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ABSTRACT

We investigated the effects of the centrifugal field
in rotating space stations on the crew because centrifugally
obtalned artificlial gravity i1s being consldered for space sta-
tlons. The astronants will experience an unusual environment
which 1s caused by:

1. A much larger Corilolls force, relative to the
nominal gravity strength, than on Earth.

2, The much larger head to toe gravity gradlent
present in a rotating space station.

3. The asymmetry of forces for motions of different
velocities.

These factors influence particle kinematics as ob-
served by the astronaut, and could interfere with normal task
performance and every-day activities. The magnitude of these
unusual effects increases when: the height (h) above the floor
at which the activity occurs increases relative to the radlus of
rotation (R). Our work indicates that if h/R exceeds approxi-
mately 0.1, the effects become large enough to seriously hamper
performance of ordinary tasks in the space station., (Other
investigators have recommended that w be 6 rpm or less for
physiological reasons.) Finally, a counter-rotating inertial
hub will be required for docking and crew transfer. A hub of
large radius 1s necessary to provide a habltable environment i
for the crew while the hub is gradually spun up in order to 3
acclimatize the crew to the rotating field. This process could
take several days. The need for a hub eliminates consideration
of tethered rotatlion configurations.
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CENTRIFUGALLY OBTAINED ARTIFICIAL GRAVITY

I. INTRODUCTION

In-flight artificial gravity obtained by spacecraft
rotation has often been suggested to improve astronaut physical
fitness and habitabllity for long duration space flights (Refs. 1-6).

The primary physlologlcal effect of rotation is canal
slckness, which results from over-stimulation of the vestibular
apparatus, The effects of rotation on vestibular function have
been consldered exhaustively elsewhere, and some of these re-
sults are availlable 1n References 4 and 5. These studies show
the constraints on space station design irposed by human re-
sponse to rotation. Based on this information, recommendations
that the artificilal gravity level be at least 0.3 g and the
rotation rate not exceed 6 rpm for physiological acceptability
have been made (Ref. 6). A number of disadvantages of rota-
tionally induced artificlal gravity are discussed in Ref. 6.
Incluslon of artificlal gravity is expected to influence space-
craft design (Refs. 1-6),

In this report the physical nature of the '"gravita-
tlonal" fleld obtalned by spacecraft rotation i1s discussed and
the kinematies of freely-falling objects as viewed by an astro-
naut are described. These kinematlcs are expected to be
different from those in a real gravity field, but have not been
described by other authors. Some consequences of the artificial
fleld for astronaut performance and spacecraft design and hab- i
itability are discussed. i

II. CHARACTERISTICS OF THE ROTATING ENVIRONMENT

A. Quantitatlve Differences Between the Earth's and Rotational
Gravity Environments i

Artificlal gravitational fields obtained centrifug- ﬁ
ally (e.g., with rotating spacecraft or tethered rotation) 1
differ in two important ways from the "true" gravitational 4
fleld which we experlence on Earth:
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1. The effect: of rotation are much larger in the
spaczecraft than on Earth, becauge the Coriolis ac-
celeration® iz much larger relative to the radial
acceleration in the spacecraft. For example,

a man walking at 5 ft/sec (3.4 miles per hour)

on Earth e:perlences a Corlolis acceleration

of only 2.3 x 1075 times the vertical pull of
gravity. But i1f he walks with the same speed
along the floor of a 50 foot radius space sta-~
tion which rotates at 6 rpm (a "gravity" strength
of 0.617 g), the Coriolis acceleration is one-
third as large as the centrifugal fileld strength.
Therefore, rotation effects on man in such cen-
trifugal flelds cannot be ignored.

2. Centrifugal fields produced by rotating space
stations are more non-uniform than the Earth's
gravitational field. On the Earth the frac-
tional change in the gravity fleld over a
distance of 5 feet (the gravity gradient) ig
4.7 x 10-%, whereas in the 50 foot radius space
station it 1s 0.1.

The implications of these effects for man and manned space op-
erations will be discussed in Section III.

B. Physical Nature of Centrifugal Fields

The force between objects 1in a gravitational field
1s a central force related to the mass of the objects and thelr
distance of separation. This attractive force requires no

transport medium between the objects. The centrifugal field,
however, 1s essentially a constraint force. 1In order for a

particle to be at rest in a rotating frame, it must be constrained

to follow what is really a circular path about the axls of ro-
tation.

If an obJect follows any circular path of radius R
with a constant angular velocity w', the acceleratigp experi-
enced by 1t 1s directed radially with a magnitude Ia] = (w')2R.,
If this object 1s traveling with a velocity v along the inside
of a circular track, then w' = v/R so the acceleration is
(v/R)%R = v4/R. But if the circular track itself rocates with
veloelity w, then w' = w ¢ v/R (the plus sign corresponding to
v being In the same directlion as wR) and the acceleration is:

* The Coriolis acceleration has a magnitude 2wv sin y where o
1s the angular veloclty of rotation (radlans/sec), v is the
velocity of the object relative to the rotating frame, and
vy 1s the angle which the directlon of motion makes with the
axls of rotation.

B A e s
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la| = (w * v/R)2R = w?R * 2va + v2/R. (1)

This 1s the acceleration experienced by an object moving along
the "floor" of a rotating system in the absence of gravitational
forces., The force experienced by the object 1s F = ma, and
since it depends upor the velocity of travel, the force fileld
is not conservative., (Thls can be demonstrated by showing
that curl F # 0.) This means that potential energy ls noft a
unique funetion of position in such a rotating system becaguse
the work done 1n goling from one point to another depends upon
how fast the object travels and the path along which 1t moves
as well as the distance between the points, It 1s impossible
to say unlquely that one point in the spacecraft has a poten-
tial energy higher than another point.

C. Kinematics of Freely-Falling ObJjects Observed from a Ro-
tating Reference Frame

An observer fixed in a rotating system sees objJects
move differently than he expects from hils training and exper-
lence on Earth. This could lead to habltabllity, safety, and
task performance problems on a rotating spacecraft. In this
sectlion we describe the trajectorles of obJects under free fall
conditions (no externally applied forces) as seen by such an
observer fixed 1in a rotating frame (e.g., a spac. station).

