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This report covers the results of a Phase I11 study of two Selected 
Tether Applications in Space (STAIS); deorbit of a Shuttle and launch of 
an W, both from the Space Station using a tether. In an earlier Phase 
I1 study the following five concepts were studied: 

A2 
B 
C 
E2 Electrodgnerm ‘c Tether as an Auxiliary Fbwer Source for Space 

F 

Tether &orbit of Shuttle from Space Station 
Tethered Orbit Insertion of a Spacecraft from Shuttle 
Tethered Platform Deployed from Space Station 

Station 
Tether assisted launch of an (Trv Mission from Space Station 

As stated above, C-oncepts A2 and Fwere selectedfor t h i s h e  I11 
activity. The study objectives for Phase I11 were to: (1) perform a 
preliminary engineering design, (2) define operational scenarios, (3) 
develop a ConmDn cost model, (4) perform cost benefits analyses, and (5) 
develop a Work Breakdown Structure (WBS). The primary emphasis has been 
on the cost model and the cost benefits analyses with the other tasks 
worked to the depth required to support these two objectives. 

Several significant changes in Space Station configuration between Phase 
I1 and Phase I11 had a profound effect on the configuration and 
operational considerations. Changing from the power tower to the dual 
keel Space Station configuration rendered the dual deployer concept of 
Phase I1 impractical. Fortunately, a Mobility System was created for 
moving components over one face of the dual keep Space Station making it 
possible to use a single deployer for both Crrv and Shuttle launches. 

Key features of the performance analysis w e r e  to identify the net 
increases in effective Shuttle cargo capability if tethers are used to 
assist in the deorbit of Shuttles and the launching of OTV’s from the 
Space Station and to define deployer system designs required to 
accomplish these tasks.  As was shown in the F’hase I1 study, a balance 
must be established between the momentum added to the Space Station 
through downward Shuttle deployments and momentun extracted from the 
Space Station through UpJard deployments of the oT\r. Since the OTV is 
not 
the mechanism to remove m t u u  from the Space Station during the first 
five years. The performance analysis identified optimum variable 
altitudes to achieve this balance over the range of Space Station mass 
and drag area and over the predicted atmospheric densities for one solar 
cycle (1994 through 2004). 

scheduled to be implemented until 1999, aerodynarm ‘c drag was used as 

Deployer concepts ranging from a mininnnn capability system (weighing 
2,389 kg) that can be used to deorbit the Shuttle from a maximum 
altitude of 370 km to a full capability deployer system (weighing 11,113 
kg) that can deploy the OTV with up to 9,072 kg of payload and using 150 
km of tether have been designed and are discussed in Section 4 (Page 
56). 
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Waste disposal is a concern for Space Station operations and tether 
deorbit of waste is a leading candidate for solving this problem. .411 
tether deployer designs except the smallest (Configuration A)  have the 
capability of deorbiting waste and the associated cost benefits are 
reflected in the cost analysis (perfornrance benefits are negligible). 
Once the tether length is increased to accommodate waste disposal, a few 
additional kilometers of tether will also allow External Tank (ET) 
deorbit. Benefits were  not assessed for FT deorbit because no specific 
mission was identified; however, the potential for scavenging residual 
propellants from the FT and the mmentuu available from deorbiting the 
E" present significant possibilities of future benefits. 

The Shuttle Interface Deployment Module (SIDM) and the Payload Interface 
Deployment Module (PIDM), defined in Phase 11, are not shown in detail 
in this report. The SIDM has been simplified in that the sensors and 
cold gas systems have been deleted since it will always be used in 
combination with the PIDM for Shuttle deorbit. The functions of the 
SIDM are to provide a structural interfacebetween the PIDMand the 
Shuttle, to scavenge C2S propellant from the Shuttle during tether 
deployment and transport scavenged propellant to the Space Station 
storage tanks. The PIDM provides the sensors and cold gas systems 
needed for control during tether deployment and retrieval. 

Operational scenarios, including timelines, for both tethered and 
non-tethered Shuttle and Ul'V operations at the Space Station were 
evaluated. The proximity operations for deployiru the Shuttle with the 
tether system w compared to the approach currently planned for non- 
tethered operations. 

A sumnary .discussion of the Selected Tether Applications Cost Model 
(STACCM) and the results of the cost benefits analysis are presented in 
Section 5 (Page 70). The users guide for the cost model is presented 
under seprate cover. (Ref. 1). 

Several critical technologies needed to implement tether assisted 
deployment of payloads such as the Shuttle and the UI'V from the Space 
Station are discussed in Section 7 (Page 94). 

Sections 8 (Page 96) and 9 (%e 97) present the conclusions and 
recamnendations of this study. 
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2 . 0  PERFORMANCE ANALYSIS 

During the Phase I1 e f f o r t  (Aug. 1984 - Feb. 1 9 8 5 )  s i g n i f i c a n t  
performance b e n e f i t s  o f  t e t h e r e d  S h u t t l e  and O T V  o p e r a t i o n s  from the 
Space S t a t i o n  ( S S )  were i d e n t i f i e d  (Ref .  2 ) .  The b e n e f i t s  were de r ived  
from p r o p e l l a n t  s a v i n g s  ( O M ,  O T V ,  and smal l  amounts of SS s t a t i o n  
keeping p r o p e l l a n t s )  and r e s u l t e d  i n  a p r o j e c t e d  s a v i n g s  of about  10 
Shut t le  f l i g h t s  over  a 10 year  per iod .  

B y  the t i r e  this Phase I11 s tudy  began i n  October 1985 the  Space S t a t i o n  
b a s e l i n e  a l t i t u d e  had been reduced from 500 kr (270  n m i )  t o  463 km (250  
nri) and the O T V  f l i g h t  r e a d i n e s s  d a t e  had been roved from 1995 t o  1999 
(Ref.  3 ) .  As a r e s u l t  of these two changes a v a r i a b l e  Space S t a t i o n  
a l t i t u d e  s c e n a r i o  was developed f o r  t e t h e r  o p e r a t i o n s  b e f o r e  1999 and 
the a r r i v a l  of the O T V  t o  provide a momentum ba lance  u s i n g  a tmospher ic  
d rag  and t e t h e r e d  S h u t t l e  deployments.  T h i s  approach s i g n i f i c a n t l y  
i n c r e a s e s  the Shut t le  ca rgo  weight d e l i v e r e d  since t h e  Space S t a t i o n  
o p e r a t e s  a t  app rec i ab ly  lower a l t i t u d e s  than the b a s e l i n e .  T h i s  d i r e c t  
e f f e c t  on S h u t t l e  ca rgo  weight  has a l s o  been added t o  the Space S t a t i o n  
b e n e f i t s ,  a s  will be d i scussed .  

The fo l lowing  s u b s e c t i o n s  r e f e r  t o  5 c a s e s  of i n t e r e s t  t h a t  cover  the 11 
year  pe r iod  from 1994 - 2004, d i v i d i n g  i t  up i n t o  the 5 year  pe r iod  
(1994-1998)  b e f o r e  OTV a r r i v a l  on the Space S t a t i o n  fol lowed by  the 6 
year  pe r iod  
a s  fo l lows:  

Case I 

Case I1 

Case I11 

Case IV 

Case V 

(1999-2004)  with the OTV p r e s e n t .  These c a s e s  a r e  de f ined  

Refe r s  t o  the Space S t a t i o n  o p e r a t i n g  near  the c u r r e n t  
b a s e l i n e  a l t i t u d e  of 463 k r  (250  nri) wi thout  t e t h e r  
o p e r a t i o n s .  (1994-2004) .  

Refe r s  t o  the Space S t a t i o n  o p e r a t i n g  a t  lower v a r i a b l e  
a l t i t u d e s  t o  n a x i r i z e  the annual  performance bene f i t s  
wi thout  t e t h e r  ope ra t ions .  ( 1 9 9 4 - 2 0 0 4 ) .  

Refers  t o  the Space S t a t i o n  o p e r a t i n g  a t  loorer v a r i a b l e  
a l t i t u d e s  t o  maximize the annual  performance b e n e f i t s  
w i t h  t e t h e r e d  S h u t t l e  deployment o p e r a t i o n s .  ( 1 9 9 4 - 2 0 0 4 ) .  

Refers  t o  the Space S t a t i o n  o p e r a t i n g  i n  a balanced 
momentum mode about the c u r r e n t  b a s e l i n e  a l t i t u d e  of 463 
km w i t h  t e t h e r e d  S h u t t l e  deployments and t e t h e r e d  O T V  
launch o p e r a t i o n s .  ( 1 9 9 9 - 2 0 0 4 ) .  

Refers  t o  the Space S t a t i o n  o p e r a t i n g  i n  a balanced 
momentum mode about  s e l e c t e d  v a r i a b l e  a l t i t u d e s  t o  
maximize the annual performance b e n e f i t s  w i t h  t e t h e r e d  
Shut t le  deployments and t e t h e r e d  O T V  launch o p e r a t i o n s .  
( 1 9 9 9 - 2 0 0 4 ) .  

3 



2.1 

In all of the above cases, Space Station aemdynanu 'c drag is considered 
in the momentum balance and orbit station keeping propellant 
requirements are determined and included in the analysis. 

Three basic Space Station tether operational scenarios are considered 
for the 1994-2004 time period. In all 3 scenarios the variable altitude 
approach (Case 111) is used from 1994-1998. Beginning in 1999, three 
choices are available, 1) continue w i t h  Case I11 (no tethered OTV 
launches), 2) raise the Space Station to 463 km and apply Case IV 
(tethered Ul'V launches) and, 3) apply Case V (tethered (Trv launches at 
variable altitule). Effective Shuttle cargo weight gains are presented 
for all three options. 

General Amroach and Assumptions. U s i n e  the IOC 1994 Spece Station as a 
starting point for tether operations, an eleven year period (1994-2004) 
was selected for study. This represents the nominal length of a solar 
cycle and covers the full variation in atmospheric drag expected at 
Space Station altitudes. The revision 8 (low) Marshall Space Flight 
Center Mission Model (Ref. 3) was used to determine Shuttle 
transportation requirements to the Space Station and also to  determine 
(Trv launches from the Space Station during the 1999 through 2004 time 
period. Station mass (varies from 210,000 kg to 455,000 kg over 
the eleven year period), area, and amspheric mrdel data were obtained 
from the Martin Marietta S p c e  Station Study team to determine orbit 
drag decay rates. A Space Station altitude of 463 km (250 nmi) at 28.5 
degree inclination was used as a baseline with a 2-burn (hydrazine 
system) reboost every 90 days for station keep- (Case I). A variable 
altitude alternate baseline option (Case 11) was also considered in the 
study. 

S p c e  

A direct insertion Shuttle cargo delivery capability of 20,729 kg 
(45,700 lb) was assumed for the reference altitude of 463 km with a 
sensitivity of -26.94 kg/km for other altitudes. This information was 
obtained from the Martin Marietta Space Station Study Team and 
represents an average projection of Shuttle performance in the 1994-2004 
time period. Our analysis is not sensitive to Shuttle performance since 
the savings in C i S  propellant, (Trv propellant, Space Station station 
keeping propellant, and shuttle cargo gains from tethered operations 
(compared to non-tether) are essentially independent of Shuttle 
performance (to the first order) due to the fact that all calculations 
assume the stme basic Shuttle capbility. In terms of financial 
benefits, savings from tether operations would likely increase if the 
cargo camying capability (moderately optimistic projection) is reduced 
since anticipated direct cargo gains,  W propellant scavenged, OTV 
propellant savings, and station keeping propellant savings would 
represent more shuttle flights saved than currently estimated. 

The mass of the Orbiter at Space Station departure is assumed to be 
99,750 kg (220,000 lb) in all cases and tether lengths are selected to 
prevent the Orbiter from descending below a 185 lon (100 n m i )  perigee 
after tether release (the final OMS deorbit burn is executed at the 
following apogee). Deorbit OPS propellant requiremnts were obtained 
from Phase I1 of the study (Ref. 2) for determination of OMS propellant 
scavenging benefits. 
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For t e t h e r  ope ra t i ons ,  a s t a t i c  r e l e a s e  (non-swinging t e t h e r )  i s  used 
w i t h  an 8 hour deployment and an 8 hour r e t r i e v a l .  The t e t h e r  i s  
r e q u i r e d  t o  p r o v i d e  a minimum f a c t o r  o f  s a f e t y  o f  2.0 and i s  t o  be 
composed o f  a b r a i d e d  Kev la r  49 m a t e r i a l  w i t h  a 0..25 M M  T e f l o n  j a c k e t  
which p r o v i d e s  m u l t i p l e  reuse c a p a b i l i t y .  The t e t h e r  must p r o v i d e  the  
c a p a b i l i t y  f o r  d e o r b i t i n g  waste (3,175 kg) every 90 days and a l s o  s h a l l  
have t h e  c a p a c i t y  t o  d e o r b i t  an e x t e r n a l  tank (31,750 kg ) ,  i n  a d d i t i o n  
t o  i t s  r e g u l a r  t e t h e r e d  S h u t t l e  deployment and O T V  l aunch  opera t i ons .  

Using t h e  methods and equat ions  p r o v i d e d  i n  Phase I1 and maximum power 
f a c t o r s  determined i n  Phase I11 (see 2 -2 -21 ,  t e t h e r  deployment 
requ i rements  were ob ta ined  for t h e  v a r i o u s  s c e n a r i o s  and maximum 
c o n d i t i o n s  were de termined f o r  use i n  the  dep loyer  system des ign  
a c t i v i t y  ( S e c t i o n  4.0). Table 2-1 summarizes t h e  des ign  requ i rements  
determined. 

As seen i n  Table 2-1, i f  Case 111 ( v a r i a b l e  a l t i t u d e / n o  t e t h e r e d  O T V  
o p e r a t i o n s )  i s  used f o r  11 years  the  maximum Space S t a t i o n  a l t i t u d e  
reached a t  S h u t t l e  d e o r b i t  i s  370 ka. The co r respond ing  maximum t e t h e r  
l e n g t h  r e q u i r e d  f o r  S h u t t l e  deployment i s  33 km w i t h  a maximum tens ion  
o f  10,676 N and maximum power d i s s i p a t i o n  o f  25 kw r e q u i r e d .  59 km o f  
t e t h e r  i s  r e q u i r e d  tu i a r e d i a t e l y  d e o r b i t  t h e  3,175 k g  o f  waste, w h i l e  
s l i g h t l y  more t e t h e r  (63 km) i s  r e q u i r e d  t o  ‘ d e o r b i t  t he  31,750 kg 
e x t e r n a l  tank. Note t h a t  for Case I11 maximum t e t h e r  t e n s i o n  i s  
de termined by S h u t t l e  deployment and r a x i a u r  t e t h e r  l e n g t h  and power (33 
kw)  a r e  determined by ET d e o r b i t .  

I f  t e t h e r  o p e r a t i o n s  were swi tched t o  t h e  c u r r e n t  a l t i t u d e  (Case IV) i n  
1999 t e t h e r  l e n g t h  r e q u i r e d  would i n c r e a s e  t o  52 ka, 73 ka, and 79 kill 
f o r  S h u t t l e  dep loy ren t ,  waste d i s p o s a l ,  and ET d e o r b i t ,  r e s p e c t i v e l y .  
Note t h a t  f o r  Case I V  t h e  max i ru r  t e n s i o n  (15,480 N)  and r a x i a u r  power 
(56 kw) i s  determined by the S h u t t l e  deployment. The maximum des ign  
c o n d i t i o n s  a r e  determined by the  OTV launch (150 k m  t e t h e r )  w i t h  a 
maximum tens ion  o f  20,020 N and a maximum power o f  219 kw. Design 
i m p l i c a t i o n s  o f  these requi rements a r e  d iscussed i n  Sect .  4.0. 

TABLE 2-1 TETHER DEPLOYMENT REQUIREHENTS 

M A X I M U H  TETHER MAXIflUfl M A X  - TETHER M A X  
CASE 

I I r  

I V  

I V  

NOTE : 

ALTITUDE FUNCTION 
(km) 

TENSION LENGTH POWER 
( N )  (KM) (KW) 

370 STS Deployment 10,676 33 25 
Waste D isposa l  1,032 59 4.3 
ET D e o r b i t  7,522 63 33 

463 STS Deployment 15,480 52 56 
Waste D isposa l  1,223 73 6.3 
ET D e o r b i t  8,945 79 50 

463 O T V  Launch 20,020 150 . 219 

Case V has c o n d i t i o n s  ( a l t i t u d e ,  t ens ion ,  l e n g t h ,  and power) 
i n t e r m e d i a t e  t o  Cases I11 and I V  f o r  STS deployment and waste 
d i sposa l ,  b u t  des ign c o n d i t i o n s  a r e  determined by the  O T V  launch 
as i n  Case I V .  
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b a s i s  f o r  b e n e f i t s  comparison (Case 11). Throughout the a n a l y s i s  the 
b e n e f i t s  of a l l  s c e n a r i o s  a r e  compared t o  the c u r r e n t  f i x e d  a l t i t u d e  

co rpa red  t o  each o t h e r  i n  the summary of  the performance b e n e f i t s  ( 2 . 4 ) .  
I (463 kr) approach (Case I )  t o  r a i n t a i n  a cor ron  b a s e l i n e  and a r e  

S h u t t l e  d e p l o y r e n t s  u s i n g  te thers  a r e  scheduled  f o r  every  90 days  when 
t h e  Space S t a t i o n  i s  a t  the low p o i n t  of i t s  a l t i t u d e  range w i t h  the  
o t h e r  S h u t t l e  v i s i t s  (2-15, depending on y e a r )  n o t  i n v o l v i n g  t e the r s ,  
a r r i v i n g  a t  h igher  a l t i t u d e s .  Alti tude v a r i a t i o n  is based on a 90 day 
drag  decay c y c l e  and r eboos t  p r o p e l l a n t  is used f o r  o r b i t  
c i r c u l a r i z a t i o n  a t  apogee. Space S t a t i o n  a l t i t u d e  is v a r i e d  each year  
a s  r e q u i r e d  t o  aaximize  b e n e f i t s .  

The annual  pe r fo raance  b e n e f i t s  a r e  de te rmined  a s  fo l lows:  

Annual B e n e f i t  Fac tor :  

where: 

E f f e c t i v e  S h u t t l e  ca rgo  wt. 

U = W c r r g o  + AMPODS - AMPr f o r  r eboos t  f l i g h t s  ( 2 )  

AW~ODS = Scavenged S h u t t l e  Ofis P r o p e l l a n t  (where a p p l i c a b l e )  
AWPr = Space S t a t i o n  Reboost P r o p e l l a n t  (hydraz ine )  

N = Nurber of annual  STS visits 
W c r r g o  = Actual  S h u t t l e  ca rgo  weight  d e l i v e r e d  t o  Space S t a t i o n  
Wee = W c r r g o  f o r  e x t r a  f l i g h t s  

Z V r  = Reference annual  b e n e f i t  f a c t o r  

E f f e c t i v e  cargo  wt. i n c r e a s e  

The major i n f luence  on the s e l e c t i o n  of  the o p t i a u r  a l t i t u d e  is t h e  
a tmospher ic  dens i ty  which v a r i e s  th roughout  the 11-year s o l a r  c y c l e .  As 
shown i n  Figure 2 - 1 ,  the  average  y e a r l y  a tmospher ic  dens i ty  i n c r e a s e s  U P  
t o  a f a c t o r  of 5 from the low d e n s i t y  year  (1999) t o  t h e  h i g h e s t  dens i ty  
year  (2003). A l t i t u d e  l o s s  over  a given time pe r iod  ( e g . ,  90 days )  is  
d i r e c t l y  p ropor t iona l  t o  average  d e n s i t y .  
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F i g u r e  2-2 p r e s e n t s  the p r o j e c t e d  Space S t a t i o n  growth i n  mass ( a  f a c t o r  
o f  approximately 2 )  d u r i n g  the l l - y e a r  p e r i o d  s t u d i e d  and a l s o  t h e  
b a l l i s t i c  c o e f f i c i e n t  (W/CDA) ,  b u t  th is  e f f e c t  is second o r d e r  when 
compared t o  the d e n s i t y  e f f e c t  s i n c e  the b a l l i s t i c  c o e f f i c i e n t  only 
i n c r e a s e s  by about S O X .  

