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INTRODUCTION

This manud is a prdiminary work aimed at providing a source of convenient dynamics-
related information for thoe invdved with all aspects of space elevator (SE)
development and design. For some, this manud may serve as a primer of SE dynamics,
for all, it is a source of specific condants, attributes and SE behaviors. This manual is a
work in progress as much remainsto be addressed as work proceeds on the prgect. Each
section of the manual addresses a special aspect of information petaining o the SE.

The dynamics attributes have been modly derived from the time-domain simulation
caled GTOSS (Generalized Tethered Object Smulation). An outline of GTOSS is
indudeal (in Appendices A throughD, etc) to allow the user to assess the pertinence of
this simulation in providing such results for each aspect of SE dynamics. Related
materials s re-organized and derived from these studies by the author appear in the papers
listed anong he references.

General Note: Some items below should be included for future efforts

a. Thermal response

b. Climber attitude dynamics

c. Ocean wave effects on longitudinal dynamics
d. Sun-Moon tidal effects

e. Aerodynamic pull-down response

f. Breakage debris-footprints

g. General pull-down response
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3.0 DEBRISAVOIDANCE
ET HE DEBRISSECTION ISNOT INCLUDED IN THISRELEASEE

3.1 DEBRISENVIRONMENT

0 Tracked debris histograms vs altitude bins
0 Statistical characterization of untracked (small) debris
0 Characterization of ribbon damage vs type of debris

3.2 DEBRIS-AVOIDANCE TIMING ENVELOPESRESPONSE

0 Characterize “tracked-debris lead times”
0 Characterize “wave transmission time”’ -vs- debris altitude
0 Characterize “transverse wave clearance” -vs- altitude

3.3 SEA PLATFORM PERFORMANCE DATA

0 Plot of minimum time to transverse displacement (no arrest)
0 Plot of minimum time to “arrested” transverse displacement
0 Timing considerations for wave cancellation

3.4 TRANSVERSE WAVESWITH CLIMBER ON RIBBON

Plot of transverse wave reflection off of Climber @ LEO
Plot of transverse wave reflections off of Climber @ MEO
Plot of transverse wave reflections off of Climber @ GEO
Plot of transverse wave through-put with Climber (@ Launch
Plot of transverse wave through-put with Climber @ LEO
Plot of transverse wave through-put with Climber (@ MEO
Plot of transverse wave through-put with Climber @, GEO

3.5 TRANSVERSE WAVE DAMPING USING BASE MOTION

0 Strobe plots of wave cancellation
0 Timing data for wave cancellation

O O0OO0OO0OO0OO0Oo
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40 AERODYNAMIC RESPONSE

This section does not attempt to establish design criteria or limits based on aerodynanic
respong; rather the intention here is to familiarize the user with inherent mechanisms
undelying aerodynamic respons, and identify the attributes of respons tha may be
critical in SE design. Much in SE aerodynamic respons runscounter to initial intuitive
assessments.

Air loadson the SE and theresulting dynamic respons were evaluated usng the GTOSS
subsonic aerodynamic regime capability. More information abou the GTOSS air loads
modd can befound n Appendx B.

4.1 ATMOSPHERIC CHARACTERIZATION

The area of the Pacific ocean, congdered to beoptimal for location for the spece devator,
seems to have little quantified data for the wind environment QGit altitudeO above sea
level; thus it was conduded tha at present, Qorobability of occurrenceO type of
synthesized wind-altitude envelopswould likely nat be meaningfu. Thusthis handoook
attempts to address the general attributes of SE aerodynamic respong to a smplified
wind environment for use in overall preliminay assessment of real wind effects as
described bdow.

Thus for purpogs of prdiminary assessment, a congant wind-versus-altitude profile was
adopted as a reference. Thewind level was alowed to builduplinearly with time, starting
from no-wind and progressing to full-wind in a period of two hours. This was followed
by a period of condant wind at peak level (typically two hourg. Following this congant
wind period, the wind level decreased linearly with time to zero over a period of two
more hours. Thefigurebdow, depicts this for the case of a Category 0 Typhoon,termed
a Qropical disturbanceQ
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Thus all wind scenarios started with zero wind, and for those cases of 2 hour peak-wind
durdion, returned back to zero wind by 21,600sec (about 6 hrslapsed time), with runs
terminated after 10 hours (35,000 sec) of simulated time. For simplicity of results
corrdation, all windsblew from West to East, with no norherly comporent.
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Thiswind categories used were:

(a). Caegory 0 @verageof 25 mis= 55 nph = 81 fts)
(b). Caegory 1 (average of 33 mis=  74mph =107 ft's)
(c). Cadegory 2 @verageof 40 mis= 90 nph =132 fts)
(d). Caegory 3 (average of 54 mis= 120mph =176 ft's)

I mportant notes concer ning snapshot plots depicting ae odynamic response:

¥Many of the figures in this handbookdepict a series of snapshots of the daa, taken at
discrete times (frequently a series of more or less uniform time intervals of about 2000
SEC).