We used a rotating cylinder of radius R as shown in
Figure 1 as our model of a rotating space station. The rota-
tional motlon is counter clockwise about the axis of symmetry
perpendicular to the figure. The floor of thils "spacecraft"
1ls at a distance R from the center. The results of the anal-
ysls of this geometry are general and epplicable to other ro-
tating systems with fixed radius of rotation (R) and angular
velocity (w).

% au-r it s

it

The object 1s released at a height h above the floor
with an initial velocity v, at an angle o, measured rrom the
direction of rotation {(see Figure 1). Any components of motion
in the plane perpendicular to the axis of rotation will exhibilt ;
the effects of rotatiosn which we desc¢ribe below. Components
of motion parallel to & will behave as if they were in an or-
dinary gravitational field with a strength of g (h) = w?2(R-h).

The trajJectory equations as seen by an observer at
the rim of the rotating system are:

(A=5) x! (R=-h) (wt cos wt = sin wt) + vot cos{wt-a)

(A=6) y! R-(R-h) (wt sin wt + cos wt) - vot sin (wt-a)
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where R, h, and w are deflned above, v, is the initial velocity

of the object and « 1s the initlal angle of travel. These
equations are derived in Appendix A.*

In order to 1llustrate what these equations imply,
we willl discuss the effect of varying the parameters v,, a,
and h on the trajectory of an object in free fall in the space-
craft, The following descriptions apply only to the components
of motion in the plane of Figure 1.

1. Zero Iniltlal Velocity

If the object 1s released from a helght h above the
floor, the trajectory followed is independent of the magnitude
of w and R, and depends only on the ratin h/R (Appendix A, equa-
tions A-5, A-6 and B-2C). Representative free fall trajectories
for several values of h/R (with v =0) are plotted in Figure 2,
It can be geen that the objects drift behind the observer as
they fall (assuming the observer faces the direction of rota-
tion, or toward a = 0)., The object will land on the floor an

angular distance ¢ behind the cbserver,

This drifting behavior can best be understood by
viewing the rotating system from ar inertial (non-rotating)
reference frame centered at the axls of rotatlon., From this
vantage point, the floor is traveling in an arc at a constant
speed wR, whereas the object travels in a stralght line at a
smaller velocity w(R-~h) until 1t intercepts the floor of the
spacecraft. Since w(R-h) is smaller than the floor velocity,
the point on the floor whilch was below the object when 1t was
released would apparently always precede it. Thls intuition
is verified by eq. B-21 which shows that ¢ 1s always positive
when v, = 0,

If the obJect is dropped from increasing heights h,
the veloeity w(R-h) imposed by the spacecraft's rotation de-
creases towards zero as h approaches R. Therefore, i1t takes
an increasingly longer time for the objJject to reach the floor
from larger h. Durlng this time the floor 1s still moving in
a clrcular arc at the velocity wR, so that an observer on the
floor sees complicated trajectories. For example, for h/R =
0.9 (Figure 2), the object appears to drift behind an observer
facing the direction a=0, then rise, move forward, come back,
and finally drift behind and upward again before reaching the
floor. (For 1llustrative purposes we assume the spacecraft
has no radial walls that would stop the particle, but only a

#We are indebted to T, Caruthers for writlng a general computer
program for finding the particle trajectory and veloclty in
terms of arbitrary initial conditions and rotating system
paraneters,
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floor.) If the obJect were dropped from the center of rota-

tion (h=R), it would not move at all with respect to either

ghe inertial or rotating frame and 1t would never reach the
loor,

As h approaches R, the angular dilistance traver.ed
by the object before it lands (the angle ¢ in Figure 2) pro-
gressively increases, as shown in Flgure 3. When ¢y = 27, it
lands at the observer's feet. Thus, in this simple cylindri-
cal system, the observer could Le exposed several times to
the same falling objJect. In additlon, except for very small
h/R, the falling obJect initially appears to move laterally
behind the observer rather than down as on Earth.

The quantlty ¢ depends only on h/R when v, = 0. The
time of flight, T (equation B-19), however, depends on w as
well as h/R. As h/R approaches 1.0, both ¢ and T approwch in-
finlty.

2, Non-Zero Initial Veloclty

The particle trajectories are different for objects
released with an lnitlal velocity v, at different angles a.
We will dilscuss the effect of v, and h and several representative
angles of departure separately. Equu.lons A5 and A6 show that
the trajJectorles are no longer independent of w and R, as was
the case for .zro initial velocities.¥

When the initlal velocity 1is in the direction of
spacecraft rotation (o = 0), the objJect starts out horizontally
as 1t would on Earth but falls faster. For amall helghts (h)
1t lands closer to the starting point than i1t would on Earth.
This 1s shown for a particle with initlal veloclty of 5 ft/sec
in a uniform gravitational fleld of 0.617 g for comparison
(Figure 4). If 1t 1s released at increasing heights with the
same veloclity (as shown in Figure 5), it is in free fall long
enough to acqulre a noticeable backward drift. The resulting
trajJectorlies are simllar to the case for vo = 0 but the object

* Ye have somewhat arbitrarily chosen R = 50 feet and w = 6
rpm as an example to defline our rotating system. This combi-
nation results 1in a gravity strength of 0.617 tlimes earth
gravity at the floor. The rotation rate of 6 rpm i1s the
maximum spln rate which man can tolerate without experiencing
dizziness in performing "typilcal" operational tasks. R was
chosen to be 50 feet because the relative gravity change oc~
curring over the helght of the man would be wilithin currently
accepted limits (15%) and a 50 foot radius could be reason-
ably obtained (Refs. 1-3).

mpesnilig RN A
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always lands "elccer" to Lhe startinge pol:

8 smaller ansle, v, in Figure 5), ror overy hLelpht h there is
always some velcelty v, which wiil cause the oblect to land at
the obgourver's feet. Inlc veloeliy 1o plotted in Figure & for
a=0 in the rotatlenal syctem we Lave chosen (I = &% feet and

w = L orpmi. It wue “ound by evaluating o7 ar . B in equations
B-iL Lo =17 as funetlons of veloclty and deternining the v,
at which v = § in eguation b-i,

int {l,e,, traversing
Y

- O

L5

Cbjects fixed in the cpacecraft at helght h above
the floor meve with relocities w(R-h) (Figure 7), When an
object 1s thrown wvertleally upwards from h; to hz, 1t aiu .ys
acqulres an initial forward veloeliy becauce the forward c¢om-
ponent of its veloclty remainc w(B-h;) but the local veloclity
of partiecles fixed In the nprceceraft at height hy is w(R-hy),
which 1s less than w(R~hy). For this reason the thrown ob-
Jects appear to move forward, inltially, The veloelty equa-
tions, A7 and A8, are consistent with this idea because they
show that when & = 50°, U, 1s always positive at zhort times,
Then, after the object has been in free fall for a sufficient
time, 1t again acquires a backward velocity component, as was
the case for z»ro initial velouity.