F i g u r e  2-3 shows the resul t ing Space S t a t i o n  y e a r l y  a l t i t u d e  v a r i a t i o n  
f o r  the two optimum v a r i a b l e  a l t i t u d e  approaches and the c u r r e n t  
a l t i t u d e  approach. tlinimur and raxirum c u r v e s  f o r  each s c e n a r i o  
co r re spond  t o  t h e  a l t i t u d e  v a r i a t i o n  from r e b o o s t  from Space S t a t i o n  
p r o p u l s i o n  (Cases I and 11) o r  t e t h e r  S h u t t l e  d e p l o y r e n t  (Case 111) and 
d r a g  decay f o r  each 90-day pe r iod .  The current a l t i t u d e  c a s e  (463 k l s )  
has very l i t t l e  a l t i t u d e  v a r i a t i o n  and h a s  sma l l  r e b o o s t  r equ i r emen t s ,  
b u t  rinirur cargo d e l i v e r y  weight c a p a b i l i t y  (Case I ) .  The miniaua 
Space S t a t i o n  a l t i t u d e  is reduced t o  a s  low a s  305 km (see F i g .  2-3) f o r  
the optimum t e t h e r  c a s e  ( m i n i m u m  over 11 y e a r s )  w i t h  ruch h ighe r  c a r g o  
d e l i v e r y  c a p a b i l i t y ,  b u t  a l s o  h i g h e r  Space S t a t i o n  r e b o o s t  p r o p e l l a n t  
r equ i r emen t s  (Case 111). The opt imur non- t e the r  c a s e  (Case 11) r e q u i r e s  
i n t e r m e d i a t e  a l t i t u d e s  a s  i n d i c a t e d .  I n  a l l  c a s e s ,  the a l t i t u d e  
d i f f e r e n c e  between minirur and maximum cor re sponds  t o  the ave rage  
a l t i t u d e  l o s s  b y  the Space S t a t i o n  i n  90 days  f o r  the p a r t i c u l a r  y e a r ,  
c o n s i d e r i n g  both y e a r l y  d e n s i t y  and y e a r l y  Space S t a t i o n  mass t o  d rag  
a r e a  r a t i o .  

For completeness ,  t h e  a l t i t u d e  v a r i a t i o n  f o r  Case IV ( d i s c u s s e d  i n  
2.3.3) f o r  the y e a r s  1999-2004 and f o r  Case V ( d i s c u s s e d  i n  2 . 3 . 3 )  f o r  
the y e a r s  1999 (low drag  y e a r )  and 2003 ( h i g h  d rag  y e a r )  a r e  a l s o  shown 
i n  F i g .  2-3. 
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2.2.2 Determination Of Tether Requirements - During the Phase I1 study, basic 
tether equations were used to obtain the various orbital relationships, 
the tether tension, and energy requirements as a function of tether 
length and mass. Those equations follow. 

DEFINITIONS 

L 
R 
x 
P 
Q 

Y 

Lower Mass (Including one-half of deployed tether mass) 
Upper M a s s  (Including one-half of deployed tether mass) 
Lower Mass (Excluding deployed tether mass) 
Upper M a s s  (Excluding deployed tether m a s s )  
Mass Density of Tether (Mass per unit length) 
Orbital Rate of Tethered System (Radians per unit time) 
Effective M a s s  Deployed = (fib) / (MI + &)  
Deployed Tether Length 
Radius to Point of Interest from Earth Center 
L / b  
k / M l  
A [ v > l  
A /  (1 + v )  

Subscripts: 0 = Condition Before Tether Deployment 
1 = Refers to  Lower M a s s  Condition 
2 = Refers to Upper Mass Condition 

A,P = Apogee and Perigee, Respectively 

EQUATIONS (4) 

0 RA1 = Ro (1-P) 
0 RP2 = Ro(l+Q) 
o R F + ~  = Ro (14P)/(1+3P) 
o RA2 = Ro (1+4Q)/(1-3Q) 
o H(a1titude) = 
o T (Tether Tension) = 3 R2 L 
o 

( -3Y 
E (Energy Developed/Required) = 3Q (K1 L2 /2+& L3 /3) 

where K1 = M1’Ed/(Ml+&) and R2 =% l M ~ - d I / 2 ( M i + M 2 )  

Typically, the mass of the tether is ignored for the first iteration 
since it is small in comparison to the end mass. After the tether is 
selected, the tether mass can be incorporated for a second iteration. 
The preceeding equations provide orbital parameters (apogee and perigee? 
before and after release of the end mass, m a x i m u m  tether tension 
developed, and the energy developed during deployment and the energy 
required during retrieval. 
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To check t h e  accuracy o f  t h e  s i m p l i f i e d  equa t ions  and t o  o b t a i n  t h e  
maximum power requi rements,  computer s i m u l a t i o n s  were r u n  by the  
Tethered S a t e l l i t e  System (TSS) pe rsonne l  u s i n g  t h e  Model l B  Dynamics 
Program (Ref. 4 ) .  F i g .  2-4 shows t h e  computer r e s u l t s  f o r  a t y p i c a l  
t e t h e r e d  s h u t t l e  deployment f rom t h e  Space S t a t i o n  f o r  an 8-hr.  
deployment d u r a t i o n .  The case shown i s  f o r  a 64 km t e t h e r  deployment o f  
t he  S h u t t l e  from a 500 km (270 nmi) o r b i t ,  and i s  t y p i c a l  o f  t h e  v a r i o u s  
t e t h e r  deployments i n v e s t i g a t e d .  The 8 parameters a r e  shown as a 
f u n c t i o n  o f  t ime  ( i n  h o u r s )  f rom s t a r t  o f  deployment and a r e  d e f i n e d  as 
f o l l o w s :  

L 
LDOT 
THE 

THEDOT 
P H I  

PHIDOT 
TEN 
POHER 

- Range Separa t i on  (km) between fli, and flt - Range Rate (km/hr)  
- In-Plane L i b r a t i o n  a n g l e  (deg) - f rom l o c a l  v e r t i c a l  t o  

t e t h e r  ( i n  o r b i t  p l a n e )  
- In-Plane L i b r a t i o n  Rate (deg /h r )  
- Out-0f-Plane L i b r a t i o n  Angle (des)  - f r o a  l o c a l  v e r t i c a l  t o  

t e t h e r  ( o u t  o f  o r b i t  p l a n e )  
- Out-0f-Plane L i b r a t i o n  Rate (deg /h r )  
- Tension i n  Tether  (newtons) - Net f l echan ica l  Power D e l i v e r e d  t o  Generator ( w a t t s )  

The d a t a  shown i n  F i g .  2-4 summarizes t h e  s i m u l a t i o n  o f  t h e  t e t h e r e d  
deployment o f  t h e  O r b i t e r  below t h e  Space S t a t i o n ,  i n c l u d i n g  t h e  e f f e c t s  
o f  l i b r a t i o n  ang le  and l i b r a t i o n  ang le  r a t e  as w e l l  as t h e  dynamics o f  
the t e t h e r .  These p l o t s  r e f l e c t  t h e  c u r r e n t  TSS c o n t r o l  s t r a t e g y  f o r  
deployment. 

Note t h a t  i n  F ig .  2-4 t h e  t e t h e r  pays o u t  v e r y  s l o w l y  d u r i n g  t h e  f i r s t  2 
h r s  ( l e s s  than 3 k r  o f  t e t h e r )  and then beg ins  t o  b u i l d  speed (LDOT) 
u n t i l  a raximua o f  about  21 km/hr i s  reached a f t e r  4.6 h r ,  t h e r e a f t e r  
dec reas ing  i n  speed u n t i l  f u l l  deployment i s  reached. T h i s  t ype  o f  
c o n t r o l  s t r a t e g y  keeps t h e  i n - p l a n e  l i b r a t i o n  a n g l e  (THE) w e l l  behaved 
and reaches a maximum o f  24 des i n  t h e  f i r s t  h a l f - h o u r ,  g r a d u a l l y  
dec reas ing  t o  zero i n  8 h r s .  Out-of -p lane l i b r a t i o n s  ( P H I ,  P H I D O T )  a r e  
a l s o  presented and a r e  t y p i c a l l y  s m a l l  (1-2 degrees) i n  t h e  e a r l y  p a r t  
o f  t h e  deployment, dec reas ing  t o  ze ro  i n  8 h r s .  

Maximum tens ion  shown i n  F i g .  2-4 i s  w i t h i n  a f r a c t i o n  o f  a p e r c e n t  o f  
t h a t  c a l c u l a t e d  w i t h  t h e  use o f  t h e  s i m p l i f i e d  equa t ions  ( 4 ) .  flaximum 
power developed (a f u n c t i o n  o f  t h e  p r o d u c t  o f  t e n s i o n  and LDOT) occu rs  
a t  5.2 h r s  and i s  3.1 t imes as l a r g e  as  t h e  average power developed 
d u r i n g  t h e  8 h r  deployment. To o b t a i n  maximum power f rom t h e  s i m p l i f i e d  
energy equat ion shown ( 4 1 ,  energy i s  f i r s t  c a l c u l a t e d  ( i n  kwh) and 
average power developed i s  then c a l c u l a t e d  by d i v i d i n g  t h e  energy by t h e  
8 h r  deployment t ime. Maximum power developed i s  c a l c u l a t e d  by 
m u l t i p l y i n g  average power by t h e  f a c t o r  o f  3.1. T h i s  procedure g i v e s  
accu rac ies  o f  w e l l  w i t h i n  5% compared t o  t h e  s i m u l a t i o n  r e s u l t s ,  and has 
been used throughout t h e  s tudy f o r  S h u t t l e  deployment c a l c u l a t i o n s .  
Motor /generator  s i z i n g  i s  determined by adding 30% f o r  l o s s e s  t o  t he  
p r e v i o u s l y  c a l c u l a t e d  maximum power developed. Energy and power 
requi rements d u r i n g  r e t r i e v a l  a r e  c a l c u l a t e d  i n  a s i m i l a r  manner, b u t  do 
n o t  s i z e  the  r o t o r / g e n e r a t o r  s i n c e  o n l y  t h e  mass o f  t h e  t e t h e r  i n c l u d i n g  
the P I D M  and S I D M  ( w i t h  scavenged OMS p r o p e l l a n t )  i s  i n v o l v e d .  Tether 
requi rements for the v a r i o u s  S h u t t l e  deployment s c e n a r i o s  a r e  summarized 
i n  S e c t i o n  4.0. 
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2.2.3 Resu l t s  o f  B e n e f i t s  Analysis .  F igure  2-5 p r e s e n t s  a t y p i c a l  yea r ly  
Space S t a t i o n  a l t i t u d e  p r o f i l e  for t he  optimum v a r i a b l e  a l t i t u d e  t e t h e r  
o p e r a t i o n  (Case 111) based on an average S h u t t l e  r e v i s i t  frequency o f  12 
visits per year over t he  11 year per iod .  Note t h a t  4 of  the  S h u t t l e s  
(beginning  of  each c y c l e )  a r e  t e t h e r  deployed from a minimum a l t i t u d e  
and cause  the Space S t a t i o n  t o  r i s e  t o  i ts  h i g h e s t  a l t i t u d e  fo r  each 
cyc le .  The o the r  8 S h u t t l e s  a r r i v e  when the  Space S t a t i o n  is  a t  a 
higher  a l t i t u d e  a s  i n d i c a t e d .  T h i s  p r o f i l e  is t y p i c a l ,  and o n l y  t he  
t o t a l '  number of S h u t t l e  visits and a l t i t u d e  ranges  vary yea r ly .  Tether  
l e n g t h s  up t o  33 kr will handle a l l  S h u t t l e  deployments. Both the 
c u r r e n t  f i xed  a l t i t u d e  (non- t e the r )  and v a r i a b l e  a l t i t u d e  ( n o n - t e t h e r )  
approaches will have s i m i l a r  type p r o f i l e s ,  b u t  w i t h  a l t i t u d e  v a r i a t i o n s  
a s  i n d i c a t e d  i n  F igure  2-3 (Cases I and 11, r e s p e c t i v e l y ) .  

F i g u r e s  2-6 and 2-7 a r e  presented  toge the r  t o  show the  r e l a t i o n s h i p  t o  
each o t h e r  a s  well a s  the bas i c  improvements over the c u r r e n t  approach 
(Case I ) .  F i g u r e  2-6 shows the  b e n e f i t  of  a v a r i a b l e  a l t i t u d e  
(non- t e the r )  approach (Case 11) f o r  t he  Space S t a t i o n  over t he  c u r r e n t  
approach and is the  ne t  r e s u l t  of b o t h  the cargo s a v i n g s  and reboos t  
p r o p e l l a n t  i n c r e a s e s  f o r  the  4 annual f l i g h t s  t o  reboost  a l t i t u d e  
( g e n e r a l l y  the s m a l l e r  po r t ion  of t he  b e n e f i t )  and the  cargo  gain 
a s s o c i a t e d  w i t h  the o t h e r  (non- te thered)  S h u t t l e  f l i g h t s .  B e n e f i t s  f o r  
this approach vary from 5,440 kg/yr (2002) t o  a maximum of 25,970 kg/yr 
(1999),  w i t h  an average year ly  b e n e f i t  of 13,700 kg/year Case I1 over 
Case I )  over t h e  11 year per iod .  

F igure  2-7 p r e s e n t s  t h e  b e n e f i t  o f  the optimum v a r i a b l e  a1 i t u d e  t e t h e r  
approach (Case 111) f o r  the  Space S t a t i o n  compared t o  the c u r r e n t  
approach (Case I ) .  Annual b e n e f i t s  f o r  the reboos t  f l i g h t s  dur ing  the  
f i r s t  4 yea r s  r e p r e s e n t  the l a r g e r  p o r t i o n  of the sav ings ,  with the 
r eve r se  being t r u e  f o r  the l a t t e r  7 y e a r s  a s  themumber o f  S h u t t l e  
visits inc rease .  B e n e f i t s  for  this approach vary from a m i n i m u m  o f  
22,100 kgjyr (1994) t o  a maximur o f  58,500 kg/yr (2000) ,  w i t h  an average 
year ly  gain of  41,200 kg/yr (Case I11 over Case I )  over the  11 year time 
per iod .  B e n e f i t s  (Case 111) a r e  approximately 3 t imes a s  h i g h  a s  f o r  
Case I1 p r i m a r i l y  because of the S h u t t l e  cargo  weight gain made p o s s i b l e  
by the  lower a l t i t u d e s  a s s o c i a t e d  w i t h  Case 111. 
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o Cargo Gain compared to SS at 463KM (250NMI) - Case I 
o Space Station Reboosts Every 90 Days 
o Minimum SS Altitudes for Optimum Operations 380 - 444 KM (205-240NMI) 
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2.3 Tether Assisted Launch of UI'V, 1999-2004 

2.3.1 Amroach. The tethered baseline approach for the overall study period 
(1994-2004) assmes a variable altituie scenario (Case 111) for the 
first 5 years (1994 through 1998) with the Space Station returning to 
its nominal altitude of 463 km (250 nmi) for tethered OTV launches (Case 
IV). The benefit potential of combining a variable altitude/OTV launch 
scenario has also been investigated as an alternate scenario and results 
for gears 1999 and 2003 are mmpleted (Case V). 

The Space Station is generally in an elliptical orbit (no 
circularization txtrns) after tethered Shuttle a d  WV operations and 
altitude variations discussed are based on average values. The Martin 
Marietta UI'V Study Team's IOC Space-Based Crrv is used (Ref. 5) and is 
compatible with the MSFC Rev. 8 (low) Mission Model (Ref. 6). This 
model requires an average Crrv launch rate of 8 launches per year 
(compared to 15-19 Shuttle visits) for the 6-year period studied, Figure 
2-8 presents the Crrv mission candidates which were selected by the 
Martin Crrv Study Team from the Rev. 8 (low) Mission Model. All 48 
missions are to Geosynchronous orbit, with the exception of 2 planetary 
missions in 1999 and 2003. Payload delivery requirements vary from 
2,270 kg (5,000 lb) to 9,075 kg (20,000 lb) with payload return 
requirements ranging from zero to 2,040 kg (4,500 lb). Atotal of 103 
Shuttle visits to the Space Station are indicated this time period. 

The Ul'V design (Fig. 2-9) is the initial Space-Based Cryogenic OTV 
design. This design has a 13.41M (44 ft) diameter aerobrake shield and 
is about 1O.OM (33 ft) long. The reusable stage has a burnout weight of 
3,721 kg (8,204 lb) and a m a x h  usable propellant load of 24,573 kg 
(54,175 lb) with a specific impulse of 475 sec. It has the capability 
to deliver 9,075 kg (20,000 lb) to geospllchronous orbit and to return 
the stage to the vicinity of the Space Station via atmospheric 
aerobraking and OMV assistance. The maximum end mass associated with a 
tethered Crrv launch (with PIDM) is 36,290 kg (80,000 lb). 

UI'V propellant savings were determined for tethered (YI'V launches upward 
from the Space Station for tether lengths up to 150 km. A l l  launches 
are assumed to require the same energy as that required to achieve 
geosynchronous orbit (plane change at geosynchronous) and return 
(including the two planetary missions). The impulsive delta velocities 
used are 4,307 M/sec (14,131 fps) to achieve geosynchronous orbit and 
1,965 Wsec (6,447 fps) for the return leg. Velocity allowances for 
losses, mid-course corrections, and orbit phasing for rendezvous with 
the Space Station are also imuded. 

Figure 2-10 sunmm,rizes the OTV propellant savings for tethered launches 
up to 150 km in length compared to the baseline (no tether) approach. 
For the tether length of 150 km, savings of up to 2,130 kg (4,700 lb) or 
8.7% can be achieved for a 9,075 kg payload launched to geosynchronous 
orbit from a Space Station with an average mass of 412,400 kg.  
Significant savings are also shown for the two missions with a return 
payload mass. 
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the baseline tethered O T V  launch approach (Case IV). the Yearly 
average of 8 OTV launches a re  balanced by an-average of about 9 tethered 
Shuttle de'ployments out of a t o t a l  average of 17 Shutt le  deployments 
each year. For the a l te rna te  combined variable altitude/OTV launch 
scenario (Case V ) ,  almost a l l  Shuttle deployments (15-19 per year) are  
required t o  be tethered t o  maximize benefits .  Since the Space Station 
mass is close t o  its maximum throughout the period, an average mass of 
412,400 kg (909,200 l b )  was assumed for the baseline tethered OTV 
approach. 

The annua l  perforrance benefits  (when tethered OTV launches a re  present) 
are  determined a s  follows: 

Annual Benefit Factor : 

where: 
X U  = NRV t ( N - N R )  W C E  (5 )  

= ( W  cargo t AWPons t AWPOTV for reboost f l i g h t s  ( N R )  ( 6 )  

N = Number of STS visits 
W C E  = WCargo for extra STS f l i g h t s  

N R  = Number of Reboost F l i g h t s  
AWPons = Average OHS propellant scavenged 
AWPorv = Average O T V  propellant saved/STS reboost f l i g h t  
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2.3.2 D e t e r m i n a t i o n  o f  Tether  Requirements. Tether  requ i remen ts  and o r b i t a l  
r e l a t i o n s h i p s  f o r  the deployment and r e l e a s e  of  t h e  OTV were determined 
i n  t h e  same manner as f o r  t h e  S h u t t l e  deployment d e s c r i b e d  i n  S e c t i o n  
2.2.2. 

Since t h e  r a t i o  o f  t h e  O T V  t o  Space S t a t i o n  mass i s  s m a l l  (compared t o  
S h u t t l e  deployments) and t h e  t e t h e r  l e n g t h  i s  l a r g e  (150 km) ,  s i m i l a r  
d y n a r i c s  s i m u l a t i o n s  were r u n  as a check on t h e  accuracy o f  t he  
s i a p l i f i e d  equa t ions  ( 4 )  and a l s o  t o  de te rm ine  t h e  f a c t o r  f o r  o b t a i n i n g  
r a x i m u r  power requi rements.  

