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SEPARATION TRAJECTORY CHARACTERISTICS 

RESULTING FROM SEPARATING TWO 

VEKICLES IN NEAR-EARTE ORBITS 

By Ben F. McCreary 
Manned Spacecraft Center 

SUMMARY 

A parametric study was made of separation t ra jectory character is t ics  re- 
su l t ing  when one vehicle separates from another i n  near-earth orbi ts .  
separation t ra jec tory  parameters presented in  th i s  report apply t o  eccentric 
orb i t s  with perigees of 87 nautical  miles (n. mi.) and apogees up t o  161 n. mi .  
with circular  orbi ts  up t o  150 n. mi. Ball is t ic  numbers of the act ive vehicle 

were varied between 15 and 60 l b / f t  and separation veloci t ies  of up t o  50 ft/ 
sec  were considered. Proper selection o f  the separation parameters allows the 
two vehicles t o  be placed in any re la t ive  position desired. A posigrade sepa- 
rat ion w i l l  place the act ive vehicle behind the reference vehicle, and f o r  
cer ta in  b a l l i s t i c  numbers, the active vehicle w i l l  reverse position and go 
ahead of the other. 
h ic le  i n  f ront  of the reference vehicle, and radial separation w i l l  return the  
two vehicles t o  positions near each other i n  each succeeding orbi t .  

The 
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A retrograde separation w i l l  always place the active ve- 

INTRODUCTION 

During Project Mercury, a small sphere with a flashing l ight was ejected 
from the spacecraft and placed i n  a separate orb i t .  
observations up t o  15 n. mi. 
w i l l  involve the use of other orbit ing vehicles external t o  the manned space- 
craf t .  
board radar and computer by a separate orbiting radar beacon, and preliminary 
t ra ining i n  rendezvous and docking maneuvers using the orbit ing beacon are some 
of the projects now planned tha t  involve t w o  separated vehicles i n  near-earth 
orbit .  This same type of tes t ing  will also be applicable t o  other space experi- 
ments such as space station-ferry vehicle operations. m e r i e n c e  gained during 
Mercury and Gemini w i l l  be useful i n  the Apollo mission f o r  the rendezvous and 
docking of the lunar excursion module with the command and service modules. 

This test  evaluated visual 
Subsequent testing planned f o r  the Gemini program 

Astronaut t ra ining i n  visual observation, evaluation of the Gemini on- 

Other studies involving more than one orbiting vehicle are l i s t e d  i n  refer- 
ences 1 t o  4; however, there appears t o  be a lack of data i n  the area of the 
re la t ive  separation of two orbit ing vehicles. This report  presents the r e su l t s  



of  a parametric investigation and describes how b a l l i s t i c  number, separation 
velocity, and separation angle can be varied t o  place two vehicles a t  viqrtually 
any relative position desired. This study originated i n  support of the  pre- 
viously mentioned Project Mercury t e s t  and future Gemini missions. The resu l t s  
of these tests can be extended and generalized t o  6e applicable t o  most near- 
earth orbi ta l  programs. 
standpoint, no de t a i l s  w i l l  be given concerning the development of the equa- 
t ions of motion or the  technique of computation. This report i s  confined t o  
three orbits, with the basic resul ts  derived from two vehicles i n  e l l i p t i c a l  
coplanar o r b i t s .  
the results of t h i s  study t o  the Project Mercury test .  

Since t h i s  report i s  presented from an application 

The appendix presents a detailed report of the application of 

SYMBOLS 

A 

NB 

cD 

R 

AV 

W 

P 

surface area, sq f t  

b a l l i s t i c  number, W/CDA, l b / f t  

drag coefficient 

range, separation distance between two vehicles, n. m i .  

separation velocity, f t  /se c 

weight, l b  

separation angle referenced t o  loca l  horizontal, deg 
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METHODS OF V M I C L E  SEPARATION 

An active vehicle separated from a reference vehicle along the velocity 
vector w i l l  achieve the greatest  range f o r  a given separation velocity. 
grade separation w i l l  allow an active vehicle t o  go behind the other vehicle; 
a retrograde separation w i l l  allow it t o  go i n  f ront  of the other vehicle. 
angular separation reduces the effective separation velocity along the velocity 
vector, which, i n  turn, reduces the separation range f o r  given separation veloc- 
i t ies .  If the angular separation reaches kgOo, there w i l l  be no change along 
the velocity vector, and a radial  separation w i l l  occur, placing each vehicle 
i n  equal period o r b i t s .  A posit ive separation w i l l  produce an o rb i t  with the 
act ive vehicle behind the reference vehicle; a negative separation produces an 
orbi t  with the active vehicle i n  f ront .  This type of separation i s  desirable 
f o r  repeated observations. 