¥ For sngpshots taken during the initial 2 hour build up of wind, daa is depicted by the

thinnest solid lines.

¥ For snapshots taken during the duration of peak wind (2 or 4 hourg, daais depicted by
thicker solid lines.

¥ For sngpshots taken during the 2 hour duraion of diminishing wind, daa is depicted
with long dashes.

¥ For snapshots taken after the wind has diminished again to zero, daa is depicted with
finer dashes.

4.2 OVERVIEW OF AERODY NAMIC RESPONSE

SE aerodynamic respon® is characterized by some rather sartling and unintuitive
attributes. These are:

1. Absence of critical over-stress resulting from ribbon dé ection.

2. Appaent ease with which windload trandates ribbon horzontally.

3. Existence of acritica load level, ushering in non-linear response to load.

4. Potential for near-horizontal ribbon d@arture angles.

5. Sengtivity to wind durdion (for windsgreater than critical level).

6. Accentuation of dl load responses when the elevator is occupied by aclimber.

The abovesynopss are further addressed be ow:

1. Absence of critical over-stress resulting from ribbondefl ection: The absence of over-
stress unde aerodynamic loadingis attributable to the following.

¥Theoverall ribbonhas an extremely low effective end-to-end spring rate at earth on the
orde of .04 N/m. This mean tha relative to the scale of local atmogpheic disturbance,
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the ribbon can tolerate a significant amount of elongation without significant rise in
tengon.

¥ A ribbon depature of even 200 km downrange while appearing significant from an
anchor-station viewpoint, and presenting a bizarre ribbondeparture of near horizontal, in
fact represents a minimal increase in overall strain for a 100,000 km long ribbon.
Distributed ove the length of the ribbon, his correspondsto an increase in drain of about
0.2 % strain, thusinggnifi cant stress increases (note, the SE ribbonnominally opeates at
about4%-5% arerage grain).

¥Thefact that stress wave propayation time is very short (approximately 1 hourto travel
the full 100,000km length of the ribbon)compared to the time it takes a strongwind to
build up, effectively defuses the possibility of localized stress at the source of the
disturbance by quickly propagdaing stress gradients upward alongthe entire length of the
ribbon, dstributing grain.

The SE ribbonOgow effective spring rate can be intuitively grasped by imagining a
length of ribbonthat is, say, 1 km long among others; one measure of this lengthOs
elasticity is the effective end-to-end spring rate (see tether formulas in section 1.4). Now,
suppo® two such lengths of ribbonwere connested end-to-end (Gpringsin seriesq); this
new, 2 km long piece would exhibit a spring rate of 1/2 the value of either length
individudly. In generd, if N of these spring lengths, each of spring rate K, are connected
in series, the resultant end-to-end spring rate of the composte spring is K/N; thus the
longe the spring (of a given material), the lower the (overall) spring rate. Thus it
becomes evident that the SE ribboncould exhibit an extremely low spring rate. Note tha
the spring rae is indegpendent of the amount of tengon in aspring; that is, the incremental
changein tengon resulting from an incremental changein length does nat depend upon
the springOgreload.

2. Apparent ease with which wind load trandates ribbon horizontally: The propendty
for the wind to blow the ribbondownrange can be attributed to the aerodynamic modd
and theribbongeometry asit yieldsto therelative wind. In orde for the ribbonto sugain
horizontal displacement, it is necessary for the vertical and horizontal components of air
load to equilibrae respectively the appropriate percentage of vertical and horizontal
components of ribbon enson. The aerodynamic source for this equilibraion aisesover a
region of essentially uniform curvature as the ribbondeparts the horizontal and proceeds
upward to vertical. The aerodyramics modd used in this study predicts tha if therelative
wind has any component normal to theribbon,then a pressure agang theribbonresults,
and a force nomal to a tangent to the ribbonresults. The vector integrd of this force
distribution provdes the required haizontal and vetical force components.