Figure 8 shows how the trajectories are affected by
a change 1in the magnitude of v,. For veloclities small compared
with w(R~h), it can be seen that the trajectory deviates
slightly from that shown in Figure 2 where v, = 0, For larger
initial velocitlies the trajectories devi.ate increasingly from
those for zimply dropped particles (compare with Pilgure 2).

The effect of the initial height on the trajectories
of objects thrown upwards (o = 90°) with fixed v, is shown in
Flgure 9. At larger initial h both the beginning vertical and
horizontal displacements increase. This 1s caused by the
lower effectlve gravity at higher h which results in larger
initial vertical displacement. Bec¢iuse the incremental ver-
tical displacement 1s 1ncreased, niw wveloeclty difference
[w(R-h;) - w(R-hy)] 1is also increased, resulting in the
observed increased horizontal displacement at larger h.

When the veloclty 1s directed in the backward direc-
tion (a = 180°) opposing the motion of the spacecraft, it is
possible to put a particle into orbit inside the spacecraft.
At vo = w(R-h), the object is stationary in the inertial frame
and, since the spacecraft floor is rotating in an arc with
veloclty wR, the particle appears to travel parallel to the
floor at the same helght h and velocity v,, at which it was
released. The object, although it 1s in "free fall," never
reaches the floor. Under these conditionhs equations A5 and
A6 describe a circle concentric with the axis of rotation. If
Vo 1s slightly more or less than w(R-h), the object eventually
lands. .

i SR W st WA L g s e sk
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Until now, we have described the trajectorles for
various fixed initial angles o when h and v, vary. We now
consider tlielr characteristics av a function of o for fixed
Ve and h., OSome sample trajectorles for various angles are
shown 1in Figure 10 for v, = § ft/seec and h = § feet., 'These
trajectoriec ghow the characteristic backward drift which we
lave seen many times. In addition, the trajectories and there-
fore the time of flight are longer for the backward directlon
than for the forward. In a uniform gravitational fleld, how-
ever, the time of flight for any fixed v, 1s the same for ob-
Jects thrown at equal angles about the vertical.

The parameters v, and o affect the time of flight T
of a particle in motion within the spacecraft. The dependence
of T (equation B-15) on these parameters is shown in Figure
11. Outside the range of angles o of approximately 50° to
200°, which we shall designate the "inversion range," the time
of flight T uniformly decreases as v, ilncreases. On Earth the
inversion range is from o« = 0 to 180°. Outside this range (a
between 180° and 360°, downwards) the obJect reaches the ground
sooner 1f 1t 1s thrown harder.

At angies within the "inversion range," T lncreases
as Ve lncreases from zero to w(R-h). When v, exceeds w(R-h),
T decreases again. In contrast, increasling v, for objects
thrown at angles lying within the inversion range on Earth (0°
to 180°) continuously increases T.

In Figure 11, w(R-h) is 28.1 ft/sec (see also Figure
7), and the curves for v, of 25 and 31 ft/sec were chosen to
bracket this velocity. T is infinity at v, = w(R-h) and a =
180°, and the object 1s in orbit inside the spacecraft. No-
tice that as v, approaches w{R-h), T gets very large and ex-
tremely sensitive to small changes in a., The same is true for
the angular distance of travel Y. Whenever such conditions
exlst, performance and learning problems are increased,

IIT. IMPLICATIONS FOR ROTATING SPACE STATIONS

In this sectlion we examine the consequences of the
rotating environment described above for men performing tasks
in an orbital space statlon. We first describe typlcal tasks
which must be performed, then discuss the long-term physiolog-
l1cal consequences of living in a rotating environment and,
finally, we briefly discuss the design of the rotating system
and the conduct of spaceccraft operations.
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A. Astronaut Tasks

Astronaut tasks can be discussed in terms of their
corronent motions, (We have chosen a radius of 50 ft and an
an_ .lar frequency of rotation of 6 rpm for our description
of the rotating system.)

1. Vertical Motilons

The trajectorles of freely-falllng obJects dropped
from small helghts are not expected to deviate sufficlently
from the vertlcal to cause major re-learning of ordinary
tasks, but the effects will nevertheless be noticeable. Fig-
ure 2 shows that objects dropped from @« desk top height (i.e.,
about 30 inches) will fall approximately six inches behind
thelr expected point of 1mpact. Of course, simlilar effects
will occur during urination, pouring liqulds, etec.

An initial vertical veloclty of about 5 ft/sec is
normally attalned when arising from a chalr. Filgure 12 shows
the calculated trajectory of an obJect (e.g., an astronaut)
which started vertlcally from the floor with this velocity.
(Since the center of mass of a man is approximately 3 feet
above hils feet, the actual trajectory would he intermedlate
between that shown in Filgure 12 (v, = 5 ft/sec) and the tra-
Jectory shown in Filgure 10 for a = 90° and v, = 5 ft/sec.)
The astronaut would lurch forward notliceably as he rises, and
he must learn how to counteract this effect. Similar effects
are expected whenever a man jumps. If he should Jump verti-
cally very strongly (e.g., Vo = 15 ft/sec; a hlgh jumper can
ralse his center of gravlity almost three feet), then he would
land 5.5 feet in front of hils starting point (see Figure 12
for vo = 15 ft/sec)., In addition to the horizontal displace-
ment, the Jumper will aiso rotate through the angle ¢y during
the jump. In the example of the high Jumper above, ¥ is 6.3°.