F i g u r e  2-11 shows a t y p i c a l  O T V  deployment s i m u l a t i o n  u s i n g  a 150 km 
t e t h e r  f o r  an 8 h r  deployment o f  t h e  O T V  f r o r  a 500 ka (270 nmi )  Space 
S t a t i o n  o r b i t .  N o t i c e  t h a t  i t  has s i m i l a r  c h a r a c t e r i s t i c s  t o  F i g .  2-4, 
b u t  wi th  s l i g h t  s h i f t s  i n  t h e  rax i r rua p o i n t s  and h i g h e r  va lues  o f  
(LDOT), (TENSION) ,  and power, a l l  due t o  t h e  l o n g e r  t e t h e r  l e n g t h .  

f laximur tens ion  i s  a g a i n  w i t h i n  a f r a c t i o n  o f  a p e r c e n t  o f  t h a t  
c a l c u l a t e d  w i t h  t h e  s i m p l i f i e d  e q u a t i o n s  ( 4 )  shown i n  S e c t i o n  2.2.2.  
flaximum power developed occu rs  a t  5.3 h r s  and i s  3.2 t imes  as l a r g e  as 
the  average power developed d u r i n g  t h e  8 h r  deployment (compared t o  3.1 
i n  t h e  S h u t t l e  deployment) .  Maximum power c a l c u l a t e d  f rom the  energy 
e q u a t i o n  i s  ob ta ined  i n  t h e  same way as d e s c r i b e d  i n  S e c t i o n  2.2.2, b u t  
u s i n g  t h e  3.2 v a l u e  f o r  t h e  f a c t o r  ( t h i s  same v a l u e  i s  a l s o  used f o r  
waste d i s p o s a l  deployment and i s  a l s o  a p p l i c a b l e  t o  e x t e r n a l  tank 
deployments).  Accuracy o f  t h i s  procedure i s  w i t h i n  52, as p r e v i o u s l y  
d iscussed.  Ho to r /genera to r  s i z i n g  i s  then determined by add ing  30% f o r  
l o s s e s  as i n  S e c t i o n  2.2.2. R e t r i e v a l  requ i remen ts  a r e  c a l c u l a t e d  i n  a 
s i r i l a r  ranner ,  b u t  do n o t  s i z e  t h i s  mo to r /genera to r  s i n c e  o n l y  t h e  mass 
i n  t h e  P I D M  i s  i n v o l v e d ,  a l t h o u g h  t h e  a o t o r / g e n e r a t o r  would have t h e  
c a p a b i l i t y  t o  r e t r i e v e  t h e  O T V  i f  a d d i t i o n a l  power were s u p p l i e d  on the 
Space S t a t i o n .  

2.3.3 R e s u l t s  O f  The B e n e f i t s  Analvs is. F i g .  2-12 p r e s e n t s  a t y p i c a l  annual  
Space S t a t i o n  a l t i t u d e  p r o f i l e  f o r  f i x e d  nominal  a l t i t u d e  (463 km) 
t e t h e r e d  O T V j S T S  o p e r a t i o n s  (Case I V )  based on an average o f  16 S h u t t l e  
v i s i t s  and 8 t e t h e r e d  O T V  launches. Average a l t i t u d e  v a r i a t i o n s  about 
nominal  a r e  24 kn. Note t h a t  2 t e t h e r e d  S h u t t l e  o p e r a t i o n s ,  2 
t e t h e r e d  O T V  o p e r a t i o n s ,  and 2 non- te the red  S h u t t l e  o p e r a t i o n s  a r e  
r e q u i r e d  f o r  each q u a r t e r  ( p l u s  1 t e t h e r e d  waste d i s p o s a l ,  t y p i c a l l y ) .  
Drag e f f e c t s  shown a r e  s m a l l  and Tether  l e n g t h s  up t o  52 km a r e  r e q u i r e d  
f o r  S h u t t l e  deployments. 

F i g .  2-13 i l l u s t r a t e s  a t y p i c a l  Space S t a t i o n  a l t i t u d e  v a r i a t i o n  f o r  t h e  
a l t e r n a t e  O T V  case, i e ;  launches from a v a r i a b l e  a l t i t u d e  Space S t a t i o n  
(Case V I .  I n  t h i s  approach, a m i n i m a  a l t i t u d e  i s  s e l e c t e d  SO t h a t  
a f t e r  2 t e t h e r e d  S h u t t l e  deployments (spaced 20-26 days a p a r t ) ,  2 
p e r i o d s  o f  drag decay, and a t e t h e r e d  O T V  launch (40-52 days between 
launches) ,  the Space S t a t i o n  w i l l  r e t u r n  t o  t h e  same minimum a l t i t u d e .  
T h i s  a n a l y s i s  was based on t h e  years 1999 ( l ow  d r a g  y e a r )  and 2003 
( h i g h e s t  d rag  y e a r ) ,  and r e p r e s e n t s  t h e  maximum v a r i a t i o n  i n  b e n e f i t s  
a n t i c i p a t e d  f o r  t he  p e r i o d  1999-2004. The minimum average a l t i t u d e  
r e q u i r e d  v a r i e s  f rom 348-383 km (188-207 nmi) and t h e  maximum average 
a l t i t u d e  v a r i e s  f rom 400-428 km (216-231 nmi) .  Tether  l e n g t h s  UP t o  53 
km a r e  r e q u i r e d  f o r  t he  S h u t t l e  deployments (Te the red  O T V  launches 
remain a t  150 k m  l e n g t h ) .  
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F i g .  2-14 shows the  annual  e f f e c t i v e  i n c r e a s e  i n  S h u t t l e  cargo weight  
(compared t o  Case I - the  c u r r e n t  non - te the r  approach) o f  combining 
t e t h e r e d  O T V  and STS o p e r a t i o n s  d u r i n g  t h e  1999 through 2004 t ime 
p e r i o d .  Both the  f i x e d  nominal  a l t i t ude /OTV and v a r i a b l e  a l t i t ude /OTV 
approaches a r e  p resen ted  i n  t h i s  i l l u s t r a t i o n  ( t h e  v a r i a b l e  a l t i t u d e  
approach i s  shown f o r  t h e  two years i n v e s t i g a t e d ,  1999 and 2003). 

For t h e  f i x e d  a l t i t u d e  (463 km) approach (Case I V ) ,  t h e  annual  b e n e f i t s  
va ry  from 36,200 k g / y r  (1999) t o  a maximum o f  57,300 k g / y r  (2003) w i t h  
an average g a i n  o f  47,300 k g / y r  over the  1999-2004 t i m e  p e r i o d ,  w i t h  the  
m a j o r i t y  o f  t h e  b e n e f i t s  d e r i v e d  from p r o p e l l a n t  s a v i n g s  (OHS 
p r o p e l l a n t ,  O T V  p r o p e l l a n t ,  and S t a t i o n k e e p i n g  p r o p e l l a n t ) .  Al though 
the  average y e a r l y  b e n e f i t  (Case I V )  i s  over  3 t imes  as h i g h  as f o r  t h e  
optimum non- te the r  approach (Case II), t h e  b e n e f i t s  f a l l  s h o r t  o f  (Case 
111) t h e  v a r i a b l e  a l t i t u d e  t e t h e r  approach (50,900 k g / y r  average) over 
the  6 year p e r i o d .  For  t h i s  reason and t h e  f a c t  t h a t  t he  t e t h e r e d  
v a r i a b l e  a l t i t u d e  (no t e t h e r e d  O T V  launches)  i s  o p e r a t i o n a l l y  s i m p l e r ,  
t he  f i x e d  a l t i t u d e  t e t h e r  approach i s  n o t  recommended. 

The g r e a t e s t  b e n e f i t s  a r e  r e a l i z e d  f o r  (Case V )  t he  Space S t a t i o n  
v a r i a b l e  a l t i t u d e / t e t h e r e d  O T V  launch approach ( y e a r s  1999 and 2003 
shown i n  F i g .  2-14). The y e a r l y  b e n e f i t  (compared t o  (Case I )  t he  
c u r r e n t  non- te ther  approach) i s  78,500 kg f o r  1999 (abou t  double Case I V  
- t h e  f i x e d  a l t i t u d e / O T V  approach) and 95,700 kg f o r  t h e  year 2003 (67% 
h i g h e r  than Case I V ) .  Note t h a t  p r o p e l l a n t  sav ings  a r e  a l a r g e r  
percentage o f  t h e  t o t a l  b e n e f i t  i n  2003 (Space S t a t i o n  a t  h i g h e r  
a l t i t u d e )  and lower  f o r  1999 when t h e  lower  a l t i t u d e  b e n e f i t s  t h e  cargo 
weight  more. Average b e n e f i t s  for t h e  t e t h e r e d  O T V  l aunch  app_roecii from 
a v a r i a b l e  a l t i t u d e  Space S t a t i o n  a r e  expected t o  l i e  between t h e  above 
y e a r l y  b e n e f i t s  f o r  t h e  6 year p e r i o d  ( l e ;  87,100 k g l y r ) .  Note t h a t  f o r  
each t e t h e r e d  O T V  launch, one OMV o p e r a t i o n  i s  a l s o  e l i m i n a t e d .  

4 Performance B e n e f i t s  Sumrarv-Tether Operat ions,  1994-2004. F o r  
convenience, Table 2-2 i s  s u p p l i e d  t o  a l l o w  a ready comparison between 
the  v a r i o u s  cases i n v e s t i g a t e d  i n  t h i s  a n a l y s i s .  Average y e a r l y  sav ings 
i n  e f f e c t i v e  cargo we igh t  d e l i v e r e d  t o  t h e  Space S t a t i o n  a r e  shown f o r  
the t i m e  p e r i o d s  o f  i n t e r e s t  (1994-98; b e f o r e  O T V  o p e r a t i o n s ;  1999-2004, 
a f t e r  O T V  ope ra t i ons ;  and 1994-2004, the  o v e r a l l  p e r i o d  s t u d i e d ) ) ,  w i t h  
r e f e r e n c e  pages no ted  where d e t a i l s  o f  t h e  b e n e f i t s  a r e  d iscussed.  Also 
i n c l u d e d  i n  Table 2-2 a r e  the average annual  numbers o f  O T V  launches, 
S h u t t l e  deployments, and t e t h e r  o p e r a t i o n s  f o r  t h e  cases presented.  
P a r t  A o f  t h e  Table shows coapar isons w i t h  Case I ( t h e  c u r r e n t  SS 
a l t i t u d e  non- te the r  approach).  P a r t  B shows comparisons w i t h  Case I1 
( t h e  v a r i a b l e  SS a l t i t u d e  non- te the r  approach) and a l s o  a comparison o f  
Case V w i t h  Case 111. P a r t  C p resen ts  t h e  p r e f e r r e d  approaches f o r  t he  
1994-2004 t i m e  p e r i o d .  
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TABLE 2-2 SlJMARY OF PERFORMANCB BENEFITS 

YEARLY NUMBER AVERAGJZS 

A. ComparisanswithCaseI 

15 13,700 94-04 11 I1 vs I 0/13 0/4 0 

15 41,200 94-04 11 I11 VI I 4/13 0/4 8 

27 47,300 99-04 6 IvvsI 9/17 8/8 21 

27 50,900 99-04 6 I11 M I 4/17 0/8 8 

27 87,100 99-04 6 v v s  I 16/17 8/8 28 

B. Ckmperisons w i t h  Cases I1 and I11 

30 17,800 94-98 5 I11 v8 I1 4/8 o/o 8 

30 35,500 99-04 6 In vs I1 4/17 0/8 8 

30 36,200 99-04 6 v vs I11 16/17 8/8 28 

C. Preferred Approaches (1994-04) 

30 27,500 94-04 11 I11 vs I1 4/13 0/4 8 

30 47,200 94-04 11 III/V vs 11 10/13 4/4 19 

WIBS: (1) Case I - Current SS Altitude (463km) - Non-Tether 
Case I1 
Case I11 
Case IV 
Case V 

- Variable SS Altitude - Non-Tether - Variable SS Altitude - Tethered STS - Current SS Altitude - Tethered STS/OTV - Variable SS Altitude - Tethered STS/OTV 

(2) Includes 4 tethered waste disposals 
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For this a n a l y s i s  t o  a f f o r d  a more r e a s o n a b l e  comparison between t h e  
t e t h e r e d  and non- te thered  s c e n a r i o s ,  i t  is assumed t h a t  the  Space 
S t a t i o n  will use an optimum v a r i a b l e  a l t i t u d e  non- te ther  s c e n a r i o  (Case 
11, F i g .  2-3) t o  maximize e f f ec t ive  c a r g o  d e l i v e r y  w e i g h t  o f  the 
S h u t t l e .  A l l  ga ins  d i s c u s s e d  i n  this summary a r e  t h e r e f o r e  compared t o  
the o p t i a u a  v a r i a b l e  a l t i t u d e  non- te ther  approach (Case I1 p r e s e n t e d  i n  
P a r t s  B and C o f  Table 2-2. 

For the 1994 through 1998 t i re  pe r iod  the o p t i a u a  t e t h e r  v a r i a b l e  
a l t i t u d e  approach (Case 111) is recommended. The Space S t a t i o n  would be 
o p e r a t i n g  i n  the 305 ka (165 n a i l  t o  395 km (214 n o i )  a l t i t u d e  r ange ,  
w i t h  6-13 S h u t t l e  visits y e a r l y  f o r  a t o t a l  o f  40 v i s i t s  i n  5 y e a r s  w i t h  
20 o f  the 40 provid ing  r eboos t  c a p a b i l i t y  v i a  a S h u t t l e  t e t h e r  
deployment. Average yea r ly  e f f e c t i v e  ca rgo  weight s a v i n g s  is 17,800 k g ,  
(Case I11 vs Case 11) o r  a s a v i n g s  o f  about  4 S h u t t l e  f l i g h t s  i n  5 
yea r s .  T h i s  s c e n a r i o  would r e q u i r e  4 t e t h e r e d  S h u t t l e  deployment 
o p e r a t i o n s  and up t o  4 t e t h e r e d  waste  d i s p o s a l  o p e r a t i o n s  annua l ly .  

For the  1999 through 2004 time p e r i o d  the o p t i a u a  te ther  v a r i a b l e  
a l t i t u d e  approach (Case 111, no t e t h e r e d  O T V  l aunches )  is p r e f e r r e d  over  
the f i x e d  Space S t a t i o n  a l t i t u d e  approach Dsith t e t h e r e d  shut t le  and O T V  
l aunches  (Case IV) a s  i n d i c a t e d  i n  P a r t  A o f  Table  2-2. The Space 
S t a t i o n  would b e  o p e r a t i n g  i n  the 305 ka (165 n a i l  t o  417 ka (225 n a i l  
a l t i t u d e  range,  w i t h  15-19 S h u t t l e  v i s i t s  y e a r l y  f o r  a t o t a l  of 103 
visits i n  6 y e a r s  w i t h  24 o f  the 103 prov id ing  r eboos t  c a p a b i l i t y .  
Average yea r ly  e f f e c t i v e  ca rgo  weight s a v i n g s  is 35,500 kg (Case I11 vs 
Case 111, or  a savings o f  10 S h u t t l e  f l i g h t s  i n  6 yea r s .  T h i s  approach ,  
when combined w i t h  the s a a e  s c e n a r i o  i n  the f i r s t  5 y e a r s  would save  an 
average  o f  27,500 k g  per year  f o r  11 y e a r s  ( P a r t  C o f  Table 2-2) o r  a 
p o t e n t i a l  s a v i n g s  of  14 S h u t t l e  f l i g h t s  o u t  o f  the  t o t a l  o f  143 
f l i g h t s .  Four t e t h e r e d  S h u t t l e  o p e r a t i o n s  and up  t o  4 t e t h e r e d  waste  
d i s p o s a l  o p e r a t i o n s  would be r e q u i r e d  y e a r l y  f o r  the t o t a l  p e r i o d .  O T V  
l aunches  would r e q u i r e  the O M V  i n  a proximi ty  o p e r a t i o n  w i t h  this 
s c e n a r i o .  

If a v a r i a b l e  a l t i t u d e  Space S t a t i o n  approach is combined w i t h  t e t h e r  
launched OTV's  and used f o r  the 1999 through 2004 time p e r i o d ,  waximura 
b e n e f i t s  would be achieved .  The Space S t a t i o n  would g e n e r a l l y  be 
o p e r a t i n g  i n  the 383 km (207 nai l  t o  463 ka (250 n a i l  a l t i t u d e  range 
over the 6 year pe r iod .  Based on the r e s u l t s  from the 1999 and 2003 
a n a l y s i s  (Case V I ,  average  annual  b e n e f i t s  would p rov ide  an a d d i t i o n a l  
36,200 kg/yr bene f i t  over  the o p t i r u a  v a r i a b l e  a l t i t u d e  t e t h e r  approach 
(Case 111) w i t h  96 o f  the 103 Shut t le  visits p rov id ing  r eboos t  
c a p a b i l i t y .  Conse rva t ive ly ,  this v a r i a b l e  a l t i tude/OTV s c e n a r i o  (Case 
V )  could  provide an a d d i t i o n a l  s a v i n g s  o f  7-9 S h u t t l e  f l i g h t s  over  t h e  
v a r i a b l e  a l t i t u d e  optimum tether  (no t e t h e r e d  O T V )  approach (Case 111). 
This approach,  when combined w i t h  the  t e t h e r e d  optimum v a r i a b l e  a l t i t u d e  
approach (Case 111, no O T V )  for the  f i r s t  5 y e a r s  could  r e s u l t  i n  a 
p o t e n t i a l  s av ings  o f  21-23 S h u t t l e  f l i g h t s  o u t  o f  143 f l i g h t s  (47200 
k g l y r ,  a v e r a g e ) ,  compared t o  (Case 11) the optimum v a r i a b l e  a l t i t u d e  
(non- t e the r  approach) f o r  the 11 year  p e r i o d .  To ta l  t e t h e r  o p e r a t i o n s  



( i n c l u d i n g  4 y e a r l y  waste  d i s p o s a l  o p e r a t i o n s )  would r e q u i r e  8 
o p e r a t i o n s  y e a r l y  f o r  1994 through 1998 and an average  o f  28 t e t h e r  
o p e r a t i o n s  y e a r l y  f o r  the 1999 through 2004 time p e r i o d  ( a v e r a g e  o f  19 
t e t h e r  o p e r a t i o n s  per year f o r  11 y e a r s ) .  Each t e t h e r e d  O T V  launch 
would e l i m i n a t e  the need f o r  an O W  o p e r a t i o n  (an a v e r a g e  o f  8 per  year 
i n  t h e  l a s t  6 y e a r s ) .  
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have been developed. The elements invo lved  a r e  the Space S t a t i o n  ( S S ) ,  
S h u t t l e ,  and the O r b i t a l  T rans fe r  Vehic le  ( O T V )  system. 

3 . 1 . 1  AssumPtions and Base l ines .  The Space S t a t i o n  ( S S )  des ign  used is the 
T w i n  Keel concept  u t i l i z i n g  a f i v e  meter s q u a r e  b o x / t r u s s  c o n s t r u c t i o n .  
The SS h a s  a n o b i l e  Remote Manipulator  System (MRMS) mounted on and 

the t e t h e r  deployer  systems. The MRMS will have a c c e s s  t o  a l l  p o i n t s  on 
the SS s t r u c t u r e  and be a b l e  t o  t r a n s l a t e  around c o r n e r s  i n  one p l ane .  

I t r a n s p o r t e d  by i t ' s  own mob i l i t y  system t h a t  will be used t o  t r a n s p o r t  

Fuel t r a n s f e r  t e c h n o l o g i e s  will be expec ted  t o  have evolved s u f f i c i e n t l y  
t o  p rov ide  for  autonomous f u e l  t r a n s f e r  o p e r a t i o n s  a s  r e q u i r e d  f o r  OMS 
p r o p e l l a n t  scavenging by t h e  SIDM and o t h e r  f u e l  t r a n s f e r  o p e r a t i o n s  on- 
board the SS. 

A t  l e a s t  one S h u t t l e  rust be f i t t e d  w i t h  the necessa ry  m o d i f i c a t i o n s  t o  
permi t  SIDM at tachment  and OMS p r o p e l l a n t  scavenging.  

To develop  an o p e r a t i o n s  sequence f o r  t e t h e r e d  deployments ,  i t  is 
necessa ry  t o  unders tand  the b a s e l i n e  approaches  f o r  non- te thered  
deployments.  Opera t ions  d a t a  were ga the red  f r o r  Martin M a r i e t t a  
p r o j e c t s  i nc lud ing  OTV, OSCRS, O W ,  M I X ,  Space S t a t i o n  and Tethered  
S a t e l l i t e .  Sone s p e c i f i c  S h u t t l e  i n fo rma t ion  was a l s o  ob ta ined  from 
Johnson Space Center . 
S h u t t l e  d e o r b i t s  from the S S ,  u s i n g  a non- te ther  d e p a r t u r e ,  will be 
d e f i n e d  a s  fo l lows:  Upon c o a p l e t i o n  of O r b i t e r  d e p a r t u r e  
p r e p a r a t i o n s , t h e  S h u t t l e  will perform a low 2 mode RCS t h r u s t  t o  
i n i t i a t e  a V bar s e p a r a t i o n  v e l o c i t y  from the SS ( a long  the d i r e c t i o n  of 
f l i g h t ) .  O r b i t a l  dynamics will r e q u i r e  the  S h u t t l e  t o  perform v a r i o u s  
RCS t h r u s t s  t o  i n c r e a s e  the s e p a r a t i o n  v e l o c i t y  and p rov ide  a t t i t u d e  and 
d i r e c t i o n a l  c o n t r o l .  Once the S h u t t l e  has  achieved  a s e p a r a t i o n ,  a long  
the V bar  p a t h ,  of 18.5 km,  (10 n m i )  o r  g r e a t e r ,  the  OMS burn may be 
i n i t i a t e d .  During the Orb i t e r /Space  S t a t i o n  proximi ty  s e p a r a t i o n ,  the  
O r b i t e r  may a l t e r  its a t t i t u d e  t o  b e g i n  the c o l d  soak c y c l e .  