A posi- 

A n  
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This report  i s  confined t o  
from two vehicles i n  e l l i p t i c a l  
and 147 n. m i . ,  respectively. 

The apogee was a r b i t r a r i l y  
the two vehicles; however, data 

RESTRICTIONS 

three orbits, and the basic resu l t s  a r e  derived 
coplanar orbits with perigee and apogee a t  87 

selected as the point f o r  i n i t i a l l y  separating 
are presented which enable apogee separation 

results t o  determine other o rb i t a l  separation point resul ts .  
are made that w i l l  allow these results t o  be used f o r  other near-earth e l l i p t i -  
cal  and c i rcu lar  orbits.  

Generalizations 

The data f o r  t h i s  study were obtained by varying the parameters of the 
b a l l i s t i c  number, the separation velocity, the separation angle, and the o rb i t a l  
separation points. 

Results presented i n  this study are  based on a reference vehicle b a l l i s t i c  
2 number of 45 l b / f t  

2 60 lb/f t  ; therefore, the r a t i o  of the b a l l i s t i c  numbers of the two vehicles i s  
between 32.1 and 0.75:l. These ra t ios  w i l l  no t  give the same t ra jec tory  resu l t s  
i f  another reference vehicle b a l l i s t i c  number i s  used within the eccentric 
orbi ts  considered i n  t h i s  report. To maintain these r a t i o  limits, an increase 
i n  b a l l i s t i c  number would necessitate an increase i n  the mass of each vehicle 
and would lengthen the orb i t  lifetime. 
crease, and the  range within the r a t i o  l i m i t s  would converge. 
atmosphere density and pressure table  based on the Patrick Reference Atmosphere, 
the ARDC Model Atmosphere 1959, and an atmosphere derived from the Discoverer 
ser ies  satellites was used f o r  t h i s  study. This atmosphere i s  called the Mer- 
cury Atmospheric Model. 

and an active vehicle b a l l i s t i c  number between 15 and 

Separation distances would then in- 
A composite 

RESULTS AND DISCUSSION 

Vehicle Separa t ion  Method 

Along velocity vector.- When an active vehicle i s  separated i n  the posi- 
grade direction, it w i l l  i n i t i a l l y  go ahead of the reference vehicle. 
separation AV increases the period of the  active vehicle, and the two orb i t s  
begin t o  diverge. A s  t h i s  occurs, the active vehicle w i l l  always pass over the 
other and remain behind, i f  the b a l l i s t i c  numbers of the  two vehicles a re  rea- 
sonably the same. 

The 

If the b a l l i s t i c  number of the act ive vehicle is  below tha t  of the other 
vehicle, the orb i t  of the active vehicle w i l l  decay more rapidly. 
occurs, the act ive vehicle w i l l  pass under the reference vehicle and remain 
ahead throughout the f l i gh t .  If, fo r  a given case, the b a l l i s t i c  number of 
the act ive vehicle causes a more rapid decay r a t e  than desired, the e f fec t  can 
be overcome by increasing the separation velocity, thereby increasing the 

When t h i s  
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period of the active vehicle. 
f igure 1. 
effects are shown i n  par t  (b),  and separation angles i n  part ( c ) .  