The effect of spacecraft rotation on manual tasks
involving vertical motions can be 1llustrated by consldering
the question of hammering a nail. It can be shown (Appendlx
C) that if a hammer 1s driven vertically towards a nail, it
wlll undergo a lateral dilsplacement from the target. For ex-
ample, a 5 1lb. hammer driven one foot verticeally down with a
force of 10 1lbs. would miss its target by 0.78 inches. This
effect would certainly be notlceable as different from Earth
experience, and 1s representative of the effects which would
accompany many tasks performed in a rotating space station.
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2. Horizontal Motions

A man walking at 5 ft/sec at a radius of 8 feet
from the center in a direction opposite to the direction of
rotation would be welghtless and would float until he hit a
wall or untlil some other part of the spacecraft hit him. If
he walked at the same speed but at a radius cof 50 feet, he
would experience a 3L4% increase in weight from the zero-veloc-
1ty welght when traveling in the direction of rotation and a
30% decrease in welght when walking i1n the other direction
(equation 1). This factor is large enough to demand major
re-learning of tasks involving horizontal motions approaching
5 feet/sec (3.4 miles per hour), which is not an unusually
large speed. (For example, 1f an obJect were thrown horizon-
tally at 5 feet/sec on Earth from a height of 3 feet, it would
land 2.2 feet from the observer's feet,)

Work Required for Walking

In order to estimate the work of walking in the ro-
tating environment, we must know how the gravity level affects
the relatlionshlp between the work of walking and walklng speed.
This knowledge 1s necessary because the effective gravity level
in the rotational system depends upocn the speed of travel, as
noted above (equation 1).

The studles of Cavagna and co-workers (Refs. 7-9)
furnish a formulation of the mechanlcs of walking that i1s clear
and allows prediction on a quantitative gravity scale of the
work required for- walking. Thelr view of walkling mechanlcs
1s that most of the potential energy, P, gé&lned by a man as
he elevates hls center of gravity vertically 1s used to per-
form the work of slowlng the body's forward motion after the

- heel touches the floor and to perform the internal muscular
vork assoclated with moving the joints. Although this poten-
tlal energy 1s directly proportional to the "gravity'" level,
the two latter forms of work, T, are lndependent of gravity
and increase with walking veloclty as shown in Figure 13 (adapted
from Ref. 7). The body i1s not raised progressively more as the
velocity of walking increases. Therefore, the energy required to
overcome the resistance to forward motion eventually exceeds the
avallable potential energy, and the mechanics of locomotion
(i.e., the gait) must change if higher velocltles are to be at-

tained. We can find Viax? the veloclty beyond which the required

internal energy exceeds the avallable potentlial energy, from
Figure 13, which shows the experimentally-determined velocilty
dependence of the potentlal and internal energles. At velocitles
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higher than Vinax? the galt changes to running, which requires

more energy. Since the potential energy curve is proportional

to the g level, we can predict the Viax for different gravity

levels. This 1s done by scaling the P curve in Figure 13 ac~
cording to the gravity level, and finding the velocity (defined
a3 Vmax) above which T i3 larger than P for each g level., The

result is shown in Figure 14, where the gravity scale is nor-
malized to Earth's gravity at sea level. Superimposed on the
same graph are the operating curves for several different space-
craft designs., ©Notilce that with a design in which w?R = 0,617
g, any cholice of radius from 10 feet to 1000 feet results in a
maximum walking speed of only 1.6 to 1.8 miles/hr. as compared
to 3.9 miles/hr., at 1.0 g. We can obtain higher walking speeds
only by going to designs in which w?R approaches 1.0 g. There-
fore, 1f Cavagna's analysis is g¢orrect, a man can walk normally
at 0.617 g at a rate of only a littie over half his maximum
Earth speed.

Although this formulation of the mechanics of walking
1s clear and amenable to gquantitative prediction for the effects
of gravity strength, 1t is not supported by measurements of
metabolic rate made by Wortz and Prescott (Ref. 10) in lunar
gravity simulation experiments. They measured the metabolic
rate (in BTU/hr) during walking as a function of velocity when
the subject was partially suspended to simulate g levels of 1/4
g, 1/6 g and 1/8 g, and found that there is no discontinuity in
metabollc rate at any speed between 0 and 4 mph. Wortz and
Prescott make no statements about the gait necessary to achleve
the various speeds, but Cavagna's mechanics would predict a
change in gait above 1.5 mi/hr which one expects by analogy with
Earth results would be accompanied by an increase in metabolic
rate, This discrepancy 1s currently unresolved, but Wortsg
and Prescott's lunar simulation experiments nevertheless indi-
cate that somehow 1t is possible to achleve speeds approaching
4.0 miles/hr with metabolic rates that are not excessive. 1In
fact, these data 1ndicate that walking at reduced gravity is
less costly than at 1 g. Figure 15 shows the metabolic rate
measures by Wortz and Prescott for 1.0 g. The curve for 0.617
g was obtained by interpolating thelr data, and the curve for
the spacecraft was calculated from the same data bhut using the
operating curve in Figure 14 corresponding to R = 50 feet. The
metabolic rate is less for the spacecraft than for 0.617 g
because the effective gravity level 1s reduced when walking
counter to the rotation direction. The curve would be very
close to the 1.0 g curve when walking in the direction of ro-
tation. Note that the magnitude of the effect is about *10%
of the nominal metabolic rate at 3 mlles/hour.
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The measurements by Hewes, et al., at Langley Re-
search Center {(Ref. 11), on an inclined plane lunar gravity
simulator provide a thorough description of the motions per-
formed by man in walking and running at 1.0 g and 1/6 g.
Although their data cannot be interpreted on a quantitative g
scale, it is clear trat in reduced gravity the body will lean
forward more, the step distance will be longer, and the step
frequency will be less than at 1 g. We expect that in rotating
systems walking counter to the directlion of rotation would re-
snlt in the reduced-gravity effects described by Hewes, et al.,
and walking along the direction of rotation would have the
opposite effect.