O T V  l aunches  from the  S S ,  u s i n g  a non- t e the r  d e p a r t u r e ,  will be def ined  
a s  fo l lows :  Upon c o r p l e t i o n  of O T V  s e r v i c i n g  and payload s t a c k i n g ,  an 
OHV u n i t  will be a t t a c h e d .  The e n t i r e  O T V ,  O M V  and payload combinat ion 
will then be given an i n i t i a l  s e p a r a t i o n  v e l o c i t y ,  u s i n g  a r a i l  system, 
a long  the  V bar  pa th  ( a long  the d i r e c t i o n  o f  SS f l i g h t ) .  The OHV will 
u t i l i z e  i ts  RCS t h r u s t e r s  t o  i n c r e a s e  the  s e p a r a t i o n  r a t e  between the 
OTV and S S ,  and maneuver the O T V  i n t o  the d e s i r e d  a t t i t u d e  and 
p o s i t i o n .  Once s t a b i l i z e d ,  the O W  will s e p a r a t e  and r e t u r n  t o  t h e  SS 
o r  c o n t i n u e  onto  another  mission.  The O T V  will then i n i t i a t e  i t s  main 
r i s s i o n  func t ion .  
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3.1.2 Overational Events and Tirelines. The timeline d a t a  is broken in to  
three parts: the Baseline Approach, Tethered Deployment Act iv i t ies  and  
a Tethered Deployment Timeline. The Baseline Approach will define a 
non-tether operations timeline a s  currently available.  The Space 
Station Tethered Deployment System (SSTDS) Ac t iv i t i e s ,  will l i s t  
deployrent operation t a s k s ,  l e n g t h  of t i r e  t o  perform and personnel 
required. The Tethered Deployment Timeline will d i s p l a y  b o t h  p a r a l l e l  
and s e r i e s  operations to  determine the overal l  t i r e  required to  perform 
the mission. These data a re  provided for  both S h u t t l e  and  OTV 
deployments and launches. 

3.2 Shut t le  Devlov men t 

3.2.1 Basel ine Avv roach. To define the norinal Space Station and Orbiter 
separation and subsequent reentry, data were gathered from the Johnson 
Space Center, Houston, Texas. 

The i n i t i a l  Orbiter separation from the SS is of primary concern because 
plure impingement and contarination from RCS th rus t e r s  may cause 
undesirable e f f e c t s  on Space Station s t ruc tures  and sensors. Because of 
these concerns, e f f o r t s  have been made t o  minimize exposure of SS 
s t ruc tures  and instruments t o  these e f f ec t s .  

As i l l u s t r a t e d  i n  F i g .  3-1, the Orbiter will i n i t i a t e  a V bar separation 
r a t e  of .06 r p s  (.2 f p s )  from the SS, along the SS f l i g h t  path u s i n g  the 
Low Z rode thrusters .  The Orbiter will then coast i n  LVLH (Local 
Vertical - Local Horizontal Attitude Control Hode) hold for 10 r inu te s  
to  a separation distance of approximately 36H (120 f t ) .  

(A) TETHERED DEPARTURE 

Fig. 3-1 Tethered md Standard Dapartun o f  Shuttle from Space Station 
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A t  th i s  t i re ,  ano the r  Lou Z mode thrus t  p e r i o d  will a c c e l e r a t e . t h e  
s e p a r a t i o n  r a t e  t o  0.3 mps (1.0 f p s ) ,  a long  the R bar  d e s c e n t  p a t h .  The 
O r b i t e r  will then c o a s t  i n  LVLH hold f o r  15 rinutes t o  a s e p a r a t i o n  
d i s t a n c e  of approximately 244M (800 f t )  a long  the  V bar  and 15214 (500 
f t )  below the SS f l i g h t  p a t h .  

The s e p a r a t i o n  d i s t a n c e  o f  the Orbiter and SS is now l a r g e  enough t o  
permit a 0 . 9  r p s  (3 f p s )  r e t r o g r a d e  OHS burn .  The Orbiter will then 
c o a s t  f o r  2 hours  t o  the 18.5 ka (10  n o i )  range r e q u i r e d ,  t o  b e g i n  a 
d e o r b i t  O t i s  burn. 

T h i s  s c e n a r i o  represents a p l a u s i b l e  o p e r a t i o n s  p l a n  f o r  S h u t t l e  d e o r b i t  
from SS and was s e l e c t e d  because i t  represents the c u r r e n t l y  planned 
nominal approach a l though  c e r t a i n  d e t a i l s  o f  the o p e r a t i o n  may be v a r i e d  
on a mission by mission b a s i s .  The o v e r a l l  timeline f o r  the b a s e l i n e  
O r b i t e r  d e p a r t u r e  through d e o r b i t  and l a n d i n g  is shoun i n  F i g .  3-2. 

W TElHE RFD SHUTlE DFPLO WENT & DEOREIT 

I I I I I I I I 1 I 
I I I I I I I I I I 1 t :  

0 1 2  3 4 5 6 7 8 9 1 0 1 1 1 2 1 3  
I I DUE IN HOURS 

SYSTEU AClIVAnON 
SlDU ATTACH & CHECKOUT 

ORBITER RtlEASE 
ORBITER COAST TO 1 KM 
ORBITER TETHER MPLOMNT 

OREITER mmnw TO DEORBIT 
ORBITER Cou) SOAK 

ORRITER flNAL PREPARATION DEmT k LANDING 

(B) STANDARD SHUTRE OCP ARTURE & DE0 REIT 

ORBITER COAST TO 10 NU1 0610SloN 

ORBlTER PREPARATION 

ORBITER UNDOCK 
ORBITER P R O N U I N  COAST 

ORBITER COLD SOAK 

Fig. 3-2 Tethered and Standard Shutt le  k o r b l t  Timeliner 



3.2.2 Tethered  Approach. I n i t i a l  s t a g e s  of the t e t h e r e d  d e o r b i t  o p e r a t i o n  
will p a r a l l e l  the b a s e l i n e  approach. D i f f e r e n c e s  will be noted i n  the 
times between SS s e p a r a t i o n  and the i n i t i a t i o n  of the R har  d e s c e n t .  
D u r i n g  t e t h e r  deployment,  t h e  O r b i t e r  is al lowed t o  c o n t i n u e  a long  t h e  V 
bar  pa th  an a d d i t i o n a l  l e n g t h  of time T h i s  a l l o w s  the O r b i t e r  t o  
perform the R b a r  d e s c e n t  and reach the d e s i r e d  l o c a t i o n ,  below the SS,  
w i t h  a minimum amount of RCS t h r u s t i n g .  Once the O r b i t e r  h a s  c l e a r e d  
the SS 1 km p r o x i r i t y  zone, t e t h e r  o p e r a t i o n s  u t i l i z i n g  g r a v i t y  g r a d i e n t  
will begin.  The O r b i t e r  will not perform nor r e q u i r e  any OMS burn u n t i l  
a f t e r  r e l e a s e  of the te ther  a t  the  p r e s c r i b e d  a l t i t u d e  and o r b i t .  

The O r b i t e r  will i n i t i a t e  a V bar  s e p a r a t i o n  r a t e  of  - 0 6  rnps ( - 2  f p s )  
from the  SS,  a l o n g  the SS f l i g h t  p a t h .  The O r b i t e r  Low 2 mode t h r u s t e r s  
will provide  this i n i t i a l  s e p a r a t i o n  r a t e .  The O r b i t e r  will then c o a s t  
i n  LVLH hold f o r  10 rjnutes and a s e p a r a t i o n  d i s t a n c e  of approximately 
36M (120 f t ) .  A n y  a t t i t u d e  o r  a x i s  a l ignment  r e s p o n s e s  will be 
performed i f  r e q u i r e d  t o  maintain proper  t e t h e r  management. The O r b i t e r  
will c o a s t  i n  L V L H  ho ld  f o r  an a d d i t i o n a l  10 a i n u t e s  and a s e p a r a t i o n  
d i s t a n c e  of a p p r o x i r a t e l y  73M (240 f t ) .  

A t  this t i r e ,  a n o t h e r  Low 2 mode t h r u s t  will a c c e l e r a t e  t h e  s e p a r a t i o n  
r a t e  t o  0.9 mps (3.0 f p s )  along the R bar  d e s c e n t  p a t h .  The O r b i t e r  
will then c o a s t  i n  L V L H  ho ld  f o r  18 minutes and a s e p a r a t i o n  d i s t a n c e  of  
a p p r o x i a a t e l y  1 km below the SS f l i g h t  p a t h .  T h i s  i n i t i a l  sequence -is 
a l s o  i l l u s t r a t e d  i n  F ig .  3-1 and compared w i t h  the b a s e l i n e  approach. 

A t  a s e p a r a t i o n  d i s t a n c e  of 1 k n ,  g r a v i t y  g r a d i e n t  f o r c e s  a r e  s u f f i c i e n t  
t o  begin tether deployment without  u s i n g  the RCS thrusters t o  p r o v i d e  
the R bar  d e s c e n t  v e l o c i t y .  At t i tude and a x i s  a l ignment  t h r u s t s  may be 
r e q u i r e d  t o  main ta in  proper  a t t i t u d e  c o n t r o l .  

A t  this p o i n t ,  OMS p r o p e l l a n t  scavenging may b e g i n ,  and c o n t i n u e  u n t i l  
the d e s i r e d  t e t h e r e d  o r b i t  a l t i t u d e  is reached.  Attitude a l ignment  
t h r u s t s  ray be r e q u i r e d  t o  i n i t i a t e  the O r b i t e r  c o l d  soak p r o c e s s  while 
on the t e t h e r .  

A t  the  d e s i r e d  o r b i t  a l t i t u d e ,  t h e  O r b i t e r  will be r e l e a s e d  from the 
t e t h e r .  The r e l e a s e  a l t i t u d e  will be such t h a t  the p e r i g e e  of t h e  
Orbiter will n o t  be lower than 185 km (100 n r s i ) .  The o v e r a l l  t e t h e r  
deployment through d e o r b i t  and l a n d i n g  is compared w i t h  the  b a s e l i n e  
approach i n  F i g .  3-2. The time f o r  the t e t h e r e d  approach i s  
approximately twice  t h a t  of the b a s e l i n e  approach and i n c l u d e s  t h e  
scavenging o p e r a t i o n  t o  t r a n s f e r  unused OHS p r o p e l l a n t  t o  the SIDM. 

Tether  o p e r a t i o n s  will be concluded when the SIDM has  been r e e l e d  i n  and 
docked t o  the Space S t a t i o n .  (P IDM c o l d  g a s  will be u t i l i z e d  f o r  both 
l i b r a t i o n  a n g l e  c o n t r o l  and t e t h e r  t e n s i o n i n g  d u r i n g  r e t r i e v a l ) .  
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The ove ra l l  t imel ine  fo r  the t e the red  S h u t t l e  ope ra t ions  is shown i n  
F ig .  ( s l i g h t l y  under 24  h r s )  and d e t a i l e d  a c t i v i t i e s  throughout the  
var ious phases o f  the t e t h e r  opera t ions  a r e  presented i n  Tables 3-1 
through 3-5. Microgravity on the  Space S t a t i o n  (de t e ra ined  by  t e t h e r  
tens ion)  will reach seve ra l  a i l l i - g ’ s  during the 8 hr deployment and 
will be d i a in i sh ing  f r o r  approximately 1 a i l l i - g  during SIDM r e t r i e v a l .  

3-3 

255 HRS 10.35 HRS la5 HRS 23.55 HRS 
I I I 

I I 

I 2  HRS 
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Table 3-1 Space S t a t i o n  Tether Deployer System A c t i v i t i e s  

Phase I S h u t t l e  Tether  Deployment P r e p a r a t i o n  

EVENT TIME PERSONNEL 

SSTDS flRflS 

tlan and a c t i v a t e  SSTDS c o n t r o l  systea/console 15 f l i n  1 

. Checkout S S T B  o p e r a b i l i t y  and s t a t u s  20 f l i n  1 

A c t i v a t e  L p o s i t i o n  MRflS f o r  SSTDS t r a n s f e r  ops 

P o s i t i o n  deployer  f o r  s h u t t l e  deploy*  30 f l i n  1 2 

R e t r i e v e  S I D f l  f rom s t o r a g e  u s i n g  flRflS** 10 f l i n  1 2 

Transpor t  S I D M  t o  O r b i t e r  u s i n g  flRMS 15 f l i n  1 2 

B e r t h  S I D f l  t o  O r b i t e r  u s i n g  flRflS 15 f l i n  1 2 

15 f l i n  2 

Checkout SIDM/Orbi ter  i n t e r f a c e  1 f l i n  1 

Checkout SIDf l /Orb i ter  scavenging/comr/power 10 f l i n  1 

P o s i t i o n  flRflS a t  deployer  assembly 15 f l i n  2 

A c t i v a t e  deployer  assembly for p r o x i m i t y  ops 5 f l i n  1 

Transpor t  b a t t a c h  PIDf l / te ther  t o  S I D f l  u s i n g  flRflS 20 f l i n  1 2 

P o s i t i o n  MRMS o u t  o f  o p e r a t i o n s  area 10 f l i n  2 

TOTAL I V A  T I M E  (MAN-HRS) 2.35 4.33 

*Only a p p l i c a b l e  on Dual Mode Deployer concept 

**f lRflS = Mob i l e  Remote Man ipu la to r  System 
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Table 3-2 Space S t a t i o n  Tether  Deployer System A c t i v i t i e s  

Phase I1 Tether  Deployment 

EVENT 

Load deployment p r o f i l e  s o f t w a r e  

Ver i fy  reel  a o t o r l g e n e r a t o r  brake  r e c h a n i s a  

i n i t i a l  s t a t u s  

Switch c o n t r o l  of SIDM from SS t o  O r b i t e r  

E s t a b l i s h  v i d e o  d a t a  l i n k  

SS v e r i f y  communication l i n k  w i t h  SIDfl 

Release  O r b i t e r  b e r t h i n g  i n t e r f a c e l v e r i f y  

O r b i t e r  RCS t h r u s t :  V bar  s e p a r a t i o n  .2 f p s  

O r b i t e r  c o a s t  t o  120' V bar  s e p a r a t i o n  

O r b i t e r  RCS t h r u s t :  Y & 2 a x i s  a l ignment  

O r b i t e r  c o a s t  t o  240' V bar s e p a r a t i o n  

O r b i t e r  RCS thrust:  R bar  d e s c e n t  3 f p s  

O r b i t e r  c o a s t  t o  1 kin s e p a r a t i o n  

O r b i t e r  deployment 

TOTAL IVA TIME ( M A N - H R S )  

EVENT TIME PERSONNEL 

SSTDS HRMS 

1 M i n  1 

5 f l i n  

1 Sec 

10 Sec 

10 Sec 

1 f l i n  

5 Sec 

10 f l i n  

5 Sec 

10 Min 

5 Sec 

18 f l i n  

1 

1 

1 

1 

2 

2 

2 

2 

2 

2 

1 

7.3  Hrs 1 @ . 5  h r s  

1.61 
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Table 3-3 Space Stat ion Tether Deployer Systea A c t i v i t i e s  

Phase I11 Orbiter Release Q Tether Retrieval 

EVENT EVENT TIME PERSONNEL 

SSTDS MRMS 

Verify r e e l  aotor/generator stopped & secured 1 n i n  1 

Shutdown OMS propellant t ransfer  systea 1 !fin 1 

Verify a l l  propellant l i n e  couplings closed 1 Min 1 

Establish SS/SIDH coarunication l i n k  10 Sec 1 

Verify Orbiter a t t i t u d e  w i t h i n  operational 

SIDH release envelope 5 H i n  1 

Verify SS tracking has SIDH/Orbiter targeted 10 Sec 1 

Release SIDM froa Orbiter 1 Sec 1 

Reel i n  t e ther  t o  SIDM/SS 1 ka separation 7.5 Hrs 1 d .5  hrs  

SIDM/PIDM cold gas t h r u s t ,  s t a b i l i z e  aotion . 1 H i n  1 

Establish video data l i n k  from SS 10 Sec 2 

Reel i n  t e ther  to  200’ SIDM/SS separation, 

3 f p s  18 M i n  2 

SIDH/PIDM cold gas t h r u s t ,  s t a b i l i z e  aotion 1 M i n  . 2 

Inspect and evaluate SIDH 5 M i n  2 

Reel i n  te ther  t o  SS/SIDM separation o f  50 ’ ,  

2 f p s  13 M i n  2 

Dock SIDM/PIDM t o  lower deployaent berthing 

s i t e  5 Min 2 

Move MRMS t o  SIDH 15 M i n  2 

@ Reaove SIDM from PIDH,  u s i n g  nRMS 5 Min 1 2 

T O T A L  IVA TIME (MAN-HRS)  2.15 - 6 6  
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Table 3-4 Space S t a t i o n  T e t h e r  Deployer System A c t i v i t i e s  

Phase IV SIDH Fuel T r a n s f e r  h S t o r a g e  

EVENT 

Checkout f u e l i n g  depot c o n t r o l  s y s t e r / c o n s o l e  

T r a n s p o r t  SIDH t o  f u e l  d e p o t  with HRHS truck 

Ber th  SIDH t o  f u e l  depot 

Connect f u e l i n g  l ines  t o  SIDH us ing  HRHS 

A c t i v a t e  f u e l i n g  system 

T r a n s f e r  OHS p r o p e l l a n t  

Disconnect  f u e l i n g  lines u s i n g  MRHS/store l ines 

Deenergize f u e l i n g  system 

EVFNT TIHE PERSONNEL 

SSTDS HRHS FUEL 

15 H i n  

IS H i n  

10 H i n  

30 H i n  

1 H i n  

3 Hrs 

35 H i n  

1 H i n  

Latch o n t o  SIDH u s i n g  HRHS; g r a p p l e  and r i g i d i z e  3 H i n  

Release SIDH f r o r  f u e l  depot  b e r t h i n g  t i n g  1 H i n  

T r a n s p o r t  and s t o r e  SIDH a t  s t o r a g e  s i t e  15 H i n  

TOTAL I V A  T I H E  ( H A N - H R S )  

1 

1 2 

1 2 1 

1 2 1 

1 

1 B .5  hrs 1 4 .5  h r s  

1 2 1 

1 

1 2 

1 2 1 

L 
2.32 3.63 2.05 
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Table 3-5 Space S t a t i o n  Tether Deployer System A c t i v i t i e s  

Phase V P I D H  Refuel ing C Storage 

EYENT EVENT TIflE PERSONNEL 

SSTDS HRHS FUEL 

A c t i v a t e  and t ranspor t  mobi le c o l d  gas serv icer  IS f l i n  1 

A c t i v a t e  and p o s i t i o n  flRflS a t  P I D H  l o c a t i o n  15 f l i n  2 

Connect P I D f l  t o  c o l d  gas se rv i ce r  

Replenish P I D f l  c o l d  gas system 

Disconnect P I D H  r e f u e l  l i n e s  

Deact iva te  and s t o r e  P I D H  

S tore  mobi le c o l d  gas se rv i ce r  

IS f l i n  1 2 1 

30 Hin  1 1 

15 f l in 1 2 1 

10 f l i n  1 

15 f l i n  1 
TOTAL I V A  T IME (HAN-HRS) 1.16 1 .S  1.5 
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3 . 3  O T V  Deplovaent 

Base l ine  Amroach. To de f i ne  the  nominal Space S t a t i o n  and O T V  
separa t ion  and miss ion operat ions,  data was gathered. from the  H a r t i n  
f l a r i e t t a  O T V  program. 

P rox im i t y  operat ions around the Space S t a t i o n  are  o f  pr imary concern. 
As i s  the case w i t h  S h u t t l e  deo rb i t s ,  plume i rp ingeaen t  and 
contaminat ion a re  major concerns. To r i n i r i z e  these e f f e c t s  the OTV 
w i l l  n o t  use i t s  RCS system around the SS. I ns tead  the O W  w i l l  be used 
t o  maneuver the OTV and i t s  payload s tack  away from the SS. A r a i l  
system w i l l  be used t o  i n i t i a t e  the SS and Of lV /OTV separat ion.  

Upon completion o f  OTV s e r v i c i n g  and payload s tack ing ,  the OffV will be 
at tached t o  the OTV. The SS w i l l  have a r a i l  system i n  the OTV f a c i l i t y  
which w i l l  i n i t i a t e  a 0 . 3  mps (1.0 fps)  separa t ion  v e l o c i t y  a long the V 
bar pa th  (along the f l i g h t  d i r e c t i o n  o f  the  S S ) .  The e n t i r e  system w i l l  
coast  f o r  30 minutes and approximately 1 km separa t ion  from the SS. 