3. Existence of a critical load level, ushering in non-linear response to load As
aerodynanic load increases, both vertical as well as horizontal components of ar load ae
created on the ribbon due to the characteristic curveature induecd in the ribbon by
horizontal deflection under air load. For quasi-steady respons, né vertical and
horizontal load mug be zero. As curvature (deflection) occurs both horizontal and
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vertical comporents of air load build agang the equilibraing tendon components. Note
that as curvature builds the tengon in the ribbonis essentially undfected (from item 1
above. At some point, assuming air load does not increase beyond a certain level, dueto
the geometry of curvature, the horizontal tenson comporent equilibraes the horizontal
air load and horizontal defl ection stopsincreasing. As seen from results, when the critical
air load level is reached, then the naure of the aerodyramic respons changes drastically
from a displacement-sendtive equilibrium restoring process to an unmndrained
deflection process in which nortlinear effects will dictate if and/or when horizontal
defl ection will become limited. This point is reached when amog simultaneoudy both
the total horizontal and vertical components of air load becoming equivaent to the
tendon. At this point, the air load essentially replaces the anchor as the source of vertica
equilibrium force, and the horizontal component of tendon becomes no longe capable of
condraining horzontal deflection.

4. Potential for near-horizontal ribbon departure angles. After the critica air load is
reached, then the ultimate amountof horizontal deflection becomes unlimited (in alinear
sens), and the resulting extreme curvaures of the ribbonwill produe depature angles
from the anchor of near (if not actudly) horizonta as the ribbon progresses down-range
in responke to ar loads

5. Senditivity to wind duration (for winds greater than critical level): After the critical
air load is reached, then the ultimate amount of horizontal deflection becomes a time-
dependent phenomenon, dgpending uponduraion of wind aéovethecritical level. Thisin
a sense then dictates tha the maximum down-range deflection becomes somewhat
dependent uponthe geogrgphical extent of the wind field; this being because deflection
will ssimply increase until thewind subgde, either dueto temporal or geogrgphical extent
of thewind field.

6. Accentuation of all load responses when the elevator is occupied by a climber: The
aboveexplanationsof the extent to which the ribboncan be blown horizontal by thewind
aludes to the criticality of tha condiion in which the wind overpowers the balance
between the only restoring mechanism at the ribbonOslisposal, namely its tenson, and
theair loads Now, any devator configurdion tha indudes a climber on theribbonbdow
GEO will reduce the tenson in the atmosphee. The lower the climber, the greater is this
redudion. The lower the tengon in the ribbon,the more easily the wind can overpower
the baance between tenson and air load. Thusis all cases of a climber on the ribbon,
certain aspects of aerodyramic respons can be exacerbated; this effect is progressive
until the climber isfairly low in the atmosphee; at low altitudes, as the section of ribbon
between the climber and anchor point becomes ever shorter, the effect of lowering
tenson between climber and groundstarts to trandorm the elevator effectively into the
unoccupied elevator case. Imagine a case in which the climber is a 50 m altitude; here, it
is clear tha if onewere to stand back and oberve the response, the tbig pictureOwould
not differ sgnificantly from the unocupied case.

Section 4.3 beow demondrates the above
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4.3 DETAILED RESPONSE TO A REFERENCE WIND

The daa shown bdow represent respongses to the type of wind profiles described above.

4.3.1 A Typical Aerodynamic Load Distribution Respons

The following sets of data correspondto a Caegory O wind and a ribbonwidth of 10 cm
expoxd to the lower atmospheae. This case is chosen for in depth description since it
exposes many of the unintuitive aspects of SE aerodynanics. In paticular the effect of
reaching a critical air load level, minimal overstress in the presence of significant
horizontal ribbon defl ection unde air load. Note tha the air loads have only QloubledO

over the case of the 5 an ribbon.

Shown bdow are defl ection snapshots over a period of 6 hours Supaimposed on this
graph is the maximum deflection for the same wind, butwith aribbon wdth of 5 an.
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Note the following fromthe graph above
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¥ Horizontal and vertical scalingis identical, so true ribbon departure anges are
portrayed by tese spaial defl ections

¥ For the 5 cm wide case (heavy datted ling), the maximum deflection was
attained simultaneoudy with peak wind; this max deflection then stayed condant at this
value

¥ Conpare thisto the 10 an case, in which the maximum deflection ocurred after
peak wind was reached, with peak deflection continudly growing for the entire period of
congant peak wind.

¥ Thisisindicative of thecondudonspresented initems 1-5 of sction 4.2.