B. Physiologlcal Effects

It 1s expected that man living in a centrifugal field
for extended periods would physiologically adapt to the envi-
ronment in several ways. The main effects expected include
vestibular acclimatization, altered body fluld distribution
and changed bone structure. The latter two effects are expected
to be more severe 1in zero g environments.

When the spacecraft is initially set into angular
motion from zero-gravity conditions, symptoms of motion sick-
ness will be experienced by the c¢rew 1f the increment in angular
speed 1s too large (Ref. 12). Motion sickness can be avoided
with small increments 1in rotation rate, but if 1t does occur,
most people could adapt to the situation within a day. As
long as the rotation rate remains low enough (below 6 rpm),
such "vestibular'" problems are not likely to be perzistent.

A prolonged exposure to a centrifugal field is ex-
pected to affect the human body in two primary ways: (1) it
changes the distribution of fluids (primarily blood), and (2)
i1t influences the shape and internal structure of bone tissue.

Any change 1n the strength of the gravity field is
expected to alter both the cardiovascular and the musculoskel-
etal systems. The ll-day Gemini. flight (Ref. 13) has revealed
the extent to which space flight 1in zero-gravity has caused the
loss of body water, the depletion of calclum from the bones,
and reduced "orthostatlec" tolerance.® However, these effects
cannot be predicted for a 3-month flight at 0.6 g because we
have no knowledge about the progressive changes in man's re-
sponse to any level of gravity strength.

¥ The ability of the cardiovascular system to redistribute
blood after it has pooled in the legs.
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In additlon to having a reduced gravity, a rotating
space statlion has a linear gradient of gravity strength, vary-
ing from zero at the center of rotation to a maximum at the
floor., There 1s no data to indicate what physiologlcal effects
this gradient would have,

The pooling of blood in the legs is expected to be
diminished in a gravity gradient environment because the blood
column above the floor '"welghs" less than it would in a con-
stant gravity environment. This effect 1s in the same direc-
tion as the transfer from 1 g to weilghtlessness. This impor-
tant area deserves more investigation.

It 1s known that bone tissue calclifies along the in-
ternal lines of stress and grows locally in response to local
mechanical stress (Ref. 14). Therefore, one might expect that
after a man has adapted to a gravity gradient environment, his
leg bones will be thicker and the bones of his upper extremity
llghter than they would be without a gradlent. The time re-
quired for this adaptation to be complete should be about the
time it takes for broken bones to heal (perhaps two months).
Thls phenomenon has not been considered in the design of re-
entry tasks and hardware for long duration flights.

C. Design Conslderations

1. Free Falling ObJjects

The free-fall traJectories we have described sbove
have shown that if objects (including astronauts) are thrown
or dropped at large helghts (h approaching R, the radius of
rotation), they will follow highly unusual paths before they
land on the floor. These obJects could present hazards to
astronauts particularly when h/R is large, 1f the object is
sharp or heavy, or 1if the astronaut 1s in a pressure suit.
Cross sectional walls could prevent particles from dropping
in one section of the statlon and landing far away. Ceilings
could act as umbrellas and also prevent danger from objJects
freed at large h/R.

2. Deslgn Parameters

The human factors implicatlions of artificial gravity
for the design and operation of spacecraft have been considered
by many authors including References 1, 2, 3, 6, 15, 16, 17 and
18. The Coriolis effect leading to weight changes and dis-
turbances of vestibular function (orientation and canal sick-
ness) has had the most impact on design guidelines of rotating
systems.




BELLCOMM, INC. - 13 =

Disturbances of the stabllity of rotaticn could
cause significant nutation and precesslon of the spaee ctation,
Such effeects would stimulate canal cicknesc, ete., as well as
ilmpact unfavorably on astronomy and other sclentiflic experi-
ments. There 1s a dramatic increase in rotatlional stability
for s larger radius rotating cpace station (Ref. 19), Increas-
ing the radius from 30 to 150 feet decreases instabllities in-
troduced by crew motions and docking impacts by facterg exceed-
ing 10. Newsom and Brady's studles (Ref. 15 and 18) showed,
however, that performance was not appreclably affected Ly in-
stabllities wilthin expected ranges.

The results derived from all of the clted studies have
ylelded design parameters limiting the rotatlonal rate and
radius of rotation, and are shown in Figures 16 and 17. The
maximum rotational rate is limited by the onset of canal sick-
ness and 1s currently believed to be 6 rpm (Ref. 17). This
result was obtalned from consideration of the torque value on
the endolymph resulting from nominal head rotation. A lower
limit for artificial gravity has been determined to be about
0.3 g, below which locomotion ceases to be efficient (Ref. 2)
The lower limit 1n radius 1is determined either by the arbitrary
assignment of a 15% heart to foot gravity gradient relative to
floor ambient gravity (Fig. 16 and Refs. 1-3), or by assuming
that a reasonable upper bound to apparent change in body welght
when walking is 20% (Fig. 17)., In elther case the lower limit
on radius of rotation is about 40 to 50 feet for an assumed
walking speed of 3 ft/sec. These guldelines are subject to
change, especlally 1f astronauts are selected for insensitivity
to rotationally induced effects.

3. Activities

Docking and resupply activities wlll be difficult
with both of the two currently-discussed methods of obtailning
artificial gravity., In tethered rotation, docking and resupply
will require termination of rotation or delicate maneuvering
by the resupply shlp bécause a hub cannot be employed. This 1s
costly in fuel, difficult to achieve, and requlres great astro-
naut sklll. This is unfortunate, because by the time space
stations with artificial gravity become feasible, astronauts
should be selected primarily for scientific or medical skills
rather than plloting abillity.

If the centrifugal field 1s obtained by simple rota-
tion of a dumbbell, cylinder, toroid, or derivative shapes
about a principal axis, then maintenance and EVA activities
willl be difficult becausz of Coriolls and centrifugal effects.
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In elther case, EVA will requlire restraints at all times,
Without them the astronaut would be flung from the space
station., While constrained, he wilill be subjected to whatever
rotational forces are present at that point. Hisc tools must
also be restrained. In addition, within the spacecraft, tools,
nuts, bolts, ete., may be at leact as difflcult to control as
1§ welghtlessness, and loose objects would behave as diccussced
ahove.