A t  1 km separat ion,  the OflV w i l l  per form a re t rograde RCS burn t o  
i n i t i a t e  a 2.1  r p s  (7  f ps )  separa t ion  v e l o c i t y .  The system w i l l  coast  
another 10 minutes and approximately 2 .25  km separa t ion  from the SS. 
The O f l V  w i l l  then separate from the  O T V  and e i t h e r  r e t u r n  t o  the SS o r  
cont inue on, t o  another mission. 

Once separated from the OflV, the OTV Reaction Con t ro l  System (RCS) is 
ac t i va ted .  Approx ima te l y  95 minutes from SS separat ion,  the O T V  w i l l  
c l e a r  zone 2 o f  the SS, approximately 37 km ( 2 0  nmi!. The O T V  can now 
i n i t i a t e  steps t o  perform i t s  main engine burn and complete i t s  mission. 

This  scenar io  represents  a p l a u s i b l e  opera t ions  p lan  f o r  OTV launch from 
SS and was se lected because i t  represents  the  c u r r e n t l y  planned nominal 
approach although c e r t a i n  d e t a i l s  o f  the  opera t ion  may be v a r i e d  on a 
miss ion by mission bas is .  

Jether  ed ADP roach. The te thered OTV launch w i l l  be completely d i f f e r e n t  
f rom the basel ine approach. The r a i l  system w i l l  n o t  be used t o  
i n i t i a t e  a separat ion v e l o c i t y  from the SS, nor w i l l  the OHV system be 
requi red.  Instead the P I D f l ,  us ing  c o l d  gas th rus te rs ,  w i l l  p rov ide  the  
i n i t i a l  separat ion and te the r  tens ion ing.  The O T V  system w i l l  depar t  
the SS p rox imi ty  zone v e r t i c a l l y  away f rom the  zen i th  end o f  the SS. 

Upon completion o f  the O T V  s e r v i c i n g  and payload s tack ing ,  the  e n t i r e  
system w i l l  be t ranspor ted  t o  the upper deployer assembly. The O T V  w i l l  
be on i t s  own m o b i l i t y  system and ab le  t o  move about the SS. The O T V  
system w i l l  then be at tached t o  the P I D f l ,  a t  the deployer r e e l  assembly. 
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The PIDH will provide  f o r  the i n i t i a l  R bar s e p a r a t i o n  and tether 
t e n s i o n i n g  during proximity opera t ions .  The i n i t i a l  v e l o c i t y  will be .06 
mps ( . 2  f p s )  and the OTV system will c o a s t  f o r  10 minutes t o  a range of 36n 
(120 f t ) .  Another co ld  gas  thrust  from the PIDH will i n c r e a s e  the 
s e p a r a t i o n  v e l o c i t y  t o  0.3 mps (1  f p s ) .  The system will reach the limit of 
the 1 k m  SS proximity zone a f t e r  52 minutes. 

‘. 

A t  approximately 1 km s e p a r a t i o n ,  g r a v i t y  g r a d i e n t  f o r c e s  a r e  s u f f i c i e n t  t o  
begin tether deployment without  using the PIDH co ld  gas  system, except f o r  
a t t i t u d e  and l i b r a t i o n  ang le  c o n t r o l  ( p r i m a r i l y  used du r ing  r e t r i e v a l ) .  

A t  the d e s i r e d  o r b i t  a l t i t u d e ,  the PIDH will r e l e a s e  the O T V  system t o  
i n i t i a t e  its main engine burn and c o r p l e t e  the mission. Tether o p e r a t i o n s  
will be concluded when t h e  PIDfl has been r e e l e d  i n  and docked t o  the Space 
S t a t i o n .  

The timeline f o r  the t e t h e r e d  OTV launch and PIDH r e t r i e v a l  o p e r a t i o n s  is 
shown i n  Fig.  3-4 and encompasses a t o t a l  per iod  of 19 hrs. De ta i l ed  
a c t i v i t i e s  throughout t h e  var ious  phases  of  the tether o p e r a t i o n s  a r e  
presented  i n  Table 3-6 through 3-9. Hicrogravi ty  l e v e l s  on the Space 
S t a t i o n  (determined by tether t ens ion )  will reach s e v e r a l  mi l l i -g ’ s  du r ing  
t h e  8 h r  deployment and will be d i r i n i s h i n g  from about  1 r i l l i - g  du r ing  the 
8 hr r e t r i e v a l  per iod.  
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Table 3-6 Space S ta t ion  Tether Deployer System A c t i v i t i e s  

Phase I O T V  Tether Deployment Preparation 

EVENT 

flan and a c t i v a t e  SSTDS control system/console 

Checkout SSTDS operabi l i ty  and s t a t u s  

Activate C posi t ion HRHS for SSTDS t ransfer  

OPS 

Position deployer for OTV launch* 

Transport OTV to  PIDH/upper deployer assembly 

Berth O T V  t o  PIDH 

Checkout OTV/PIDH in te r  face 

Hove O T V  truck out of te ther  operations area 

Hove MRHS out of tether operations area 

EVENT TIHL PERSONNEL 

SSTDS flRHS 

15 H i n  1 

20 H i n  1 

15 f l i n  

30 ff in  1 

15 H i n  

15 H i n  1 

1 H i n  1 

10 H i n  2 

S n i n  2 

TOTAL IVA TINE (MAN-HRS)  1.35 3.00 

* O n l y  appl icable  on Dual node Deployer concept 



Table 3-7 Space S ta t ion  Tether Deployer Sys te r  A c t i v i t i e s  

. Phase XI OTV Tether Deployment 

EVENT 

Load deployrent  p r o f i l e  sof tware 

Verify r e e l  ro tor /genera tor  brake rechanis r  

. i n i t i a l  s t a t u s  

Es t ab l i sh  video da ta  l i n k  

SS ver i fy  cor runica t ion  l i n k  w i t h  PIDH 

Release SS/PICfl ber th ing  in t e r f ace /ve r i fy  

P I D H  cold gas  th rus t :  R bar separa t ion  .2  f p s  

PIDH/OTV coas t  t o  120’ R bar separa t ion  

PIDfl cold gas  t h r u s t  

PIDH cold gas th rus t :  

O T V  coas t  t o  1 kr separa t ion  

O T V  deployrent  

R bar separa t ion  1 - fps  

EVFNT TIHE 

1 f l i n  

5 H i n  

10 Sec 

10 Sec 

1 H i n  

10 H i n  

10 f l i n  

5 See 

5 Sec 

52 H i n  

6 . 9  Hrs 

TOTAL IVA TIflE ( H A N - H R S )  

PERSONNEL 

SSTDS HRHS 

1 

1 

1 

1 .  

2 

2 

2 

2 

2 

1 

J 8 .5 Hrs 

1.83 
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Table 3-8 Space S ta t ion  Tether Deployer System A c t i v i t i e s  

Phase I11 O T V  Release & Tether Retrieval 

EVENT 

Verify r e e l  motorlgenerator stopped & secured 

Verify OTV operabi l i ty  

Verify SS tracking has P I D M / O T V  targeted 

Release OTV from PIDH 

Reel i n  t e ther  to  PIDH/SS 1 km separation 

€mLm€ 

1 n i n  

5 t l i n  

10 Sec 

1 Sec 

7.3 Hrs 

P I D H  cold gas thrus t  to  s t a b i l i z e  r e l a t i v e  rotion 1 t l i n  

Establ ish video data l i n k  from SS 10 Sec 

Reel i n  te ther  t o  200’ PIDMISS separat ion,  3 f p s  18 H i n  

PIDM cold gas t h r u s t  t o  s t a b i l i z e  r e l a t i v e  motion 1 t l i n  

Inspect and evaluate PIDM 5 t l i n  

Reel i n  te ther  t o  SS/PIDH separation o f  50’. 

.2 fps  13 H i n  

Dock PIDfl t o  upper berthing s i t e  5 ?!in 

TOTAL IVA T I H E  (flAN-HRS) 

P E R S 0 N N U ,  

SSTDS flRMS 

1 

1 

1 

1 

1 4 .5 Hrs 

1 

2 

2 

2 

2 

2 

2 
2.1 



Table 3-9 Space S ta t i on  Tether Deployer System A c t i v i t i e s  

Phase I V  P I D H  Refuel ing & Storage 

EVENT EVFN T TIME PERSON NEL 

SSTDS HRHS FUEL 

A c t i v a t e  and t ranspor t  r o b i l e  c o l d  gas se rv i ce r  15 f l i n  1 

- A c t i v a t e  and p o s i t i o n  MRHS a t  P IDH l o c a t i o n  IS Hin 2 

Connect P I D f f  t o  c o l d  gas s e r v i c e r  

Replenish P I D H  c o l d  gas sys te r  30 Hin 1 1 

Disconnect P I D H  r e f u e l  l i n e s  

Deact iva te  and s t o r e  P I D H  

S tore  r o b i l e  c o l d  gas se rv i ce r  

15 f f in  1 2 1 

10 f l i n  1 

15 Hin 1 

TOTAL I V A  TIHE (HAN-HRS) 1.16 1.5 1.5 
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3.4 Tether 1 De t m R ' r e r e n t  

Based upon the ana lys i s  o f  the te thered opera t ions  and t i r e l i n e s ,  a 
p r e l i m i n a r y  assessment o f  t e the r  deployment system i n t e r f a c e  
requirements,  key c r i t e r i a ,  necessary assumptions, and t e c h n i c a l  i ssues  
has been completed and i s  summarized i n  Tables 3-10 through 3-12. 

Table 3-10 summarizes the  t e t h e r  deployment system Space S t a t i o n  
i n t e r f a c e  requ i re ren ts  i nvo l ved  w i t h  the  te thered S h u t t l e  deployment 
operat ions.  Requirements f o r  SIDH s torage and maintenance inc lude  
communications and da ta  l i n k s ,  power sources, ber th ing ,  s torage between 
missions, r e t e r o i d  p ro tec t i on ,  contaminat ion f l eak  sensors, CCTV (Closed 
C i r c u i t  Te lev is ion)  and l i g h t i n g .  Fue l  depot i n t e r f a c e s  w i t h  the SIDH 
i nc lude  the s torage and maintenance f u n c t i o n s  (exc lud ing  SIDH storage)  
p l u s  thermal c o n t r o l  and u m b i l i c a l s  f o r  f u e l  t r a n s f e r  and f u e l  t r a n s f e r  
mon i to r ing  and leak  p ro tec t i on .  Communication i n t e r f a c e s  wi th the 
te the r  deployment s y s t e r  . . i n c l u d e  communications and data l i n k  
t ransmiss ions ( v i a  hard w i r e  6 e - r a d i o  l i n k )  p l u s  CCTV and l i g h t i n g .  

I n  add i t i on ,  Table 3-10 l i s t s  the O r b i t e r  i n t e r f a c e s  w i t h  the  SIDH. 
These requ i re ren ts  i nc lude  qu ick  d isconnect  type u m b i l i c a l s  f o r  
communications and data l i n k s ,  power source, f u e l  t r a n s f e r  f r o a  the 
i n t e g r a l  OHS system, load t r a n s f e r  i n t e r f a c e  du r ing  deployment, f u e l  
contaminat ion and leak sensors, and CCTV and l i g h t i n g  support .  

Table 3-11 summarizes the  t e t h e r  deployment system Space S t a t i o n  
i n t e r f c c e  requirements f o r  the  te the red  OTV launch operat ions.  
Requirements fo r  PIDH storage and maintenance are b a s i c a l l y  the  same as 
f o r  the SIDH prev ious l y  discussed. Fue l  t r a n s f e r  i n t e r f a c e s  f o r  the 
PIDH r e q u i r e  on ly  the t r a n s f e r  o f  c o l d  gas p r o p e l l a n t  and inc lude  
thermal c o n t r o l  du r ing  t rans fe r ,  gas u m b i l i c a l s ,  and a p r o p e l l a n t  
t r a n s f e r  and mon i to r ing  system. OTV i n t e r f a c e s  w i t h  the PIDH i nc lude  a 
l oad  transfer i n t e r f a c e ,  CCTV, and l i g h t i n g  support .  

Table 3-12 surmarizes key c r i t e r i a ,  t e c h n i c a l  issues, and associated 
assumptions requ i red  f o r  te thered  deployment opera t ions  on the  Space 
S t a t i o n  and Shut t le .  Fuel  t r a n s f e r  i s  a c r i t i c a l  technology and t e t h e r  
opera t ions  requ i re  t h a t  s tandard ized qu ick  disconnect r e f e u l i n g  
coup l ings  are  a v a i l a b l e  i n  the mid 1990's w i t h  acceptable leakage l e v e l s  
both f o r  the Space S t a t i o n  and on the Orb i te r .  SIDH/PIDH i n t e r f a c e s  
i nc lude  u m b i l i c a l s  t h a t  a re  o f  the O r b i t e r  type. SIDH/PIDH c o n t r o l  
systems w i l l  i n t e r f a c e  w i t h  Orb i te r  and Space S t a t i o n  common module work 
s t a t i o n  consoles, etc.  SIDH S h u t t l e  i n t e r f a c e s  and docking aechanisrrs 
a re  requ i red  t o  be capable o f  i r a e d i a t e  shutdown and disconnect.  SIDH 
f u e l  connects must be compat ib le w i t h  Space S t a t i o n  f u e l  depot f i t t i n g s  
and the Orb i te r  OHS scavenging system. Other requirements cover PIDH 
r e f u e l i n g  operat ions and SIDH connect jd isconnect  cons idera t ions .  SIDM 
and PIDH attach/detach operat ions a l so  assuae t h a t  no EVA t i m e  i s  
requ i red  (autonorous opera t ion) .  The HRHS (Maneuverable Remote 
Hanipulator  System) designs are  a l so  assumed t o  p rov ide  adequate reach 
and f l e x i b i l i t y  and can move t o  a l l  p o i n t s  on the Space Sta t ion .  



Table 3-10 Tether Deployer System Requirements 
Tethered Shuttle Deployment 

1.0 

1.1 

1.1.1 

1.1.1.1 

1.1.2 

1.1.3 

1.1.4 

1.1.5 

SPACE STATION TETHER DEPLOYMENT SYSTEM INTERFACE REQUIREMENTS 

S to raae  S i t e  I n t e r f a c e s  Shal l  Provide For S toraqe  And Maintenance O f  
The SIDM To Include:  

System umbi l ica l  p rovid ing  a communications and d a t a  l i n k  between 
Space S t a t i o n  and SIDM systems. 

Communications and d a t a  l i n k  t r ansmiss ions  v i a  hard wire o r  KU band/S 
band phase modulation l i n k .  

Power umbi l ica l  f o r  SIDH ba t t e ry  recharge  and v i t a l  systers power. 

Berthing i n t e r f a c e  providing f o r  r i g i d  s t o r a g e  of the SIDM between 
missions.  

Heteroid s h i e l d  p r o t e c t i n g  the SIDH a g a i n s t  micro metera ids  and 
debr i s .  

Contamination sensor  f o r  f u e l  and contaminat ion leaks .  

1.1.6 CCTV and l i g h t i n g  fo r  SIDH opera t ions .  

1.2 Fue l ins  DePo t I n t e r f a c  es S h a l l  Pro v ide  For The ReDlenishmen t Of SID M 

1.2.1 System umbi l ica l  p rovid ing  a communicati-ons and d a t a  l i n k  between 

p p  

Space S t a t i o n  and SIDH systems. 

1.2.1.1 Communications and d a t a  l i n k  t r ansmiss ions  v i a  hard wire or  KU band/S 

1.2.2 Power umbi l ica l  f o r  SIDH ba t t e ry  recharge  and v i t a l  systems power. 

band phase modulation l i n k .  

1.2.3 Berthing i n t e r f a c e  providing a r i g i d  a t t a c h  of the SIDH f o r  r e f u e l i n g .  

1:2.4, Contamination sensor  fo r  fuel and contaminat ion l eaks .  

1.2.5 CCTV and l i g h t i n g  f o r  SIDH r e f u e l i n g  ope ra t ions .  

1.2.6 Thermal c o n t r o l  of  temperature sensitive f u e l  t r a n s f e r  systems. 

1.2.7 Fuel umbi l ica l  fo r  the t r a n s f e r  of p r o p e l l a n t s  t o  and from the  SIDfl 
and f u e l  depot.  

1.2.7.1 Leakage dur ing  p r o p e l l a n t  t r a n s f e r  

Externa l :  No p r o p e l l a n t  leakage, engaged or disengaged. 

I n t e r n a l :  ( T B D )  . 
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1.2.8 

1.3 

1.3.1 

1.3.1.1 

1.3.2 

1.3.3 

1.3.3.1 

1.3.4 

1.3.4.1 

1.3.4.2 

1.3.5 

1.3.6 

1.4 

1.4.1 

1.4.2 

F l u i d  t r a n s f e r  monitoring system f o r  a l l  p r o p e l l a n t s .  

Orb i t e r  I n t e r f a c e s  S h a l l  Provide For the Attachment And f lon i tor ina  O f  
The SIDM For Tether Deployment To Include:  

S y s t e r  umbil ical  p rovid ing  a communications and d a t a  l i n k  between 
Orbiter and SIDM systems, capable  of qu ick  d i sconnec t  f o r  emergency 
SIDH j e t t i s o n .  

Communications and d a t a  l i n k  t r ansmiss ions  v i a  hard wire  and/or KU 
band/S band phase modulation l i n k .  

Power umbi l ica l  fo r  SIDM b a t t e r y  recharge  and v i t a l  systems power, 
capable  of immediate shutdown and d isconnec t  f o r  emergency SIDM 
j e t  t i s o n .  

Load t r a n s f e r  interface provid ing  fo r  the r i g i d  at tachment  of t h e  SIDH 
dur ing  deployment. 

Capable of 2 f a u l t  t o l e r a n t  r e l e a s e  under f u l l  t ens ion  load. 

Fuel u r b i l i c a l  f o r  t he  t r a n s f e r  of OMS p r o p e l l a n t  dur ing  t e t h e r  
deployren t. 

Capable of  redundant s h u t  o f f  and d i sconnec t ,  f o r  emergency SIDH 
j e t t i s o n  w i t h  less than ( T B D )  leakage fo r  t h e  fol lowing:  

Disengaged no p r o p e l l a n t  flow. 
Engaged p r i o r  t o  p r o p e l l a n t  flow. 
Engaged d u r i n g  p r o p e l l a n t  t r a n s f e r .  
Engaged and upon completion of p r o p e l l a n t  t r a n s f e r .  

Leakage to l e rances  d u r i n g  p r o p e l l a n t  t r a n s f e r .  
Externa l :  No p r o p e l l a n t  leakage ,  engaged or disengaged. 
I n t e r n a l :  ( T B D ) .  

Contamination sensor  f o r  f u e l  and contaminat ion l eaks .  

CCTV and l i g h t i n g  fo r  SIDfl ope ra t ions .  

D a c e  S t a t i m  Systea I n t e  r f a c e s  S h a l l  P rovide For The Communication 
nd Control  0 f The Tether Deploy rent System Components 

Cormunications and d a t a  l i n k  t r a n s r i s s i o n s  v i a  hard wire  and/or KU 
band/S band phase modulation l i n k ,  f o r  a l l  system components. 

CCTV and l i g h t i n g  fo r  SSTDS ope ra t ions .  
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Table 3-11 'Tether Deplover System Requirements 
Tethered OTV Launch 

2.0 TETHER DEPLOYHENT SYSTEH INTERFACE REQUIREHENTS 

2.1 upper Deployme n t  Assembly I n t e r f a c  es Sh a l l  Provide For S torage  And 
ga in tenance  Of The PIDH To Inc lu  de : 

2.1.1 System umbi l ica l  p rovid ing  'a cormunicat ions and d a t a  l i n k  between Space 
S t a t i o n  and PIDH systems. 

2.1.1.1 Communications and d a t a  l i n k  t ransmiss ions  v i a  hard wire or  KU band/S 
band phase modulation l i n k .  

2.1.2 Power umbi l ica l  f o r  SIDM b a t t e r y  recharge and v i t a l  systems power. 

2.1.3 Berthing i n t e r f a c e  provid ing  for  r i g i d  s t o r a g e  of the SIDH between 
missions.  

2.1.4 Contar ina t ion  sensor  f o r  f u e l  and contaminat ion leaks .  

2.1.5 CCTV and l i g h t i n g  f o r  PIDH opera t ions .  

2.2 Fuel ina  Transfer  I n t e r f a c e s  s h a l l  Provide For The RePlenishrent Of PIDH 
ProPel l an  t Tanks To Inclu de : 

2.2.1 Thermal c o n t r o l  of  temperature  s e n s i t i v e  f u e l  t r a n s f e r  systems. 

2.2.2 Fuel umbi l ica l  f o r  the t r a n s f e r  of co ld  gas p r o p e l l a n t  t o  and from the 
PIDH and f u e l  s e r v i c e r .  