Thetwo grgphsbdow illugrate snapshots of horizontal and vetical air load dendty taken
through he abowe respon=.
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These air loads plotted againg ribbon arc-length, are condgstent with the ribbonOs
becomingincreasing horizontal as seen by the migration of peak air load alongthe ribbon
length. This is because as a section of ribbon becomes progressively horizont, it
contributes ever less to horizontal and vertical air load; it is the area of ribboncurvature
from horizontal-to-vertical where the air load action is occurring (see the section bdow
for more ddailed discussion of a&rodynanic respon®).

This process is accompanied by very little tendon change as shown the grgph
beow; this grgph is an envelope of tenson sngpshots along the length of the ribbon at
varioustimes covering the duration of the respons. The profile is essentially tha of the
unoccupied, ungerturbed devator.
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4.3.2 Extreme Aerodynamic Loading

This section addresses the situaion where the wind reaches a critical level tha
essentially transcends the ribbon displacement restoring mechanism, giving the wind
amog full control over the ribbon, with amog unlimited ability to displace the ribbon
horizontaly. A useful andogy for undestanding the existence of such a critical load and
subssquent unlimited responge might be termed the QRolling Pin AndogyO Consder a
ropehanging fromthe ceiling with a weight attached under gravity as shown bdow.

_ - Rolling Pin
_ _ ////\\\
(]
Anaogy \\__.
to the Wind
Anaogy to
the Ballast

______

Imagining pushing on the ralling pin to deflect the ropefrom its initial vertical postion.
At any subsequent (Seady) ddlection, the applied force F (therolling pn, or wind, in our
andogy) mug equilibrate both the vertical and the horizontal comporents of the weight
W. Note, all ribbon segments with a horizontal component of orientation 1S subject to
generating vertical ar load. Note that the weight manifests itself asatenson W actingon
both sides of the rolling pin since the rolling pin functionsas a pulley. It is readily seen
tha if the horizontal component of F exceedsthat of W (between rolling pn and ceiling),
then there is no limit to how far the rolling pin can be moved in the horizontal direction
by F except for the energy available to the process creating F. Likewise, if the vertical
component of F exceeds W, then there is no limit to how far the weight W can belifted
(due to the geometry of horizontal deflection) except for the energy available to the
process creating F. The application of such an andogy to the elevator ribbonmug first
establish uniformity of tension around the bend of the characteristic curvature of the
ribbonunde air load (ie. the pulley assumption). This can be established by simulation,
and further conceptudly corroborded by noting these important facts:
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1. Aerodynanic friction manifests virtudly zero load tangent to the ribbon
curvature (actudly zero in the GTOSS aerodynamic model); thusa steady state tenson
differential cannotbe sudained via aerodynamics.

2. Thetenson disturbance propagaion speed of 28 km/sec is so high compared to
the rate of onset of air loads due to wind loading, that any tenson disturbance gradients
will quickly propagate away neutralize any disturbance source and attain gradient-free
equilibrium.

3. The low effective spring rate of the ribbon alows it to easily tolerate
elongdionsassodated with beng displaced downwind by hundrds of kilometers without
significant increase in tenson.

Now consder arespon (shown in section 4.3.3.3)in which the above described
critical aerodyramic load has apparently been reached. The resulting horizontal
displacementis shown bdow.
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The explanation for such response can be foundin examining the air loadson the
ribbon and relating that to the rolling pin andogy. In the above ribbon deflection
sngpshots, notice that the characteristic geometry of the ribbon trangtion zone from
vertical to (more or less) horizontal, uniformly replicates itself from sngpshot-to-
sngpshot, and presents a significant geometrical oppotunity for vertical air load to be
created. The pressure distribution along the length of the ribbon creates an air load
densty vector normal to the ribbonOgangent at each point. Integrating this spatial force
distribution around this characteristic curvature results in both a horizortal and vertical
component of net air load as shown in the diagran bdow illudrating how air loads
distribute themselves dongtheribbon.
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Quantification of the abowve is provided by the air load dengty distributon
sngpshots bdow corresponding o this paticular respons (shown in sction 4.3.3.3)
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The two gragphsabowve show sngpshots of air load density versus length alongthe ribbon
for the case of the climber at LEO subject to a category 0 wind; at any given pant in
time, the total vertical or horizonta air load on the ribbonis simply the Girea under the
curveOfor the corresponding snagpshot time (with dueregard for the units of the ari load
densty).