A rotating space station will probably incorporate
a counter-rotating hub at the center. For example see Fip, 20,
This hub would rotate at the same speed as the space station
in order to provide a zero-gravity platform for scientific ex-~
periments and to make it easler for an incoming vehicle to dock
wilth the station, Equipment transfer from such a hub to the
other parts of the station will be difficult, however, unless
the hub 1s rotated in the same direction and at the same speed
as the space statlon. When this happens, the transferring crew
for a period of time will be in a rotating chamber with a very
small radlus, and most tasks wilill be performed at heights where
h/R approaches 1.0, We have shown that unusual effects are
expected close to the center of rotation. Under these conditions
it 1s 1likely that the astronaut will be rotating about an axils
through his body, a situation which 1s almost certain to pro-
duce motion sickness as well as total body disorientation. The
best way to avold these problems is to spend as little time close
to the center of rotation as possible. Thils means that new pack-
aging and automated handling techniques will be desirable for
resupplying space stations.

Sudden exposure to rotating environments may cause
canal sickness (Ref. 16). Thus new crews or those who must
work on the zero g laboratory may have to be gradually acclima-
tized to rotation. Experiments indicate that 1.5 to 3.6 rpm
increments are acceptable for this purpose (Ref. 12).

There are several implications of these experiments
for our spacecraft situation. Filrst, it would be desirable to
"spin'" the crew or hub up or down in steps to allow incremental
adaptation. Second, crew exchange may be complicated in the
rotating statlion for both new and old crews. It may be desilir-
able to cluteh the hub to permit gradual exposure of the new
crew to increasing rotation rates and vice versa for the de-
barking crew. Thils proc¢edure, similar to decompression of
divers, could take several days. Our calculations indicate
that the hub should be large to minimize h/R as much as pos~-
sible during the extensive crew acclimatlzation period which
may be necessary before crew transfer.
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If the hub 1s used as a laboratory for zero g experi-
nents or as an astronomy lab, then the experiments will be
interrupted during crew acclimatization to the rotating en-
vironment., One posoclible solution to this problem ic to design
the opacecraft in a three concentrie ring confipuration., The
center hub cculd be counter-rotating for docking and could be
sTun up to the speed of the rotating space station ltself (the
middle ring) for crew trancfer. Zero gravity experiments
could proceeed uninterrupted 1f they were housced in a third
outer counter rotating ring or a dynamically balanced cet of
counter-rotating seetion., "Elevators'" on rallc between the
sectlons could bhe used to gradually acclimatize the man to the
environment to which he 1s transferring. Detalled consilderation
should bhe given to such design problems and to the problem of
crew and equipment trancfer between differentlally spinning
sectlonz,

IV, SUMMARY AND CONCLUSIONGS

Centrifugally obtalned artificial gravity and normal
Earth gravity differ physilcally. The primary differences ex-
perienced by the astronauts arise from the much larger Coriolis
force and gravity gradlents relative to the nominal gravity
environment in the space station. Addltionally, the rotation-
ally obtained fileld 1s inhomogeneous since effects depend on the
direction of the astronaut's activity.

These factors affect the particle kinema.ics as seen
by an observer (astronaut) in the rotating statlion. In general,
the trajectoriles differ from those expected from his Earth ex~
perience and he must adapt to the new environment. For example,
dropped objects wilill drlft counter to the directlon of rotation
as they fall and willl land an angular distance y on the floor
away from the observer. Rigld bodies will rotate through the
angle ¢y during flight. The effects are increasingly unusual
as h/R, the particle helght to radius ratio, approaches 1.0,
Thus, 1t 1s lesirable to design spacecraft so that normal work-
ing activities take place at small heights (h) relative to the
radius (R) (i.e., minimize h/R within engineering constraints).

Astronauts wlll experience forces and torques while
performing such simple tasks as rising, walking, hammering,
pouring water, etc. For example, upon rising from a chailr
the astronaut will lurch towards the direction of rotation.

In addition, in a space station in which R = 50 ft and w = 6 rpm,
an astronaut hammering a nail on the floor would miss the target
by over 3/4 inches.
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Increases and decreases in welght while walking along
the floor are expected, and these will affect the work of walk-
ing, In addition, the maximum speed of normal walking is limited
for motion in the counter rotation direction. In our case (R
= 50 ft, w = 6 rpm) his maximum walking speed in the counter
direction 15 expected to be only about half the normal walking
speed on Earth. Each of these phenomena i1s a cmall but notice-
able effect when taken singly, and the astronaut should be able
to eventually learn how to manipulate objects as well as con-
trol his own welght 1f he 1s not pressed for time and if he
regtricts his activities to regions in which h/R doeg not
greatly exceed 0,1, At larger h/R (i.e., when h/R approaches
1.0) tasks become increasingly difficult to perform. These
effects could serlously hamper manned operations near the hub
of a rotating space station.

The primary physiological problem expected in rotating
space statlions 1s canal sickness. This problem has been intengcive-
ly investigated by others who showed that canal sicknecs can be
avoided by keeping the rotational rate below 6 rpm. However,
more subtle long range physilologlcal effects such as redistri-
bution of body flulds and bone calcium may occur. For example,
there will be less pooling of blood in the astronaut's legs
because of the large head to foot gravity gradient in a rotating
system. Therefore, from this standpoint, artificilal gravity
1s not as effective in counteracting weightlessness as the nomil-
nal "gravity" strength w?R would indicate. In addition, we
expect that within about two months the leg bones would thicken
while bones 1In the upper extremitles would become more fragile
as a response to the altered distribution of mechanical stress in
a gravity gradient.

Activities such as docking, resupply, and crew transfer
wlill require a hub which rotates counter to the space station at
a speed which maintains a zero-gravity platform. The hub could
also serve as an inertlal platform for astronomy and Earth sens-
ing experiments. New crew members may requlre gradual acclimatiza-
tion to the rotating environment accompllished by an incremental
spin up process which may take several days to complete. Thus
the hub should have as large a radius as possible, since 1t must
be habltable during the acclimatlization periods and allow accept-
able task performance during resupply.
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Of the two generally mentioned configurations,
gpacecraft rotation about a principal axis and tethered ro-
tation, the first is preferred because it allowgs doeking, re-
supply, and crew transfer wilthout stopping space station

rotation.
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APPENDIX A
DERIVATION OF TRAJECTORY AND VELOCITY EQUATIONS

FOR FREE FALL CONDITIONS

The system 18 a cylinder of radius R rotating about
1ts axis with a constant angular velocity w (Figure 1). A
perticle is released at time zero (y = -(R-h), x = 0) from
a helght n above the rim wilth an initial velocity v, at an
angle a, where v, and a are measured with respect to the ro-
tating frame, (x', y'). The x,y coordinates define an inertial frame.