2.2.3 Flu id  t r a n s f e r  monitoring syster f o r  a l l  p r o p e l l a n t s .  

2.3 9 T V  I n t e r f a c e s  S h a l l  Prov i d e  For the At tac  hment Of The PIDfl For Tether 
PePlovment To Include:  

dur ing  deployment. 
2.3.1 Load t r a n s f e r  i n t e r f a c e  providing f o r  the r i g i d  at tachment  of the PIDfl 

2.3.1.1 Capable of 2 f a u l t  t o l e r a n t  r e l e a s e  under f u l l  t ens ion  load. 

2.3.2 CCTV and l i g h t i n g  f o r  PIDH opera t ions .  
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3.0 

3.1 

3.1.1 

3.1.2 

3.1.3 

3.1.3.1 

3.1.4 

3.1.4.1 

3.2 

3.2.1 

3.2.1.1 

3.2.2 

3.2.2.1 

3.2.2.2 

3.2.3 

3.2.4 

Table 3-12 Tether Deployer System Requirements 

KEY CRITERIA, ASSUHPTIONS A N D  TECHNICAL ISSUES 

Fuel Transfer Technoloa i es  

Standardized r e f u e l i n g  coupl ings  a r e  assumed t o  be a v a i l a b l e  by Space 
S t a t i o n  IOC completion. 

Standardized r e f u e l i n g  coupl ings  connect /disconnec t a r e  assumed t o  be 
autononous opera t ions .  . 

Standardized r e f u e l i n g  coupl ings  will comply w i t h  leakage and f a u l t  
t o l e r a n t  spec i f  i c a  t ions .  

Leakage to l e rances  du r ing  p r o p e l l a n t  t r a n s f e r .  
Externa l :  No p r o p e l l a n t  leakage ,  engaged o r  disengaged 
I n t e r n a l :  ( T B D )  

SIDfl OflS prope l l an t  t r a n s f e r  coupl ings  a r e  r equ i r ed  t o  d isconnec t  
immediately w i t h  accep tab le  ( T E D )  p r o p e l l a n t  leakage  levels. 

SIDH coupl ings will be a b l e  t o  d isconnec t  over a range of d i sconnec t  
ang le s ,  t o  accommodate premature o r  emergency SIDtl r e l e a s e .  

S IDn/PIDH In t e r f aces .  Power And Control  Svstefms 

SIDfl/PIDH t o  Space S t a t i o n  umbi l i ca l s  a r e  assumed t o  be Orb i t e r  
payload bay t y p e .  

Standard payload harness ,  Standard AFD ha rness ,  T-0 umbi l i ca l  ha rness ,  
Standard flixed Cargo harness .  

SIDfl/PIDfl Control systems will i n t e r f a c e  and be compatible  w i t h  
Orb i t e r  and Space S t a t i o n  common nodule work s t a t i o n  system conso le s  
w i t h  s tandard  harness ,  c o n t r o l  systems, so f tware  and hardware. 

SIDfl con t ro l  system will provide fo r  con t inua l  monitor ing of f u e l  
t r a n s f e r  during deployment ope ra t ions .  

SIDfl/PIDH con t ro l  system will not  r e q u i r e  c o n t i n u a l  monitor ing by 
s h u t  t le/OTV/s t a  t i o n  crew members during normal ope ra t ions .  

SIDfl/Shuttle i n t e r f a c e s  and docking nechanisms a r e  r equ i r ed  t o  be 
capable  of immediate shutdown and d isconnec t .  

SIDH fuel  connects  will be compatible  w i t h  Space S t a t i o n  f u e l  depot 
f i t t i n g s  and Orb i t e r  O W  scavenging system. 

( I C D  2-19001). 
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3.2.4.1 

3.2.5 

3.2.6 

3.2.7 

3.3 

3.3.1 

Separate SIDtl fuel  ,syster connects ray have t o  be provided for:  SS 
fuel  depot standard connect and SIDH/Orbiter scavenging system q u i c k  
disconnect systems. 

P I D H  refuel  operations will require a mobile fuel se rv icer ,  for the 
replenishment of cold gas supplies. 

SIDH power, communication and fuel connects a r e  required t o  
connectldisconnect coincidentally w i t h  the SIDtl/Shuttle berthing. 

SIDH/PIDH attachldetach will require I V A  time only (no EVA required).  

nobile Remote Haniculator Svste a 

HRHS 
can move to  a l l  points  on the Space Stat ion.  

designs a r e  assumed t o  provide adequate reach and f l e x i b i l i t y  and 
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TETHER DEPLOYER DESIGN CONCEPTS 

The designs presented show the basic elements required for examining all 
aspects of a deployer system including the system interfaces with the 
Space Station and Shuttle. The sequence of events from launcb through 
placement of the deployer on the Space Station, tether operations at the 
Space Station and return to earth has been examined. 

The Space Station configuration shown in Figure 4-1 is I.O.C. version of 
the currently proposed 5-meter modular truss design. This view shows 
the deployer being transported along the face of the SS using the 
planned Mobility System. This system will transport the MRMS, 
experiments, propulsion units and solar panels. The deployer designs 
depend on the use of this Mobility System making the tether deployer 
system more simple and efficient because a single deployer can be used 
for both Shuttle and Om launch operations. 

Tether Deployer Desim Approach. Four deployer designs were prepared 
that cover a range of capabilities from the minimum case which is 
limited to Shuttle deorbits from altitudes up to 370 km, to the OTV 
deployer with 150 km of tether. The capabilities of these systems and 
the major design parameters are shown in Table 4-1. These four 
configurations are: 

Configuration A. This configuration satisfies the maximum downward 
deployment requirement anticipated. Deorbit of Shuttle, ET and waste 
disposal from an altitude of 463 km is possible with this design. 

Confinration B. This sytem has the capability to perform ET deorbit 
and waste disposal from altitudes up to 370 km in addition to the 
Shuttle deorbit function. 

Confimration C. , Minimum system only capable of deorbiting the Shuttle 
from a maximum altitude of 370 km. This configuration is intended to 
provide the lowest acquisition costs. 

Confinration D. This option allows deployment of the OTV with 150 km 
of tether. This configuration has the capability to perform all the 
missions considered if employed in the transportable dual mode. 

A primary design objective was to provide an integrated system that 
includes all necessary subsystems in one assembly that will interface 
with the Shuttle for transport to and from orbit, and will also 
interface directly with the Space Station structure. This requirement 
w a s  a significant driver in the final deployer configuration. 

The Payload Interface Deployment Module (PIDM) and the Shuttle Interface 
Deployment Module (SIDM) have not changed significantly from the Phase 
I1 STAIS study and are desribed in the Phase I1 final report (Ref. 2). 
The outside shape of the PIDM has changed from spherical to a truncated 
cone shape so that entry of the PIDM into the docking cylinder will be 
improved and to provide more internal volume for the PIDM subsystems. 
The SIDM has been simplified by the elimination of the cold gas system 
and sensors required for control during tether deployment and 
retrieval. This change was made possible because the PIDM provides this 
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Fig. 4-1 Space Station wi th  Deployer System 
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function and it will be used in conjunction with the SIDM during Shuttle 
deployment. The function of the SIDM is to provide a structural 
interf' between the Shuttle and the PIDM ami to provide the tanks 
needed to scavenge C@S propellant from the Shuttle. 

The m o t o r s  for all deployer configurations use the axial gap integral 
reel/generator/motor permanent magnet design b e d  developed by Martin 
Mtwietta Energy System (PMES) at Oak Ridge, Tennessee. It has 
advantages over the radial gap (an alternative concept) such as lower 
cost, easier to mount to structure, more experience (at least by WES),  
easier heat removal (because the stator is hard-mounted to the 
structure!), flexibility in reel design (because the motor does not 
influence the selection of hub diameter) and easier access to the 
stator/rotor assemblies for repair Lllyji maintenruhce. Both concepts are 
sham in Figure 4-2. 

mre 

I TABLB4-1 CONFIGURATIONSUWWY 

The power generated during tether deployment will be dissipated through 
a high temperature radiator that utilizes a l lOOoK electrical resistor 
benk with an emmissivity of 0.8.  

All configuratians are designed for return to Earth for repair, tether 
replacement and checkout. A complete spare deployer is maintained on 
the ground to minimize system down t h o  Table 4-1 shows that 55 to 70% 
of the total system mass is tether so that transporting the total system 
to orbit is not mmh more costly than transporting only the tether with 
its associated support equipnent. If larger safety factor tethers are 
required to assure adequate survivability, tether mass will become a 
larger percentage of the total mass. 

CONFIGURATION RELSIZE mAL TErHm MAX TErHEEl MAX 
L/D(M) MASS MASS TENSION SIZE POWER 

(KG) (KG) (N) L(KM)/D(MM) (Kw) 

C 1.22/1o4 2,389 1,312 10,676 33/7 11 25 

B 1.52/1.68 3,878 2,504 10,676 63/7.11 33 

A 1.83/1.98 5,796 3,858 15,480 79/8.13 56 

D 2.74/2.36 11,113 7,717 20,020 150/8.13 2 19 

N(YI!E: Tether diameter and mass include 0.25 lllp thick teflon jacket on 
Eevlar tether for atomic oxygen protection. 

4.1.1 Configuration A. Figure 4-3 showa deployer Configuration A which is the 
m a x h  capability system for downward deployment. This drawing 
describes each of the major components which make up the deployer, how 
they fit together, the total system as it fits into the Shuttle cargo 
bay for transport to Space Station and how the deployer interfaces w i t h  
the Space Station. 
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The basic support structure interfaces with the Shuttle at two sill 
trunnion fittings and one keel fitting. The reel, tether and 
motor/generator are the major contributors to the total mass, therefore 
by placing them slightly above the center line of the two trunnion 
fittings, the combined center of mass should be near the center line of 
the trunnion fittings. This placement minimizes the overturning moment 
so that the keel fitting can react the force. 

The deployer support structure is triangular shaped forming a truss from 
one trunnion fitting to the other. The major load through this truss is 
produced by the reel and tether. The reel assembly includes the level 
wind and fairlead roller assemblies. The fairlead roller assembly, 
tensionmeter/guide roller assembly and upper guide roller assembly 
direct the tether from the level wind assembly to the PIDM docking 
cylinder. The generator heat rejection radiators are statically mounted 
to the triangular shaped truss. The SIDM and PIDM are shown in the 
docked position as they would appear following retrieval after a Shuttle 
deorbit operation. 

Attachment of the deployer to the Space Station is accomplished with the 
Space Station latches on. an interface adapter structure planned for 
Space Station that is necessary because most equipment will be smaller 
than the 5 meter truss size. 

The PIDM docking cylinder is positioned on the center of the 5 meter 
truss and the attachment latches are centered on the docking cylinder 
so that the tether tension loads react equally at the four node points 
of the Space Station structure. 

The deployable Tether Management Boom ( D I E )  is used during the time the 
PIDM is being transported from the deployer to the Shuttle cargo bay in 
preparation for Shuttle deorbit operations and until the Shuttle has 
moved far enough that the tether will clear the edge of the 5 meter 
cube. The Mobility System must move the PIDM around the face of the 
Space Station structure. Because the deployer is on the outside face of 
the structure, it is necessary to provide guide rollers which will 
prevent tether from dragging and becoming tangled in the structure. 
The and TMP are deployed with a modular unit with one common drive. 
The MRMS then removes the PIDM from the docking cylinder and places it 
on the Mobility System. The tether is positioned in the Tether 
Management Pulley (TMP) guide rollers and in the pulley on the end of 
the TMB. The deployer is required to maintain a minimum tension on the 
tether prevent tether slack as the Mobility System moves the PIDM to 
the Shuttle. The TMB and TMP remains deployed until the Shuttle has 
moved the tether clear of the pulleys. 

the 
TMB 

to 

The TMB is a folding boom that can be stowed and latched during Shuttle 
launch and deployment operations. The first section of the boom is a 
four bar linkage device which, during rotation, provides the force to 
rotate the outer section. Because the outer section must rotate more 
than the first section, a single stage gear set is provided at the pivot 
so that the outer section can pivot at a faster rate. The tether 
management pulley assures the tether will clear the PIDM docking 
cy1 inder . 
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4.1.2 

4.1.3 

4.1.4 

This deployer design makes the most efficient use of the structural 
members because they serve a dual purpose. They support the systems in 
the cargo bey as well as at the Space Station. 

Figure 4-3 does not show items such as motor controller, support 
electronic boxes, fluid lines and wnbilical connectors. They are 
connected to Space S t a t i o n  services after the deployer is in place. 

Configuration B. Figure 4-4 shows the deployer system designed to 
satisfy the deorbit requirements for the STS, the FT and w a s t e  disposal 
from a maximm altitude bf 370 km. This requirement is consistent w i t h  
the variable altitude scenario (case 111). The design is similar to 
Configuration A. The only difference being in the size of the 
camponents. As shown in Table 4-1, the reel, tether, motor/generator 
and radiator requirunenta are reduced and the total mass is reduced from 
5,796 to 3,878 ke and the tether mass is fran 3,858 to 2,504 kg. This 
approach will reQIce the acquisition cost and initial transportation 
cost of the tether deployer system. This option is the logid choice 
if the variable altitude scenario (Case 111) is selected for the 11 year 
period. 

Configuration C. This configuration is also similar to Configuration 
A. The subsystems m plllch d l e r  resultin8 in a total system XIKISS of 
2,389 kg compared to the 5,796 kg of Configuration A. This 
conficyuration represents the m i n h  cost and weight for a system that 
will perform tether assisted Shuttle d e w u r e s  from the Space Station 
from a m a x h  altitude of 370 km. 

Configuration D. This option represents the nrutinarm capability system 
anticipated for tether assisted deplopment of items from the SS and is 
shown in Figure 4-5. This system was designed to eccoomodate the OTV 
launch with 150 km of tether. Since the capability of this system is 
greater than any of the other requirements identified in Table 4-1, it 
can be used in a dual mode to deploy both the OTV ( u p a d )  and STS, ET 
and waste (downward) by utilizing the Space Station Mobility System. 

This configuration results in the largest reel size that will fit into 
the Shuttle cargo bay envelope with the reel positioned laterally. This 
orientation results in the minirmaa cargo bay length requirement (3.1M) 
If the reel is made larger, to accOrrmOdate a stronger tether for 
example, it will have to be positioned lengthwise in the cargo bay and 
will require greater cargo bay length. This change may also have a 
significant impact on the mounting of the deployer on the Space 
Station. If the tether mss increases significantly, the total deployer 
system mess will approach the car80 carrying capability of the Shuttle 
making the increased cargo bay length requirement academi C. 

Figure 4-6 shows a concept for delivering a replacement reel with 150 km 
of tether to the Space Station. This approach could be used to change 
out the tether on the Configuration D, or to upgrade Configuration A or 
B for (Trv deployments by replacing the smaller reel. This latter 
approach would be valid only if the Original system (Configuration A or 
B) were delivered with increased radiator and electrical power handling 
capability in anticipation of an eventual upgrade and the 
motor/generator required for the 150 km tether is delivered with the 
larger reel. 
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4.2 

4.2.1 

4.2.2 

The weights of each configuration are summarized in Table 4-2. The 
weight variations are due mainly to variations in the tether, reel and 
motor/generator system. 

Configuration Implementation. Several approaches are available to 
implement the four configurations discussed in paragraph 4.1. Final 
selection of the optimum apporach is not possible because many of the 
considerations present intaugible benefits or problems and the 
differences in cost are a small percentage of the total cost benefits. 
The subsequent paragraphs identify several alternatives and discuss some 
of the considerations to be used as selection criteria. 

c 
Baseline Amroach. The baseline implementation approach has been to 
initially deploy the full capability Shuttle deployer system 
(Configuration A) with a smaller 63 km x 7.11 mm tether. This approach 
provides all the deorbit capability required for the variable altitude 
scenario (Case 111) with a moderate initial weight. In 1999 when the 
OTV becomes operational and-;j$ the SS is placed in a constant 463 km 
orbit, the larger (79 kg x 8.13 hm) tether will be placed on the Option 
A deployer and the OTV deployer will be delivered. This baseline was 
selected before we had fully defined the advantages of combining the 
variable altitude approach with OTV launch, before we had the insight of 
the Mobility System planned for the Space Station and before we had data 
showing the benefits of Case I11 over Case IV. This baseline does not 
appear to have a lot to offer unless neither the variable altitude 
approach I11 or IV) nor the use of a single deployer for both OTV 
and Shuttle deployments are adopted. 

(Case 

The advantages and disadvantages of this implementation approach are as 
follows: 

Advantages : 

1. Moderate acquisition cost and initial delivery weight. 
2. Early capability for ET deorbit and waste disposal. 
3. Operational Experience is gained before freezing the OTV deployer 

design. 
4. Could use high safety factor tether (at a weight penalty) to gain 

experience at low risk of tether failure and reduced recoil 
dynamics. 

Disadvantages: 

1. 
2. 
3. Is oversized if variable altitude approach is selected for the 

Results in the maximum weight final system (Configuration A plus D). 
Requires tether replacement if SS is raised to higher orbit. 

eleven year period. 

configuration B Plus D. This implementation approach is nearly the same 
as the baseline approach except that the smaller Configuration B is 
initially deployed. The OTV deployer would be added in 1989 when the 
OTV becomes operational. This approach would be employed if the 
variable altitude approach is selected for the life of the program and 
the transportable dual OTV/STS deployer approach is not adopted. 
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TABLE 4-2 

DEPLOYER WEIGHT SUMYARY 
(Weights i n  Kg.) 

0 

. 

. 

SUB-SYSTEM CONFIG. A CONFIG. B CONFIG. C CONFIG. D 

SUPPORT STRUCTURE ASS'Y 190 158 136 265 

REEL 

MOTOR 

LEVEL WIND (INCLUDES BEARING - 
PULLEYS - TRACK SUPPORT 
STRUCT. TIMING SYSTEM) 

PIDM SUPPORT CYLINDER i? LATCBES 

TETHER MANAGEMENT BOOM ASS'Y. 

UPPER, LOWER i? FAIRLEAD 
ROLLER ASS'YS 

RADIATOR 

SUPPORT ELECTRONICS 

COLD PLATE 

METEOROID COVER (REEL) 

790 

318 

113 

23 

68 

82 

35 

160 

82 

23 

426 

249 

63 

23 

68 

82 

18 

160 

63 

12 

295 

159 

36 

23 

68 

82 

14 

160 

45 

9 

1,590 

681 

160 

23 

68 

82 

133 

160 

136 

37 

MISC. HARDWARE 9 7 5 16 

TETHER 3,858 2,504 1,312 7,717 

WIRING, COOLING LINES, 45 45 45 45 
UMBILICALS, INSULATION, ETC. 

TOTAL DEPLOYER 5,796 3.878 2,389 11,113 

- PIDM 1,193 1,193 1,193 1,193 

- S IDM 2,204 2,204 2,204 2,204 

TOTAL 9.193 7,275 5,786 14,510 
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Another situation that would encourage the use of Configuration B is if 
the variable altitude scenario is adopted and the OTV is launched 
without tether assist (Case 111) because of the possible undesirable 
frequency of tether operations if all Shuttle and OTV launches are 
tether or if the upper horizontal boom of the Space Station is 
occupied with a tethered science platform, a micro gravity tether, an 
electrodynamic tether or some other system that would preclude tethered 
OTV deployment operations. In this event the Om deployer would not be 
implemented. As seen in Section 2.0, variable altitude deployment of 
the Shuttle with non-tethered OTV deployment yields significant 
performance gains. 

The advantages and disadvantages of this implementation approach are as 
follows: 

assisted 

Advantages: 

1. Lowest initial cost and weight system. 
2. Provides early low cost capability for Shuttle deorbit from 

altitudes up to 370 km. 

Disadvantages: 

1. Limited capability. . 
2. No margin available for higher strength tether during early 

operations. 
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Advantaaes: I 

4 .2.3 

1. Lower acquisition costs and initial weight than Configuration A. 

2. Provides full Shuttle, ET and waste deorbit capability early. 
3. 
4. Moderate life cycle costs. 

Very low weight and cost if Configuration D is never employed. 

Operational experience gained before Configuration D design freeze. 

Disadvantages: 
1. 
2. 

No margin available for higher strength tether. 
High weight system if used with Configuration D. 