It is significant that once the wind velodty attains a critical level, both
components of air load dengty are migraing aong the ribbonwith their magnitudes as
well as ratios amog undhangal (the dark solid-line snapshots corresponding to the
period of condant peak wind). A progressive flattening phenomenon depends upon the
air load beng able to equilibrate both the horizontal and vertical components of ribbon
tensgon beneath the climber. Since the ribbon bends from amog horizontal to amog
vertical, and since tengonis essentially congant over this region, this meansthat both the
horizontal and vertical components of net air load mug be nearly equal to the tenson.
Unde these conditions the ribbonexhibits a compliance to beng blown downwind with
little appaent resistance; in this case, the Garea unde the curveO (total horizontal or
vertical air load) of theair load sngpshots actudly become equivalent to thetensonin the
ribbon.

It appears that once the wind-tenson bdance reaches a point tha thewind can lay
the ribbon horzontal, then there may be only inggnificant natural restoring mechanism
remaining since the energy available to the wind for Qperforming the work required to
displace the ribbon hoizontallyOis essentially unlimited.
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4.3.3 Typica RibbonDeflection Respong Shapes

The grgphsin this section further and more dramatically illugrate the obervations of
section 4.2 dowe.

4.3.3.1 Deflectionsfor un-occupied elevator
Below is the case of the unaccupied ribban unde a category 3 wind (54m/s= 120mph)

The grgph below shows sngpshots of the entire length of the ribbon, induding the time of
condant peak-wind and tail-off; comparing category 3 wind respon® for an identical
configuraion (except) under a category O wind indicates a factor of 100 greater horizonta
respone for this category 3 wind. Note the horizontal scaling; while this respon is signifi cant,
if it were viewed from a real vantage pant that encompassed the entire ribbonlength, it would
apper essentialy sraight, with hoiizontal distortion on he orde of 1% of ts length.
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The grgph below shows magnified, near-earth, horizontal displacement sngpshots
with identical vertical and horizontal scaling to depict true geometry and ribbon
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departure angles; also shown on this graph is the maximum deflection for the category 0
wind illudrating the overal effects of wind geed on rbbon deatureangle.
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Note the single heavy vertical dashed line nearest the origin (above); this represents the
maximum horizontal respong for a category O wind. It is evident that somewhere between
category 0 and 3 wind levels, a threshold was reached for which wind force could overcome any
inherent ribbonresistance to horizontal displacement. This suppostionis further corroboraded by
the fact that the bracketed sngpshots (with heaviest lines near the middle deflections of the
grgph), encompass exactly the period of condant pesk wind, meaning tha even with wind not
increasing, the horizontal displacement continues to increase.

4.3.3.2 Deflectionswith climber in low atmosphee

Here, a 20 ton climber is parked in the atmogpheae at 9 km, and subjected to the
Caegory 0 wind profile. Note, dimber aerodynamics were characterized as asimple drag
modd with drag coefficient of 1.2 and cross sectiond area of 18 m?, thusonly horizontal
air load is generated bythe climber.

Horizontal ribbon dgplacement is shown bd ow. Note the onesngpshot composed only of
dots; this depicts GTOSS finite tether modd nodd spacing bdow and above the climber, and
shows a resolution below the climber that is just adequate to resolve these aerodynamics; this
sparseness was adopied for numerical efficiency. Location of the climber is evidenced by the
shap bend at about 9 km along the ribbon. This bend, while not pronouned near the ribbonOs
initial vertical postion, ends up clearly depicted at a horizontal distance near 9 km; thusthe
trajectory of the climber becomes evident.
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Dueto the low tensgon between the ground and climber, there is little resistance initialy
to horizorntal displacement of the climber; this is exacerbated even further by the additiond
atmospheic drag on the climber. So the climber and lower ribbon section easily move
horizontaly pulling the climber even lower; however, once the climber has moved a horizontal
distance corresponding o its fixed postion on heribbon (of 9 kn), then any additiond action by
air loadsto move the climber horizontaly is met by the now nearly horizontal segment of ribbon
between the climber and ground.This short segment, with an effective spring rate about 10,000
times greater than the ribbon above can easily equilibrate any horizontal load with very little
additional strain as shown bdow as a tenson time history in the lower ribbon segment. This
shows tha the tenson rises to meet the applied horizontal air load, thus effectively condraining
the climber itself (but not the ribbonabove) from additiond horizontal motion. Once the lower
ribbonbecomes near horizontal, the situation then mimics the displacement, shape and departure
angles of the unocupied elevator, as withessed by the fact tha in this case, the ribbon abovethe
climber exhibits about 5 km of maximum horizontal displacement beyond the climber, this
compares closly with the shgpe and peak displacement of the unaccupied elevator unde a
category O wind. The case of a climber parked in the atmosphee (9 km) more nearly mimics the
unoaupied configuration than it does the case with the climber parked at 200 nm(150,000 n).
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4.3.3.3 Deflectionswith climber at LEO