Viewed from an inertial frame centered at the axis
of rotatlion, the particle always travels in a straight line
until it intercepts the rim, and the rim travels along the
arc of a circle of radlus R. 1In thls system at an arbitrary
time, t, the partlcle has coordinates (Figure 18):

P, = w(R=h)t + vot cos a

Py = ~(R=h) + Vot sin o

The first term in the Py equation represents the mo-
tion imparted by the rotating system, and the second term comes
from the veloclty, vo,, relative to the rotating system. 1In
the y direction, the only motion is due to the vertical com-
ponent of vo; the flrst term 1s the zero-time y position.

A point fixed on the rim is described by:
RX = R sin wt

R_= =R co t

y cos w

Therefore, the distance between the particle and rim is (see

Figure 18):
-+ g -+
S =P - R
or, in components,
Sy = Py = Ry
(A=-1) S, = (R=h) wt + vot cos a - R sin wt
S =P =R
y y y

(A-2) sy = -(R-h) + Vot sin o + R cos ut
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Thils 1s the desceription of the particle-to~-rim dis-
tance as viewed from the inertlal frame. To desecribe the mo-
tion viewed from the rotating frame of reference, we must
rotate the conrdinate system by angle 0 = wt, Using primed
syr «»ls for the particle's positlon in a frame fixed at R on
the rim, we have:

- (GOS wt sin wt ).).
=

St )
-sin wt cos wt

or,
(A-3) Sx' = 5, cos wt + Sy sin wt
(A-U) Sy' = -5, sin wt + Sy cos uwt

Substituting (A-1) and (A-2) into (A-3) and (A-4)
gives:
(A-5) S,' = (R-h) (wt cos wt ~ sin wt) + vet cos(wt-a) = x'
(A=6) Sy' = R - (R=-h)(wt sin wt + cos wt) - vet sin (wt-a) = y'

Equations (A=5) and (A-6) are the expressions fer
the position of the particle, at any arbitrary time, t, rela-
tlve to the point on the rim below which the particle was re-
leased at time zero as viewed in the reference frame of the
rotating system.

-5
To find the particle's veloclty U, relative to the

€imé>we calculate the time derivative of equations (A-5) and
A-6):

< 4a
(A-7) Ux 3t (x")
= -(R=h)w?t sin wt + v, cos(wt=a) - vowut sin(wt-a)
= g__ !
= -(R-h)w?t cos wt - v, sin(uwt-a) - v, wt cos(wt-a)

Thls completer the derivation of the equations de-
describing the velocity and trajectory of particles in free
fall as seen in the rotating frame of reference.

BN R et oot A oo st i 9
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APPENDIX B

LIME OF FLIGHT AND POINT OF IMPACT

OF PARTICLES IN FREE FALL WITH ARBITRARY

INITIAL VELOCITY AND POSITION

A eylinder of radius R rotates about i1ts axis with
angular veloclty w, We want to calculate the time required
for the particle to impact with the wall at radius R after its
release inslide the spacecraft. In the inertial frame (Figure
19), the particle begins free flight starting at a height h

e
above the floor. It has a constant velocity V at an angle ¢
measured from a directlon perpendicular to the radius at time
zero. It continues in this direction in a stralght line until
it intercepts the floor at Sp in Figure 19. Let 4 be the dis-

tance traveled before it hits. The time of flight for the
particle 1s:

(B-1) m = 9
| V]

and the arc distance around the rim from the point below which
the particle was released to the point of impact is

(B=2) Sp = R from Figure 19.

During the time of particle translt, the rim has traveled an
arc distance

(B-3) Sg = RuT

Therefore, the apparent point of impact (angular distance
traveled) as seen by an observer on the floor is

b= £ (Sg - Sp)

(B-4) wl - B from (B-2) and (B-3).

Next, we derive the quantities ns,eded to calculate
T and ¢ in terms of the initial veloclity and poslition as seen
by an observer fixed in the c¢ylinder and rotating with 1it.
These are the guantities which are "real" and measurable to
him.
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When the partlcle 1s released, 1ts velocity, G; in
the inertlal frame 1s the vector sum of the velocity imparted
by the rotating frame, w(R-h)Ll plus its veloelty relative to

-3 > "~ -> A
the rotating frame Vo, = (|Vo|cos a)l + (|Vo]|sin a)J. Here,
J 1s the unit vector parallel to the radius through the par-
ticle at time zero, : 1s perpendicular to J, and a« is tne
angle wlth which 1t leaves, as seen 1n the rotating frame.

>

Therefore (see Figure 19), we have (letting vo = |Vo|):
> N ,.
(B-5) V = [w(R-h) + v cos ali + (v, sin a)]

= Vo sin a
(B-6) tan ¢ - w(R-h) + v, cos ¢

-»>
(B-7) V| = [(w(R=E) + v, cos a)2 + (v, sin «)27]1/2

The inertilal disvance of the flight, d. 1s related
to the length a in the right triangles ESpH and ESpO (Figure
19) by .
(B-8) a = d sin(% -¢) = R sin(r-8)

The length b in right triangles OFSp and OFH is

(B=9) b = R sin vy = (R-h) sin(% - ¢)
and the sum of angles 1n the triangle OHSp is

(B-10) m

m
Bty +t5-4¢
From these relationships:

(B'—ll) d = .Sinug

!
H
2]
o
3
o

1

(00)

~s

il

% + ¢ -~ y from (B-10) (see also below)

(B-12) 8
(B-13) y = sin -1M (1 - %) cos¢] from (B-9)
Substituting (B-13) and (B-12) into (B=11) gives:

R sin {% + ¢ - sin "I[(1 - %) cos¢]}

2
- = < < 2T
(B~1la) d , 553 0 2 ¢ 2 5
It can be shown that (B-l4a) 1s valid for all ¢ in the
range 0 < ¢ s 2T, but that when %1 < ¢ £ 2n, equation (B-12)

for 8 1s altered (because B and ¢ are measured from different
zero directions). 'This yields:
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(B-14b)

lw

R sin {- 2% 4 ¢ - sin =I[(1 - %) cosé])

coS

n
w

d

T2 ¢ 2 2n

l\)l

Therefore, the time of flight can be calculabedﬁfrom

(B-1), using (B-6) and (B-lda or b) for d and (B-7) for |Vj.
The angular displacerient ¢y, measured from the starting place

to the point of impact in the rotating frame, can be calculated
from (B-4), using (B-1) for T and (B-12), (B-13), and (B-6f)

for B.