Minimum Initial Cost System. This approach is the same as the one 
discussed in paragraph 4.2.2 except that the minimum capability 
(Configuration C) deployer system is initially deployed. This approach 
represents the minimum initial cost and weight system, but also has 
limited capability since only the Shuttle can be deorbited from 
altitudes up to 370 km. This approach would be selected if fiscal 
funding constraints are severe during the development years and there is 
no interest in ET or waste deorbit and the variable altitude scenario 
(Case 111) is selected for the total 11 year period. 

. 



4.2.4 

* 

. 

4.3 

Configuration D. This implementation option involves installing the 
Configuration D deployer initially with a down rated tether (possibly 63 
km x 7.11 m). When the OTV becomes operational a full size (150 km x 
8.13 mm) tether will be installed and Configuration D will be 
transported to the top or bottom of the Space Station to perform both 
OTV and Shuttle tether assisted launches. This approach results in the 
lowest LCC for any system offering OTV tether assisted launch capability 
because only one deployer system must be developed and it provides the 
maximum capability and versatility. 

The advantages and disadvantages are as follows: 

Advantages : 

1. Provides the lowest LCC of any full capability system. 
2. Provides maximum versatility because a very strong tether could be 

used initially, resulting in a very low risk of failure and reduced 
recoil. The excess motor/generator capability (for Shuttle, waste 
or ET deployment) may allow shorter deployment times. 

3. All systems have very large margins during early applications and 
are more forgiving during the learning phase of operations. 

4. Maximum cost benefits over total program. 

Disadvantages: 

1. ,Highest initial cost and 
2. No opportunity to gain 

Configuration D design. 

We would recommend this 
operations scenario) if a 
operations are permissible 

weight 
operational experience before finalizing the 

option (Configuration D and Case III/V 
large number (up to 30 per year) tether 
because of the potential for maximum cost 

benefits. We would propose to outfit the reel with a large safety 
factor tether (perhaps up to 10) for the initial operation. This 
configuration would remain on the Space Station until something fails or 
until about 2 to 2 1/2 years before the OTV is scheduled to become 
operational. At this time the spare deployer would be installed on the 
Space Station and the initial one returned to the ground for detailed 
inspection, checkout, repair and to make modifications that may be 
indicated. It would then be outfitted with a 150 h tether and returned 
to the SS for OTV and STS deployment operations. The spare deployer 
system would then be returned to Earth, refurbished and modified as 
required and stand by to be used as a spare. 

Deployer Installation. on Space Station. Figure 4-7 shows the dual keel 
Space Station configuration with the Shuttle docked to a module with the 
PIDM and SIDM in place. The tether is attached to the PIDM and leads to 
the deployer as it will appear prior to Shuttle deployment for deorbit. 
The deployer is attached to the center cube of the lower horizontal boom 
for downward deployment operations. For upward deployment operations: 
i.e. OTV deployment, the deployer would be attached to the center cube 
of the upper horizontal boom. 
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Attachment the deployer at these locations will not be possible with 
the present Space Station structural member sizing because the forces 
applied to the structure at maximum tether tension will exceed the 
column buckling strength of the compression members by a factor of more 
than two. If these deployment locations are selected, the compression 
members must be made larger or as shown in Figure 4-7, additional 
tension members must be added to remove the load from the lower 
horizontal booms. Presently the truss members are 2.00 in. O.D.  x .06 
in. wall thickness graphite epoxy tubes. To support these high 
compression loads, these members must increase to 5.00 in. O.D. x .125 
in. wall thickness. If the members are increased in size at both the 
upper and lower horizontal boom, the structural weight will increase by 
290 kg. If tension reinforcing members are added rather than increasing 
the truss compression member size, the Space Station structural weight 
will Another option is to place the deployer at 
the end of the vertical keel which would remove beam bending and allow 
the tension loads to be reacted directly into one of the twin keel 
trusses. 

of 

increase by only 34 kg. 

Tether forces, regardless of deployer location, will exceed the ability 
of the Space Station attitude control systems to maintain normal Space 
Station attitude; therefore, during deployment operations, the Space 
Station will be gravity stabilized in an attitude dictated by the 
position of the deployed m a s s .  This means the Space Station attitude 
will be constantly changing as the deployed mass librates both in the 
orbit plane and out of plane. Since these librations are unavoidable, 
it would appear that the ideal location for the deployer is at the end 
of the boom, in line with one of the twin keels, thus avoiding the 
requirement to add additional structure to Space Station. This location 
would cause the Space Station to roll about the velocity vector up to 
about 18 degrees. This temporary attitude change should not cause any 
greater problem to SS operations than the unavoidable in-plane 
librations Locating the deployer at the end of the 
vertical keel also avoids interference between the Orbiter vertical tail 
and the tether for all docking locations. This issue does not have an 
affect on deployer designs discussed in this report. 

of up to 30 degrees. 

Since the Space Station will have a Mobility System for moving equipment 
to diffferent locations on the truss structure, the tether deployer 
system will use it to: 

1. 

2. 

3. 

4. 

Transport the deployer from the Shuttle to its operational location 
on the Space Station. 

Move 
that 
deployment operations. 

the deployer from one end o? the Space Station to the other so 
only one deployer will be required for both upward and downward 

Transport the PIDM from the deployer to the docked Shuttle where it 
is attached to the SIDM (which is already in place on the Shuttle) 
in preparation for Shuttle deorbit deployment. 

Transport the SIDM from the docked PIDM to the fuel storage area for 
transfer of its propellants to the storage tanks and move the STDM 
to the storage area until its next use. 
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5.0 COST MODEL, METHODOLOGY, AND RATIONALE 

The objective of the model is to estimate the cost of the Selected 
Tether Applications in Space program elements so that a cost effective 
concept can be recommended. 

The costing effort represents the current design and includes all costs 
incurred during the 42 month phase C/D design, development, test, 
evaluation, flight certification and production efforts. Net program 
benefits are presented for tethered versua non-tethered Space Station 
(SS) at both variable and constant 463km altitudes for an 11 
year period. 

5.1 Costing ADDroach. The WBS and WBS dictionary (Ref. 7) were prepared in 
cooperation with the MSFC engineering cost group. The WBS was used to 
provide a format for reporting all STAIS (and related SS, OMV, OTV, and 
STS) programmatic cost impacts. 

operations 

The mechanism for estimating and reporting costs to the WBS is a 
personal computer (E) predictive cost model called the Selected Tether 
Applications Cost Model (STACOM) which was developed by Martin Marietta 
using software from Lotus Development Corporation. The model calculates 
all phases of program costs using the technical description of the STAIS 
tether deployer systems and the requirements of operations support. 

Typical inputs to the STACOM model include: 

o STAIS subsystem component weights;’ 
o Operational time constraints; 
o Intravehicular activity (IVA) and extravehicular activity 

o Mean Time Between Failure (MTBF) values for hardware 

o Supporting program data/cost impacts; 
o Specific Shuttle transportation limitations/capabilities. 

(BVA) requirements; 

colponen t s ; 

The model SUUIS the costs by program phase and hardware element to 
produce a cost for each WBS element. The model is a tool for assessing 
the impact of design/operational variations on cost estimates. 

5.2 Costing Methodology and Rationale. The key to the STACOM cost model is 
the Martin Marietta Cost Analysis Data Base (CMB). This CADB (Ref. 8) 
contains historical cost data from previous programs (e. g. Tethered 
Satellite System (TSS), Viking, Titan, etc) in the form of cost 
estimating relationships (CERs). These CERs provide the means for 
estimating the cost of the STAIS program elements. Additional CERs from 
other sources (e.g. Space Station (Ref. 9), SAMSO Unmanned Spacecraft 
(Ref. lo)), were also used. 



5.3 

5.3.1 

5.3.2 

. 

. 

Cost avoidance techniques are used to reduce costs, e.g., the 
prototype/protoflight design philosophy is used to reduce costs yielding 
lower phase C/D costs. This results in a lower acquisition cost and 
reduces the Life Cycle Cost (LCC) by 20%. The prototype design 
philosophy will be used at the component level which requires testing of 
the unit as a whole and not testing of each individual component piece. 
All vibration, thermal, vacuum, acceptance and performance testing is 
done to flight qualify the hardware at the system level to assure the 
integrity and flight safety of the protoflight approach. 

Groundrules and Assumtions. 

General - The following costing groundrules and assumptions apply: 
0 
0 

0 

0 

0 

0 

0 

0 

0 
0 

0 

Costs are reported in constant fiscal year (CFY) 1987 dollars. 
Phase C/D estimates include fee, overhead, and general and 
administrative (W) costs. 
Normal GFE/GFP (e.g. Space Station launch site facilities and 
transportation) is assumed. 
A protoflight testing approach is used at the system level and a 
prototype testing approach is used at the component level. 
H a d w a r e  design incorporates maximum use of off the shelf 
mechanical, electrical and structural equipment. 
A 42 month phase C/D effort was used for design, development, test, 
evaluation and production estimates for the initial configuration. 
The flight program begins with the first tethered Space Station 
Shuttle operation and continues for 11 years. 
Maximum use is made of Space Station hardware comon to the STAIS 
tether deployer system hardware (e.g. electrical radiators). 
One tether deployer system shall be operational at all times. 
One ground baaed tether deployer system shall be maintained for 
contingency purposes. 
No costs for contractor monitoring and test facilities are included. 

, 

Design. Development, Test and Evaluation (DDT&E) 

DDT&E includes all non-recurring costs associated with the STAIS 
hardware, software, and WBS level 3 integration. 
SE&I (WBS element 1.3.3) costs include the efforts required to 
interface the STAIS hardware with the Shuttle and OMV. OTV 
interfaces are included when the OTV is part of the tethered mission 
operations. 
Bardware components produced for test purposes only are included in 
the estimate. 
Costs associated with all tests except recurring production 
acceptance tests are included. 
When tether deployer systems are used a cost method of applying 
similarity factors is used to estimate the second deployer system. 

two 
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5.3.3 

5.3.4 ' 

5.3.4.1 

5.3.4.2 

5.4 

Product ion. 

o Production costs include all recurring costs. 
o Production acceptance testing is included. 
o No production learning curve was applied to manufacturing due to 

the small production run. 

berations. Operations are divided into two parts. The first part 
includes the WBS' elements (Mission and Launch Site operations) that 
occur during the 42 month phase C/D development and production 
effort. The second part includes the WBS 1.4 (STS) and 1.5 (Space 
Station Integration) modifications, plus the 11 year space operations 
costs of tethered Shuttle, waste module and OTV operations. 

Phase C/D Mission and Launch Site berations. The phase C/D Mission 
and Launch Site operations costs include all prelaunch, flight and 
post-flight planning, procedure development, crew training, flight 
operations, and post-flight analysis. 

Space Station Tether berations. 

The 11 years of tether operations include all costs associated 
with prelaunch preparation and testing, flight hardware spares, 
checkout, deployment, tether operations, and post-flight 
inspection and storage of the tether deployer system. 
Spares are assessed using 90% of the the mean time between failure 
(MTBF) as the maximum life of each part over an 11 year period. 
Spares include one complete duplicate of each system (i.e. PIDM, 
SIDM, tether deployer module). They are maintained on the ground 
and transported to the Space Station when needed. 
The recurring coat of tethered operations begin with the first 
flight and continues for 11 years. 
Payload transportation costs are $100 million per Shuttle flight. 
Intravehicular activity (IVA) is assessed at $18K per IVA manhour. 
Extravehicular activity (EVA) is assessed at $HOE per EVA manhour 
(including 2 man EVA plus 1 man IVA monitoring EVA activity). 
EVA is used only for tether deployer installation and contingency 
operations. 
One OMV per tethered OTV mission is eliminated. Each OMV cost is 
f3.m (excluding propellant). 

Technolom. Test and kerations Philosophy. The philosophy for the 
technology effort concentrates on early development of critical path 
technologies (e.g. integral reel protor/generators, tether splicing 
devices, and 'reduced strength' tether detection mechanisms). 

The test philosophy uses the protoflight approach. 
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The operations philosophy has two parts. The initial Mission and 
Launch Site operations will make use of the experience gained from the 
Martin Marietta Tethered Satellite System program. The second part 
assumes maximum use of automation of the tether deployer interfaces 
(i.e. (XYS propellant transfer quick disconnect valves, total 
autonomous MRMS mobility about the SS, etc), modular systems for 
reduced EVA and maintenance, and minimum IVA for tether deployment and 
retrieval operations. 

5.5 Cost Avoidance Techniclues. Off the shelf equipment shall be used 
wherever possible, e.g., electrical radi,ators and mechanical cold 
plates. Every effort will be made to share SS hardware, i.e., 
radiators. 

The tether system (including pulleys, level winds and tether boom) 
shall be designed to accomodate various diameter tethers to satisfy 
any tether safety factor requirement, or tether deployment operational 
capability. 

Further total program acquisition cost savings could be achieved if a 
design to cost (DTC) program philosophy is incorporated early in the 
program and becomes an integral part of tether deployer program 
requirements. 

Space based cost avoidance techniques include transportation of the 
entire tether deployer module for tether replacement instead of 
designing and building unique aerospace support equipment (ASE) for 
each tether deployer system. This technique focuses on eliminating 
development and production costs for ME. This may incur increased 
space based tethered operations costs if the higher weight tether 
deployer system is used instead of perhaps lower weight ASE to 
transport replacement tethers to the SS and if the replacement is 
frequent. This approach offers low operational risks because critical 
installation and checkout is performed on the ground. 

Modular design for decreased EVA of on-orbit repairs reflects a 
progressive mode of total LCC cost reduction. Modular systems could 
be designed such that no EVA activity would be required to remove and 
repair on orbit (i.e. motor controller assembly could be mounted for 
ease of access, removal and installation, and spare parts conveniently 
stored on orbit as necessary). 
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5.6 Cost Model. The Selected Tether Applications Cost Model (STACOM) is 
an automated PC computer model (Ref. I) developed by Martin Marietta 
using Lotus Development Corporation software to calculate all phases 
of program cost based on the STAIS tether deployer system technical 
description and tethered operation requirements. Key features of the 
model include: review of program costs, benefits, or groundrules and 
assumptions; revise program costs, benefits, tether deployer system 
hardware lists, or user variables; perform "what-if" sensitivity 
analyses on one or two variables versus acquisition cost, LCC or net 
benefits of tethered operations; print groundrules and assumptions, 
program costs, tether deployer system equipment lists, operations and 
support costs, or program benefits; and perform funding spread 
analysis of program costs based on NASA recomended "beta" curves. 

5.7 Phase C/D Cost Summary . The STAIS cost analysis provides visibility 
into the 42 month phase C/D program effort, the 11 year space based 
recurring operations costs, and the relative net benefits of tethered 
Shuttle, waste module and OTV operations on Space Station. 

The STAIS phase C/D program cost estimates were developed by phases 
(i.e. D D W ,  production and operations). Figure 5-1 presents the 
program overview. 

A cost profile for each tether deployer system configuration by 
program phase ha8 been prepared using the cost estimates developed 
specifically for this study. The STAIS D D W  cost estimates include 
the total non-recurring costs to develop, integrate and test the STAIS 
system with the Shuttle and OMV supporting program interfaces. The 
Om integration is included in the cost estimates for the 
Configuration D tether deployer system. The DDT&E cost estimate is 
based on a new start, total program philosophy of hardware that 
requires several unique technology developments and extensive 
technology survey. GFE/GFP launch and facility costs are not included 
in DDT&E. The costs for GSE and SSE are included in DDT&E. Spares 
are included in the production and space based operations sections. 

Table 5-1 shows the DDT&E estimates for the STAIS configurations: A, 
B, C, and D. The total cost ranges from $64M to $88M (CFY 1987 
dollars). 

The hardware design and development cost is driven by the large 
percentage of cost expended on mechanisms (i.e. reel assy, drive 
mechanisms, 
the total DDTU cost. 

STAIS 

latches). These elements account for an average of 20% of- 

The recurring production costs for the STAIS system include only the ' 

Cost estimates for tethered Space Station operations hardware. 
Excluded are any DDTU ground test refurbishment costs. 
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Table 5-1 DDTW Cost Estimate (Millions of CFY 1987 Dollars) 

Configuration 
Description A 

Support Structure Ass’y $ 0.15 
R&l 
Motor 
Level Wind ( Includes 
bearing, pulleys, track, 
timing system ) 
PIDM Shpt Cylinder & 
Latches 
Tether Management Boom 
Upper, Lower & Fairlead 
Roller Assy’s 
Radiator 
Support Electronics 
Cold Plate 
Meteoroid Cover (Reel) 
Misc.. Hardware 
Tether 
Wiring, Cooling Lines, 
Umbilicals, Insulation, 
etc. 

PIDM 

S IDM 

Software 

WBS Level 3 Integration 
and Testing 

8.37 
1.63 

5.52 

0.05 
0.86 

2.34 
0.64 
1.46 
0.47 
0.27 
0.15 
0.18 

0.64 

11.15 

6.60 

3.00 

32.56 

B C D 

$ 0.13 
5.78 
1.56 

4.15 

0.05 
0.86 

2.34 
0.50 
1.46 
0.42 
0.22 
0.14 
0.18 

0.64 

11.15 

6.60 

3.00 

28.87 

$ 0.12 
4.66 
1.45 

3.24 

0.05 
0.86 

2.34 
0.45 
1.46 
0.36 
0.20 
0.13 
0.10 

0.64 

11.15 

6.60 

3.00 

26.85 

~~ 

$ 0.18 
12.93 
1.84 

6.60 

0.05 
0.86 

2.34 
1.19 
1.46 
0.61 
0.32 
0.18 
0.18 

0.64 

11.15 

6.60 

3.00 

38.23 

Total $ 76.04M $ 68.05M $ 63.66M $88.36M 
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5.8 

5.9 

Table 5-2 presents the production costs for each of the Space Station 
based tether deployer systems. Estimates for additional ground based 
hardware to accomodate tethered Shuttle, waste module and OTV operations 
on The total recurring 
cost required to meet initial Shuttle deorbit operations hardware . 
requirements (including one Shuttle tether deployer system, one Shuttle 
Interface Deployment Module, one Payload Interface Deployment Module) 
ranges from $224 to $27M. 

Space Station are not included in this estimate. 

Phase C/D Work Breakdawn Structure Estimates. The WBS (Ref. 7) used for 
phase C/D program cost estimates was developed by Martin Marietta. This 
WBS matrix format provides the flexibility to identify unique STAIS 
program costs and displays the results in a clear and concise format as 
can be seen in figure 6-1. 

The WBS program estimates were assessed to level 3 (see  section 6.0). 
Table 5-3 presents the total program cost estimate according to the WBS 

, .  for each deployer system configuration. -., 

The program cost estimate includes DDTdg costs and level 3 Shuttle, 
Space Station, OTV and OMV integration costs (WBS element 1.3.3). DDTU 
WBS program eleaents comprise an average of 74% of total phase C/D 
Costs. 

Production cost estimates include the initial production protoflight 
unit (with built-in payload carrier hardware). Production WBS program 
elamnts comprise an average of 23% of total phase C/D costs. 

Phase C/D Mission and Launch Site operations include planning, 
developing, and implementing prelaunch, flight, and post flight 
planning, procedure development, crew training, flight operations, and 
post Excluded are space 
based recurring costs associated with tethered operations: IVA and EVA 
for tether deployment and retrieval operations, deployer system 
installation, scheduled maintenance, and modifications for Space 
Station, OTV, OMV and Shuttle. The phase C/D Mission and Launch Site 
operations costs account for approximately 3% of the total phase C/D 
program cost. 

flight analysis for the tether deployer system. 

Figure 5-2 presents a typical WBS funding spread for Configuration B 
based on NASA recommended "beta" curves. 

Table 5 4  presents the program funding for the initial acquisition of 
Configuration B over the 42 month phase C/D effort. Annual funding 
levels were developed and are shown by WBS elements. 

Summary. Table 5-5 presents the summary of the four configurations 
(operating as single systems or in combination with the more versatile 
Configuration D tether system) under selected mission scenarios to show 
relative net benefits of tethered Space Station operations at constant 
463km or variable 305h to 395h altitudes. 
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Table 5-2 Production Cost Estimate (Millions of CFY 1987 Dollars) 

Conf imat ion 

Description A B C D 

Support Structure Ass’y $ 0.02 $ 0.02 $ 0.02 $ 0.03 
Reel 
Motor 
Level! Wind ( Includes 
bearing, pulleys, track, 
timing system ) 
PIDM Supt Cylinder & 
Latches 
Tether Management Boom 
Upper, Lower & Fairlead 
Roller Assy’ s 
Radiator 
Support Electronics 
Cold Plate 
Meteoroid Cover (Reel) 
Misc. Hardware 
Tether 
Wiring, Cooling Lines, 
Ihnbilicals, Insulation, 
etc. 