Below are sngpdhots of the ribbon, at 2,000 sec intervals for 10 hours Subjected to
identical winds a ribbonwith a climber at LEO (200 nm) respondsvastly different than
an unocupied ribbon. Note different horizontal scales beween this and the unocupied
ribbon. Maximum atmospheic displacement for an unoacupied ribbonwas about 6,000

meters; with aclimber a LEO, the maximum displacement is 150,000 naters!
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The difference in respons can be attributed to the effect of climber mass tha
serves to modify respons in the following two significant ways. (a) by presenting a
significant inertia that affects ribbonexcursionsnear the atmosphee, and (b) by creating
a significant ribbontenson drop across itself (see graph bdow), thus presenting to the
atmosphee, aribbonunder 4 times less tengon than for the unaccupied ribbon. The low
tenson presents a much more compliant ribbonto the wind than that of the unaccupied

ribbon. The tenson discontinuity shown below occurs at the dimberOgostion of 370 km
atitude (200 nn).
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Snapshots bdow use identical vertical and horizontal axis scaling to depict actud
ribbon depature geometry, and indicates a ribbon eventudly departing the anchor at
near horizontal. One sngpshot depicts dots representing GT'OSS nodd resolution.
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Below is the same as the figure abowve, except with amuch greater vertical scaleto
show the climberOgostion. Here, the sharp bend in the ribbon,not seen abovedue to its
scale, clearly depicts the location and effect of the climber. Note aso the sngpshot,
compo<d of only dots a the nodd paints; this shows where the nodd resolution changes
at thelocation of the climber.
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The grgph bdow has magnified but also identically-scaled vertical and horizontal
axes to provideindghtinto the defl ection mechanism in this case.
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Note, for each sngpshot above the sum of the Qrertical distance to the climberOplus the
(horizontal distance to the anchorQOis essentially congant, and equd to theinitial vertical
atitude of the climber. By the time the smulation has terminated, the climber has been
displaced downward by about 140 km, accompanied by no significant tenson increases.
This is consstent with both the insignificant increase in uppe ribbon strain
corresponding to this amount of climber displacement, as well as the upper ribborOdow
effective end-to-end spring rate. Using an uppe ribbon spring rate of 0.04 N/m, this
decrease in climber atitude correspondsto a tenson increase of 5000N (out of 200,000
N extant in the ribbonabovethe climber); the corresponding strain increase in the uppe
ribbon dueto this displacement is only 0.14 pecent.

4.4 RIBBON HORIZONTAL DISPLACEMENT

This shows horizontal ribbon dsplacement respons to reference wind vaiationsof:

1. Peak Wind vdue varying baéween Caegory 0 and 3
2. For Caegory 3 wnd, theDuraion of Reak Wind, varying ketween 1and 4 hours
3. For Caegory 0 wind, Ribbon Wdth varying béween 5and 20 en.

4.4.1 Horizontal Displacement vs Wind Speed (Unoacupied)

Round markers are smulation-run dda pants; dotted lines are interpolation.
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Note the sharp break in the displacement respons above thisisindesd the pant a which
total air load achieves a level capable of equilibrating (virtually ssimultaneoudy) both
vertical and horizontal components of ribbontenson. At this point, the wind essentially
gans control of the ribbon,and limitation to further displacement will either be at the
whim of the weather, or, will await second-tier effects (dueto extreme displacements) to
start manifesting themselves. Shown bdow is the same grgph as above except with (a)

Page 23



magnified scale limited to 0-30 m/s wind speed, and (b) the correspondng departure
angle is ovelaid onthe graph.

To ad in theinterpreation of this phenomenon, the grgph bd ow shows (for lower
wind geeds) istherdationsip between departureangle and horzontal displacement.
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4.4.2 Horizontal Displacement vs Wind Duration (Unoccupied)

Shown bdow is respong to aCaegory 3wind level for an unocupied ribbon.
Round markers are smulation-run dda pants; dotted lines are interpolation.
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Note: a Qiuraion of zeroOhere means that as soon as the wind rises to the Caegory 3
level, it immediately artsto recede with no dwell time a category 3 level. It is apparent

that the displacement-duration relationdhip is essentialy linear up until sometime after 2
hourswind durdion a which point, seconday effects are starting to come into play to
eventudly attenude the progression of downrange displacement. This could be sowly
increasing ribbon tenson, geometry changes due to downrange distance (such as earth
curvaure).