(B-15)

(B-6)

(B=-7)
(B-16)

(B-17)

point is:
(B-4)

In summary, the time of flight, T, is
p = B 8ing

|G1cos¢
Vo Sina

Vo cosa + w(R-h)

where tang¢ =

l€1 = [(w(R-h) + v, cos«)? + (v, sing)2]l/2

and B8 = % + ¢ - sin “I1[(1 - %) cos¢] if 0 2 ¢ = %1
- h 31 .
B = - %1 + ¢ - sin "I1[(1 - g) cos¢l if 51 2 ¢ 52 27

The angular distance from the origin to the landlng

¥ = ol - B

These equations enable us to calculate T and y from the initial
veloclity vy and a.

y simplify to

(B-18)

(B-19)

(B-20)

If vo = 0, theii ¢ = 0 and the expressions for T and
T -1¢7 - b
R sin[z - sin (1- gl
w(R-h)
h _ (hy2q1/2
R[2 2 - (§)2]
w(R-h)
h _ (hyaq1/2
[2 3 - (§)2]

T =

L}

w(l-%}

oI = T+ sin “1(1 - %)

<
"

5 h h
[2 2 - (23172

- cos ~1(1 - p—)
(1-2) &
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To show that ¢, as defined by B-20 (i.e. for v, = 0)
ls always positive, note that y can be expressed in terms of
an auxlliary angle 6§, as follows:

(B-21) p = tan § - §

Thils 1s always positive, by definitlon of the tangent
funetlon. The positive nature of ¢y can also be seen from eq. A-7
for the x~-compnent of the velccity.

Therefore the particle always drifts behind the observer
as it falls.
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APPENDIX C

THE ERROR IN POUNDING A NAIL

WHILE HAMMERING IN A ROTATING ENVIRONMENT

In this appendlx the horizontal deviation of the im-
pact point of a vertically driven hammer of mass m is calcu-
lated. The hammer is driven by a constant vertical force F
toward a target on the space statlion floor located a distance
h below the starting point. We derive the appropriate tra-
Jjectory equation and calculate the deviation using a numeri-
cal iteration procedure.

As seen in the reference frame of the rotating sys-
tem, the acceleration of the hammer is:

(C=1) K = [w?(R-h) + %]5 - 20 x ¥ - ox(w x 1)

where J is a unit vector in the vertical direction, ﬁ is the
velocity of the hammer, and r(t) is the vector position of
the hammer relative to i1ts starting point. Since the hammer

is driven vertically down, r will be predominately in the ]

direction. Then -ux( x ) is wzrj and can be incorporated
into the first term of

(c-2) B = [w2(R-h + r(t)) + 217 - 28 x ¥(¢)

To obtain a formula for the coordinates, »(t), we integrate
(C-2) twice over time:

t
\7=f T at
[e]

t . t
= [(w2(R-h + r) + %)f dtlj - 2w x f V dt
Q 0

(C-3) = (kt)] - 20 x B

Although ;(t) is a functlon of time, it is assumed to change

very little relative to R-h during the motion and can thus be con-
sidered constant over the time interval of integration in the
first term above.



BELLCOMM, INC, Cc-2

A second integration yields (L)

t
r(t) =f V(t)dt
0

) £
(C-1) = (1/2 kt2)] - 20 x f Z(t)dt

0

Since w 1s a vector in the z-direction, the cross
product can be written:

w ox plt) = (-wry)i + (wrx)3

.+ F S
where r. and r._ are the components of r in the i and j direc-

y -
tions. Therefore, 7 can be written:

n t n t -
(c-5)  F(t) = (/2 kD] - (20 [T r(t)an)] + (2w [ r (01
o . 0

This equation for T can be evalua}ed by an lteration
procedure where the initial approximation, ros neglects the
Coriolis terms.

¥ (6) = (1/2 kt2)]

Successive approximations are calculated from (C-5) using the
previous approximations as follows:

- t
(c-6)  F_(t) = (1/2 kt2)] - (2w f

0

t A
+ (2w jﬁ r (t)dat)i
0 m-1,y

At each stage of the iteration we evaluate an approximation for
the time of hit Tm by calculating the time at which the y com-

rm-l,x(t>dt)j

ponent of r_ (in the J direction) is equal to the height h abcve

the target where the hammer starts. With thils value of Tm, the

horizontal component, ro.x can be found.
>
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0

The first few evaluations of r are pgiven in the fol-
lowling table:

m (r ) (pr )

m,y m,x
0 1/2 kt2 0
1 1/2 kt? 32? £3
2 1/2 k2 - (28K 20k 43
3 1/2 kt? - %%%%%k th %g%“ta - %%%%%%g £5

This procedure is repeated until (Rm)i converges to some stable
value.

As an example, a hammer waighing 5 lb., on earth is
driven downward with a force of 10 1lb, starting at a height
h = 1.0 foot above the target in a rotating space station of
radius 50 feet and w = 6 rpm (n/5 rad/sec). Then in equation

(C=3) k = %g (32.1720) x (%)2(50 - 1+ 1) = 84,0233 and our
numerical values are:

m fI'm(seconds)(5 1b.) rm,x inches)
0 0,1542 0.0000

1l 0.1542 0.7680

2 L1545 0.7788

3 .1545 L7671

Therefore, the hammer would miss the mark by approximately 3/4
of an inch.
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