a shield.  Future trips may require similar shielding.  However, galactic cosmic rays, which originate from all directions, are of such high energy that shielding, as we presently use it, has little benefit at the rates we can afford to use.  In addition, very high energy particles passing close to the aluminum atoms of the typical spacecraft shell may generate soft x-rays called Bremhstralung, which require additional internal shielding. There may be other sources of radiation, including our own generators containing isotopes and various sensors.  
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International Space Station, seen from STS 97 Orbiter Endeavour
Temperature in an outer space environment must also be tightly controlled.  Because the vacuum of space is insulating, it is possible for a spacecraft in interplanetary space to be extremely hot on the sun side and cold on the side away from the sun.  Typically, a spacecraft will be rotated in order to equalize these temperatures.  However, humans cannot tolerate these excursions of temperature, which may be on the order of several hundred degrees nor can they rotate while performing extravehicular activities. It is important to insulate both the cabin where astronauts reside as well as the space suits.  Space suits, which consist of a pressure shell, must be covered with insulation and reflective material capable of tolerating the extreme thermal changes that may occur.  The extreme differences in light levels may also affect the astronaut with dazzling brightness on the sun side and near total darkness in shadow.  Thus, visors must be equipped capable of providing extreme protection from both heat and light and yet be able to change at a moment’s notice.

The Commercial Space Act (Title 49, Subtitle IX, Chapter 701) placed the FAA in the role of regulation of civil activity in outer space with the Office of Commercial Space Transportation. The FAA regulates and facilitates all commercial launches and licenses spaceports. In the future will be responsible for certification of civil astronaut activities. 

All these environments combine in a different manner in the two bodies we are most likely to visit in the near future.  The moon, our nearest neighbor, has already been visited.  It is airless, and its surface in effect is as hard a vacuum as is outer space.  The gravitational level is 1/6 of earth’s, and without a magnetic field, the surface of the moon is exposed to radiation from both solar wind and cosmic rays.  At least on the surface, only half of the globe is a source of radiation.  Temperatures vary from high “noon” in the lunar day, which, of course, is 28½ earth days long.  At midnight on the moon, temperatures are bitterly cold.  
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Mars consists of only a slightly better environment.  Martian gravity is 1/3 of earth’s surface.  The Martian atmosphere is thin but present, perhaps a thousandth that of earth’s surface but sufficiently present to have its own weather, including dust storms.  It is also at thousandths of the earth’s atmosphere, still thick enough to permit powered flight by what would look like an unwieldy glider on earth and perhaps even lighter than air vehicles to be sure the air on Mars is light and would provide little protection against radiation, even ultraviolet radiation from the sun but much more than the moon.  Temperature extremes on Mars are not as high as the moon, climbing to the temperature of liquid water and plunging to more than -100º C by night.  There are seasons on Mars and different climates from the frigid poles with their frozen carbon dioxide and perhaps subsurface frozen water to the barren red deserts of equatorial Mars.  A harsh environment indeed but not insuperable. The challenges await us: space does indeed touch the lives of those of us more closely bound to Earth. 
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