4.4 3 Horizontal Displacement vs RibbonWidth (Unoccupied)

The graph bdow shows theribbonhorizontal displacement sendtivity to ribbonwidth for
an unocupied devator ribbon. This daa correspondsto aCaegory 0 peak windlevel.

Round markers are Smulation-run dda pants; dotted lines are interpolation.
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4.44 Horizontal Displacement vs Wind Speed (Climber in Atmosgpheae)

The graphsbdow correspond b aclimber parked at 9 km atitudeona5 cm SE ribbon subjected
to variouswind levels. The presence of the climber in the atmosphere exhibits both beneficial as
well as derimental effects.

Beneficial effects patainingto horizontal displacement:

¥ The fact tha the portion of the ribban between the climber and the anchor point becomes
quickly horizontal unde aerodynamic respone means tha this very stiff horizontal section of
ribbon easily equilibrates the horizontal loads tha can be developed in the high aerodynamic
pressure regions associated with lower altitudes. This effect clearly manifests itself in the
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defl ection -vs- wind speed grgphsbd ow when compared to the unoccupied ribbon (gction4.4.1
above.
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Round markers are Smulation-run dda pants; dotted lines are interpolation.
200 —

160 —
120 —

80 —

40 —

Ribbon Horiz. Displ. (km)

Wind Speed (mph)

4.4.5 Horizontal Displacement vs Wind Speed (Climber at LEO)

Thegraphsbdow correspondto aclimber parked at LEO dtitudeon a5 cm SE ribbon subjected
to vaiouswind levels. The presence of the climber in the aamosphere exhibits detrimental effects
regarding horzontal displacement.

Round markers are Smulation-run dda pants; dotted lines are interpolation.

Page 26



600

Wind Level Sequence

E 500 — ¥ 2 hr rse time
— i ¥ 2 hr ondant level wind dustion
g 400 71 ¥ 2 hrreession b zero wind @
[a)
300 .
N - o
o .
£ 200 )
c ’,-@
S 100 —
o
e -
ad 0 q@-------- I REEEEE b (34
| T I | | I
10 20 30 40 50 0
Wind Speed (m/s)
600 —
3 | .0
E -
< 500
& 400 - »
O ] .
N300 A .
o | __O'
T
c 200 —
O --
= | .0
T 100
0 —HO@--=------ QemmmmmmnT -
| T I | : I
% 40 60 80 100 120

Wind Speed (mph)

45 RIBBON DEPARTURE ANGLES

The departure angle of the ribbonis the angle tha the ribbon makes with the Gocal vertica O
reference, thus90 degrees indicates a ribbonOgroceeding straight up, vertically, from the anchor
point. While this parameter is notindicative of ove sressing, or oher structurd failure pe se for
theribbon,it does have profoundimplication on anchor station design, and general opeationsin
the presence of wind. These results may well speak for opeational condraints of climber
launches based on wind predictions for the anchor location. Due to the possibility of low-to-
horizontal departure angles, additional design criteria may belevied ontherib on to tolerate sea
water contamination. Additiondly, prectical respons to the potential for low departure anges
my dictate anchor gation design that provides an actual ribbon dtach point elevated consderably
abovesealevd.
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45.1 Depature Angle vs Wind Speed (Unoccupied)

Round markers are Smulation-run dda pants; dotted lines are interpolation.
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45.2 Depature Angle vs RibbonWidth (Unoccupied)

The graph bdow shows the ribbon departure angle sengtivity to ribbon width for an
unoaupied elevator ribbon. This daa correspondsto aCaegory 0 peak wind level.

Round markers are Smulation-run dda pants; dotted lines are interpolation.
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4.5.3 Depature Angle vs Wind Speed (Climber in Atmosphere)

The graphsbdow correspond b aclimber parked at 9 km altitudeon a5 cm SE ribbon subjected
to vaiouswind levels. The presence of the climber in the aamosphere exhibits detrimental effects
regarding ribbon ekparture anges.

Detrimental effects petainingto ribbon apatureangle:

¥Dueto the low tenson between the climber and anchor point, and the aerodyramic drag of the
climber itself, even windsless than category O will virtually lay the climber down creating a
horizontal departure angle. This effect clearly manifests itself in the departure angle -vs- wind
speed grgphsbdow.