PIDM 

SIDM 

Software 

WBS Level 3 Integration 
and Testing 

Total 

1.51 
0.57 

0.86 

0.01 
0.12 

0.35 
0.08 
0.47 
0.07 
0.03 
0.01 
0.12 

0.23 

3.43 

1.81 

1.00. 

13.58 

1.01 
0.53 

0.59 

0.01 
0.12 

0.35 
0.05 
0.47 
0.06 
0.02 
0.01 
0.12 

0.23 

3.43 

1.81 

1.00 

12.83 

0.80 
0.47 

0.41 

0.01 
0.12 

0.35 
0.04 
0.47 
0.05 
0.02 
0.01 
0.07 

0.23 

3.43 

1.81 

1.00 

12.43 

2.39 
0.71 

1.07 

0.01 
0*12. 

0.35 
0.19 
0.47 
0.03 
0.04 
0.02 
0.12 

0.23 

3.43 

1.81 

1.00 

14.67 

$ 24.27M $ 22.66M $ 21.74M $ 26.75M 
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Table 5-3 
Total  Program Cost Estimate by WBS (Millions of CFY 1987 Dollars) 

WBS 
Number 

Conf iffurat ion 

Description A B C D 

1.3.1 

1.3.2 

1.3.3 

1.3.4 

1.3.5 

1.3.6 

1.3.7 

1.3.8 

~~ ~~ 

Program Mgmt $ 4.m $ 4.M $ 3.w $ 5.3M 

Technology 0.6 0.6 0.6 0.6 

SE&I 13.0 11.8 11.1 14.9 

Flight Tether 
System 34.6 31.1 29.2 39.9 

Assy & Checkout 31.2 28.2 26.5 35.9 - HWProcure, Fab, 

Ground Support 7.7 7.1 6.8 8.5 

Launch Site/Mission 
Operations 3.4 3.1 2.9 4.0 

Product Assurance 5.2 4% 7 4.4 6.0 

Total . $100.3M $ 9O.m $ 85.4M' S115.M 

' 
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Table 5 4  Configuration B Funding Spread (Millions of CFY 1987 Dollars) a 

\ 

WBS 
Number 

1.3.1 

1.3.2 

1.3.3 

1.3.4 

1.3.5 

1.3.6 

1.3.7 

1.3.8 

Fiscal Year 
Description 

1989 1990 1991 1992 

Program Mgmt $ 0.m $ 1.- $ l.m $ 0.m 

Technology 0.6 0 0 0 

SE&I 2.9 5.7 3.0 0.1 

Flight Tether 
System 16.9 14.1 0 0 

BWProcure, Fab, 
Assy & Checkout 1.6 17.8 8.9 0 

Ground Support 2.8 4.3 0.03 0 

Launch Site/Mission 
Operat ions 0 0.6 2.1 0.4 

Product Assurauce 0.2 1.4 2.6 0.5 

Subtotal $ 25.m $ 45.a $ 17.7M $ 1.M 

Total $ 90.7M 
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The fourth mission scenario campares the last six years of tether 
operations for the Configuration D dual mode deployer operating at 
either constant 463h (Case IV) or d i n e d  optimum variable SS 
altitudes (Came V) to non-tethered operations at 463b (Case I) and 
opt- variable (Case 11) altitudes. 

Total deployer system acquisition corrts presented include all phase C/D 
DDT&E, Production and Mission/Launch Site Operations costs ae described 
in section 5.7. 

The Life Cycle Cost (LCC) estimates include total deployer system costs, 
all 8ystem and component replacement transportation costs, on orbit 
operations IVA d EVA, and costs of using Space Station equipment and 
msourcea (i.e. MRS, camputer, electrical power and cooling). WBS 
elements 1.4 (STS) and 1.5 (Space Station Integration) modifications are 
included. STS modifications have been assessed at $7.0 M. Space 
Station modifications have been assessed at $1.0 M. 

% 

Net benefits of tethered operations are carpaFed to 11 years of 
non-tethered Space Station operations at optimum variable or constant 
463h altitudes. Benefits to Cost (B/C) (Ref. 11) ratios are included 
to assess the coet benefits of each deployer 5yster on a mutually 
exclusive investment alternative basis. A configuration option is 
deemed worthwhile if the B/C ratio is greater than 1 (Ref. 11). All of 
the configuration options identified provide superior returns for the 
mount of investrent estimated. 

Figure 5-3 presents tha net benefits camparison of Configuration B 
operating at optimum variable SS altitudes (including tethered Shuttle 
and waste module operations only) for 11 years (Case 111), and 
configuration B for the first five yemm, plua configuration D for the 
last 6 years of operatiom- at d i n e d  optimum- variable (Case V) and 
constant 463 la SS altitudes (Case IV). The d i n e d  optimum variable 
SS altitude net benefits are based on the results of the Shuttle cargo 
performance analyaes for calendar years 1999 and 2003. Average Shuttle 
cargo capability factors were derived by using linear regression 
techniques to provide the time series analysis results shown. 

Figure 5-4 presents the net benefits comparison of configuration D 
operating at optism variable SS altitudes, combined optimum variable SS 
altitudes, and constant 463 km SS altitudes for 11 years. The combined 
optimum variable SS altitude net benefits are based on the results of 
the Shuttle cargo performance analyses for calendar years 1999 and 
2003, Average Shuttle cargo capability factors were derived by using 
linear regression techniques to provide the time series analysis results 
shown. 
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Figure 5-5 presents -the typical Life Cycle Cost (LCC) breakdown of any 
of The 6 categories 
include transportation costs (74%), tether deployer system phase C/D 
costs (14%) , Intravehicular Activity (IVA) costs (8%) , Spares (including 
tethers) costs (3%), Extravehicular Activity (EVA) costs (0.6%) and 
remaining SS operations costs (0.4%). Because of the large trans- 
portation costs identified significant effort must be allocated to 
tether weight reduction while retaining adequate tether strength. 

Figure 5-6 presents the cost sensitivity results of varying Shuttle 
transportation costs from $5OM to $150M per Shuttle launch. Net 
benefits are presented for Configuration B plus D deployer systems 
operating at combined variable SS altitudes including a total of 116 
tethered Shuttle, 27 non-tethered (extra cargo), 44 tethered waste 
module and 48 

the 4 tether deployer system configuration options. 

tethered OTV deployments. 

Figure 5-7 presents the assumed particle/tether diameter ratio versus 
safety factor values used to calculate net benefits versus tether 
replacement frequency. These values cover an arbitrary range of 
assumptions relating the survivability of tethers following impacts by 
micrometeoroid or debris. The curves were constructed based on the fact 
that at a safety factor of 1.0, the tether will break if impacted by any 
size particle; and curves become asymptotic to some ratio of particle 
size to crater diameter. Crater diameters to particle size ranging from 
3 (typical of steel) to 10 (typical of plastic) are covered in the 
curvet3 shown. The effects of hypervelocity particle impact on tether 
under operating tension is the subject of IRAD (Independent Research and 
Development) task F67S currently under study at M A .  

Figure 5-8 presents the results of the cost sensitivity of increasing 
the safety factor of the OTV tether versus the net benefits of 11 years 
of combined optimum variable SS altitude tethered Shuttle, waste module 
and Om operations. Configuration option B was used during the first 
five years of variable Space Station (SS) altitude operations including 
20 tethered Shuttle deorbits, 20 tethered waste module deployments, and 
20 additional increased cargo capability non-tethered Shuttle flights. 
The last six years included combined optimum variable SS altitude 
operations including 52 tethered Shuttle deorbits, 24 tethered waste 
module deorbits, 51 additional increased cargo capability non-tethered 
Shuttle flights, and 48 tethered OTV deployments. The net benefits are 
calculated based on changing the tether replacement frequency of the 
OTV tether for the given safety factors (2, 5, 7.5, 10). The Shuttle 
tether replacement frequency stayed constant at one replacement for 
every 20 deployements (Shuttle or waste module) for the analysis. The 
number of missions between hits for a tether of a given safety factor 
was determined using the criteria presented in figure 5-8. 
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The net benefits table shown in the lower right hand portion of the 
graph indicates the net benefits versus safety factor for the three 
(pessimistic, nominal and optimistic) acceptable particle size 
assumptions, plus the calculated number of missions between hits 
(numbers are in parentheses on the graph) for the particular tether. 
Note that for the operational scenario defined the total net benefits 
peak when the number of missions between unacceptable hits is equal to 
the total n d e r  of missions (168 for this analysis). Increasing the 
aafety factor beyond that required to perform all the missions using one 
tether is not cost effective, as seen in the table. Using the nominal 
damage assuption the optimum safety factor would be between 2.0 and 
5.0. If the damage assumption curves reflect the range of conditions 
that actually occurs, the selection of a safety factor of about 5 would 
be a good risk. At the pessimistic assumption the net benefits are 93% 
of the maximum available. If the nominal assumption proves valid, the 
probability is high that only one tether would be required and the net 
benefits would be 98% of the maximum available. The maximum available 
net benefit (i.e. $2.5B for the combined optimum variable SS altitude 
tethered Shuttle and OTV operations) is defined as the benefit achieved 
if a tether with a safety factor of 2.0 would survive the total eleven 
year period. Selection of the optimum safety factor must await the 
outcome of tests to define the performance of the various candidate 
tether designs in the operating environment. 
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A Work Breakdawn S t r u c t u r e  (WBS) was generated to define the pmducta 4 
services required to deaign, develop, test, install and opemte the 
tether deployer system for the life of the program. This WBS was used to 
support the cost analysis. The WBS tree is prese!nted to level 4 in 
Figure 6-1. The final WBS ami the WBS dictimary are prblished uder 
separate cover (Ref. 7). 
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7.0 

7.1 

7.2 

CRITICAL TECHNOLOGY DEVELOF'MENT REQUIREMENTS 

This study has identified several technology areas that must be solved 
before the potential benefits associated with tether deployment of 
Shut,tles and/or OTV from the Space Station can be realized. These 
areas are briefly discussed in the subsequent paragraphs. 

Slack Tether Dynamics. 
release of a large payload or a failure of the tether due to debris or 
micrometeorite impact must be well understood and demonstrated before 
a safe, reliable tether deployment system can becaw operational on 
the Space Station. 
performed but the results are not conclusive. 
the few hundred meters of slack that may form near the Space Station 
following release of large payloads such as the Shuttle or Om. 
slack tether must be avoided or controlled to prevent it from becoming 
entangled with SS protrusions such as sensors, antenna, etc. 

The behavior of the tether following either 

Several studies and simulations have been 
The primary concern is 

This 

In case of tether failure, the Shuttle and OTV may also be exposed to 
slack tethers. 
ends of the tether following an indication of a break. This approach 
requires a very reliable sensor to avoid severing an unbroken tether 
following an erroneous signal. Safety considerations may dictate this 
approach in the near tern, however, as a long term operational concept 
it has the serious shortcoming that two lengths of tether are released 
into uncontrolled orbits. 
tether for Om deployments could be several months, causing the 
addition of a significant amount of debris. 

An approach that has been proposed is to sever both 

The orbit lifetime of the upper segment of 

Tether Design, Inspection and &Pair. A key parameter influencing the 
cost benefits of the tether system is the frequency of tether 
replacement. The tether typically accounts for 55 to 70% of the total 
deployer system mass. 
of the tether must increase to improve survivability. The tether 
transportation cost becomes intolerable with frequent replacement 
making it mandatory that we understand the damage created by particle 
impact, develop methods of inspecting the tether during retrieval, and 
establish reuse criteria. 
patching up surface coating blemishes to cutting and splicing the 
tether to remove are- showing major damage should be evaluated. 

The tether design and construction muat be optimized to provide the 
required lifetime at minimum weight. 
for this application are Kevlar and Spectra. 
susceptible to degradation from exposure to W and atomic oxygen and 
will, therefore, require a protective coating. Spectra also has poor 
creep characteristics but very good fatigue life compared to Kevlar. 
Optimizing the tension member material, safety factor, coating 
material etc. is a significant technoloo development requirement. 
Methods of reducing recoil by material selections, coating material or 
impregnation treatment should also be considered. 

This value will be higher if the safety factor 

Methods of on-orbit repair that vary from 

The materials currently favored 
Both candidates are 



7.3 Design of the Reel/Motor/Generator &stem. The motor/generator ami reel 
assembly constitute key canpmenta of the tether deployer system. The 
Wlopment of apece qualified motor/generators with high pawer (40 to 
300 HP) that may be in- to the reel is expected to be a long lead 
item. 
(MCA) cooling system and pcrwer dissipation system w i l l  represent a 
significant techwlogy d!€?velopmt. 

Integration of this -ten with the Motor -troller Assembly 

7.4 pror# llant Transfer and EJenen earent. 
available fmm the tether deploymnt concepts presented in this report 
stem from scaveaging propellant from the Shuttle. The technologies for 
mtlnaping and transferring propellants fmm the Shuttle to the SIDM, ad 
fram the SIDM to the W, SS tank or other uses by remote control must be 
develaped in order to reap the potential benefits offered by the tether 
deplosment-. 

Significant portions of the benefits 

7.5 Automation ad Remote Omrations. A significant portion of the 
aperational costa of the tether deplogment is the IVA (at $18,000 per 
hour) and EVA (at $150,000 per hour). 
using autamtion a d  rewte operations to the 

These coats may be minimized bY 
extent possible. 
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8.0 CONCLUSIONS 

The following conclusions may be drawn from the results of the STAIS 
Phase I11 study: 

A. 

B; 

C. 

D. 

E. 

F. 

0. 

E. 

The use of tether assisted launches of Shuttles and O T V s  from the 
Space Station result in net increases in effective cargo weight, 
compared to the optimum non-tether approach (Case 11), varying from 
15,000 kg in 1994 (Case In), to 89,100 kg in 2003 (Case V). 

The maximum benefits (89,100 kg) result from the use of tethers for 
launching both Shuttles and OTV’s from the optimum variable 
altitude, (Case V). This approach requires the largest number of 
tether operations (up to 30/year) and results in more frequent 
disruption of the Space Station.. aal tude ’and microgravity 
environment. 

Potential net cost benefits over tLe 11 year period range from $1.3 
billion for the Space Station operating at the optimum variable 
altitude (Case 111) for 11 years to $1.9 billion for Case v, 
launching both Shuttles and O m ’ s  from the optimum variable 
a1 t i tude. 

! L 
* - - -  - 

Continuing the optimum variable altitude Shuttle deorbits over the 
11 year period (Case 111) is more cost effective than returning to 
463 km when the OTV becomes operational in 1999 and using tether 
assisted launches of both STS and OTV (Case IV). 
allows the use of smaller deployment hardware and fewer tether 
operations; 4 per year without waste disposal or 8 per year with 
waste disposal. 

This approach also 

The cost benefits are much more dependent upon the operational 
scenario selected than on the hardware configuration used to 
implement that scenario. 

If Space Station operations are restricted to altitudes near the 463 
km currently planned, net benefits of $914 million are available by 
using tether assisted OTV and Shuttle launches starting in 1999 
(Case IV). 

Tether replacement frequency is the most sensitive parameter 
effecting costs, particularly at the lower numbers of tether uses. 
Increasing tether strength in order to assure at least 20 uses 
appears to be cost effective. 

Operational impacts to the Space Station such as acceleration 
levels, attitude variations and orbit perturbations are inherent to 
tether applications discussed in this report. Overall strategy for 
tether usage must consider the compatibility aspects for other Space 
Station users. 
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9.0 RRCOMENDATIONS 

The recommendations resulting from this study are separated into those 
involving configuration selection and those involving follow-on studies, 
design, development and test activities required to enable 
implementation of tether operations on the Space Station. 

9.1 Configuration Recommendations. As seem in previous sections of this 
report, several operational scenarios and hardware configurations result 
in very large performance and cost benefits. 
scenario has much more influence on the available net benefits than the 
hardware configuration selected, we recommend the configuration that 
provides the greatest versatility; Configuration D. This deployer 
system provides the maximum capability anticipated for use on the Space 
Station over the 11 year period, the ability to launch the OTV using 150 
Ian of tether. This configuration provides excess capability during the 
first 5 yea2k.of operation (before the OTV becomes operational). We 
recomaend that deployer Configuration D be initially deployed with a 
shorter (63 km) tether providing the capability to deorbit the Shuttle, 
waste and the ET frm the optimum variable altitude (Case 111). 
recommend that a tether safety factor of approximately 5.0 (final 
selection after completion of hypervelocity impact tests) be employed 
for the first implementation. 
as follows: 

Since the operational 

We also 

The rationale for this reconmendation are 

-Maximum versatility; can support any operational scenario expected. 

-Has the potential of reaping the maximum net benefits, S1.89B for 
Case 9. 

-Net benefits are only 6!& (78M out of S1.3B) lower than the optimum 
configuration if Case I11 is used for the 11 year period. 

-Excess capability for first five years could be used to (1) reduce 
Shuttle deployment time, (2) increase tether lifetime and reduce recoil 
by using a large safety factor, and (3) gain operational experience 
with all subsystea operating with large safety margins. 

We would recommend implementing a lower capability deployer system (i.e. 
Configuration B) only if it is certain that the OTV will not be tether deployed 
or if the OTV will be very late, or if the reduced acquisition cost of 
Configuration B ($9lM) versus Configuration D ($115M) is critical to allowing 
implementation of a tether system on the Space Station. 
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9.2 Reconmendations for Future Activities 

Several follow on studies, test and development activities are 
reconmended in order to facilitate implementation of the tether 
deployment system on the Space Station at the earliest opportunity and 
to assure maximum benefits of the tether deployment concept. 

A. The tether conmmity should work very closely with the Space Station 
project to identify and coordinate requirements to assure that the 
Space Station configuration and operational approach are 
established, from the outset, to enhance implementation of tether 
deployment capability. This activity should define in detail the 
physical and operational interfaces that would assure maximum 
benefits with minimum impact to the Space Station operations. 
Operational considerations should include integrated time lines, 

,-,detailed proximity operations, methods of most efficiently utilizing 
L''-khe paJer generated during deployment, effects of micro-gravity, 
attitude, and altitude perturbations imposed during tether 
operations. 

B. Activity to establish design criteria for the tether should be 
continued and intensified. 
Tether Materials Study" whose primary activity is to evaluate the 
effects of particle impacts on candidate tether materials by 
exposing samples under operational loads to hypervelocity particle 
impact. The results of this task are expected to provide valuable 
data but will only begin to provide a database that will be required 
to establish accurate and complete design criteria. This activity 
should be extended to a wider range of load carrying materials, 
coatings, sizes, etc. 

EMDA is performing IRAD Task D67S "Space 

A companion activity should be the developlaent of methods of 
inspecting, testing or otherwise evaluating the tether after each 
mission in order to determine its suitability for subsequent 
missions. Since this study has shown that the transportation costs 
of tethers is exhorbitant for frequent replacement, methods for on 
orbit repair of damaged tethers should be investigated. 

C. Additional analyses and testing should be performed to define and 
demonstrate the behavior of the slack tether following release of a 
large payload or a tether break. 
could be performed to characterize candidate tether materials and 
construction techniques relative to damping and the efficiency of 
converting strain energy into kinetic energy of recoil. 
treatments and/or combinations of materials could be evaluated with 
the purpose of reducing recoil. 
demonstrate the validity of the analytical simulation models should 
be pursued. 

Relatively simple ground tests 

Various 

Formulation of ground tests to 

, 



D. Studies leading to definition of a flight demonstration of the use 
of tethers for transportation missions should be initiated. 
missions will demonstrate deployment and retrieval of tethered 
satellites and the effectiveness of control laws used to stabilize 
the system. 
objective the verification that transfer of angular momentum behaves 
as predicted. 
accuracy with which the resulting trajectory can be predicted or 
controlled and to determine the post-release behavior of the tether. 
This flight de-monstration could also be used to ckeck out control 
laws that would amplify and then damp out librations. This activity 
should result in a detailed test approach and a preliminary design 
of flight test harclware. 

The TSS 

Another flight demonstration should have as an 

It is particularly important to establish the 

An alternate approach to an early initial demonstration mission may 
be to utilize the last stage of an expendable launch vehicle (shared 
payload or dedicated) to deploy a second mass after orbit is 
achieved and to measure tether response and orbital changes after 
release of the second mass. This approach requires that the 
trajectory that places the spent stage into an acceptable orbit is 
compatible with the primary ‘payload requirements. 

E. The performance benefits analysis should be automated and the 
resulting computer program coupled to the cost model (STACOM) that 
was developed under the this study. 
allow rapid assessment of variations in mission scenarios and ground 
rules and support sensitivity analyses. 

This simulation approach would 

F. Reliminary designs leading to the development of space qualified - 
rotor/generator/reel arrscnrblies with the associated control systems 
over the range of power from 40 to 300 horsepower should be 
initiated. 
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