Round markers are amulation-run dda pants; dotted lines are interpolation.
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454 Depature Angle vs Wind Speed (Climber at LEO)
Thegraphsbdow correspondto aclimber parked at LEO dtitudeon a5 cm SE ribbon subjected

to variouswind levels. The presence of the climber at LEO exhibits detrimental effects regarding
ribbon dearture anges.
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Detrimental effects petainingto ribbon aépatureangle:

¥Dueto thelow tenson between the climber and anchor point, even windsless than category O
will virtually lay the ribbon down creating a horizontal departure angle. This effect clearly

manifests itself in the departure angle -vs- wind gpeed grgphsbdow.

Round markers are Smulation-run dda pants; dotted lines are interpolation.
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Point of Interest: It is evident tha in both cases of a Climber occupying theribbon
(ie. a LEO and within the atmosphee), tha the ribbon departure angle quickly
goes to horizontal under wind levels of Category 0, and likely at even lesser winds
This speaks for the possibility of elevator laundh restrictions when appreciable
windsare predicted.

4.6 STRESSRELATED TO WIND RESPONSE

By design, nominad unocupied SE stress levels are near condant; the question arises
whether and how much wind can magnify these stress levels. This section addresses this
by showing graphs of dress profile vsribbon ength for vaiousconditions
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4.6.1 Stress Profile vs Wind (Unoccupied)
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4.6.2 Stress Profile vs RibbonWidth (Cat 0, Unocacupied)

Here, the ribbonwidth is being varied, all subject to a Category 0 wind level. The wind

level follows this scenario:
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4.6.3 Stress Profile vs Wind (Climber in Atmospheae)

Note the characteristic tengon drop across the climber at 9km, tha manifests itself as the
discontinuity at the 9 km point on the ribbon. The ribbonabove the climber is characteristically
showing very little stress increase dueto aerodynamic displacement, thusthe horizontal axis is
scaled to show only the first 40 kmof ribbon. Itis the short section of ribbon k&low the climber
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(between climber and anchor) tha is showing signifi cant stress respons. This can be explained
as follows. First note that these grgphsconsst of a series of sngpshots of stress profile alongthe
ribbonat variouspaints in time throughait the entire 6 hours of active wind. All these profiles
exhibit identical shapshots during the peiod tha thewind is inggnificant, such asinitialy before
it has built to peak values (thisis the regime that is manifesting itself as the lowest stress values
being experienced in the region between groundand 9 km). As wind level increases with time,
the stress sngpdhots in this region also start to increase. This is because as wind increases, the
climber isbeing laid down ever more horizontal, thusthe short ribbonsection b ow the climber
is functioning to equilibrae the total horizontal air loads on the ribbon. While normelly, the
tengon in theribbon béow the climber exhibits alower vauethan tha abowe, in this case, as the
ribbonbecomes horizontal, its tendon starts to assume the full level required to equilibrae the
horizontal component of air load; this component of the process essentialy imbues the lower
ribbon(origindly unde reduced stress) with stress levels congstent with an unocupied elevator
unde air load. Now, addal to thisincreasing tendonis the air load that arises from the fact that
the climber itself has aerodynamic drag subject to lower altitude high aimospheric dengty. All
this combines to create a condtion of significant stress increase in the lower ribban for the case
of theclimber in theatmosphere.

Note, tha the stress above 9 km shows almod no increase dueto the extremely low effective
spring rae of the ribbon dowe the climber as described in preceding sctions
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4.6.4 Stress Profile vs Wind (Climber at LEO)

This section shows stress level respons for an elevator with a climber paked on the
ribbon & LEO, or 200 nm(370 k).
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Note that similar tendendes are beng exhibited in this case as tha for the case of the
climber parked in the aamopheae, except, here stress amplification is greatly mitigated
ove the atmospheic case. The section of ribbonbetween anchor and climber exhibits a
much smaller effective spring rate than that for the amospheic climber. Note tha as
peak wind levels increase the ribbonis being stretched (seen in the migréaion of the
climberOgostion to grester distances from the ground,ie. moving towards the right in
the series of sngpshot grgphs.
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Stress profiles over the remainde of the ribbonare typical and show no specifi c tendency
toward increased dress.

Note, results for the Category 3 wind were curtailed dueto limitationson run time during

andysis, so the respon® tendencies bang logically established as wind peak progessed
through ategory 0, 1, 2, ee notfully developed for the category 3 wnd.
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