Typical posigrade separations a re  shown i n  
Separation velocity effects a r e  shown i n  part (a) ,  b a l l i s t i c  lumber 

If the active vehicle is  separated i n  a retrograde direction, it w i l l  in i -  
t i a l l y  go behind the other. 
w i l l  begin a more rapid decay rate,  and the vehicle w i l l  pass under the refer-  
ence vehicle and remain ahead throughout the f l i gh t .  If t h i s  decay r a t e  i s  too 
rapid, the t ra jectory of the active vehicle w i l l  be terminated by reentry. 
Typical t ra jector ies  f o r  retrograde separations a re  shown i n  figure 2. Effects 
of separation velocity a re  shown i n  par t  (a), b a l l i s t i c  number i n  par t  (b), and 
separation angles i n  par t  (c)  . 

After a short  time, the o rb i t  of the active vehicle 

A n g u l a r  separations.- Angular separations have essent ia l ly  the same char- 
ac te r i s t ics  as both the posigrade and retrograde separations mentioned pre- 
viously. The separation AV, however, has a ve r t i ca l  component which reduces 
the effective separation AV by the cosine of the separation angle. This 
reduces the separation parameters by approximately the same r a t i o  as those 
obtained w i t h  no angular separation. Separation range can be approximated by 

where P = j 9 0  

For the retrograde separation R -0 must become Rp,180 and the angular sepa- 

ra t ion must be measured from 180'. 
P- 

Radial separation.- Radial separations r e su l t  i n  equal period orbi ts .  Max- 
1 imum range w i l l  be obtained a t  the F p e r i o d  point on each orbi t .  Maximum al t i -  

tude occurs a t  the 1 and r p e r i o d  3 points and i s  e 5  percent of the maximum 

range. 
conform to a slope of 2. 
w i l l  reduce the flight-path angle and cause the active vehicle t o  go below and 
ahead o f t h e  other vehicle and return i n  an e l l i p t i c  pattern.  
separation w i l l  increase the fl ight-path angle and cause the active vehicle t o  
go above and behind the other vehicle and return i n  an e l l i p t i c  pattern.  

Range and a l t i t ude  have a l i nea r  variation with separation velocity and 
A negative rad ia l  separation (towards ear th  center) 

A posit ive rad ia l  

Effect of Considered Variables 

Bal l is t ic  number and separation velocity.- Ba l l i s t i c  number effects  on 
range a t  the end of each pass (longitude where i n i t i a l  separation occurred) a re  
shown i n  figure 3 f o r  specific posigrade separation veloci t ies .  These effects  
a r e  not universally proportional because resu l t s  with lower b a l l i s t i c  numbers, 
combined with lower separation velocit ies ( less  than 2 f t / sec) ,  tend t o  decay 
i n  orb i t  ra ther  quickly a f t e r  the f irst  pass. This can be seen i n  figure 3 as 
the separation velocity curves below 5 f t /sec pass tku'ough the 0 point, denoting 
tha t  the active vehicle has gone ahead of the other. However, b a l l i s t i c  numbers 
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2 above 30 lb / f t  , combined w i t h  separation velocit ies greater than 1 ft/sec,  o r  
a l l  ba2 l i s t i c  numbers combined with separation veloci t ies  greater  than 5 ft /sec,  
place the ac t ive  vehicle i n to  an o rb i t  whichwould be large enough t o  cause the 
act ive vehicle t o  remain behind the other vehicle fo r  three orbi ts .  Under these 
conditions, the range is proportional t o  separation velocity, and ranges f o r  
other separation veloci t ies  can be interpolated within a reasonable accuracy. 

Range determination as a function of b a l l i s t i c  number and separation veloc- 
i t y  is shown in figure 4. 
between 12 and 60 lb/ft2. 
passes are reasonably l inear .  
veloci t ies  on the  second and t h i r d  passes is  the  r e s u l t  of these veloci t ies  
trying t o  nu l l i fy  the differences i n  the two orb i t s  caused by mismatching the 
b a l l i s t i c  numbers of the vehicles. 

The curve w i d t h  i s  the  envelope of b a l l i s t i c  numbers 

Separation velocity e f fec ts  f o r  the first and second 
Convergence of the envelopes a t  higher separation 

The ef fec ts  of b a l l i s t i c  number and retrograde separation velocity on 
range are shown i n  figures 5 and 6. 
appropriate separation velocity and b a l l i s t i c  number, or reentry w i l l  occur 
during the second or t h i r d  orbit .  
not cause reentry within the three-orbit study, but those above 30 f t /sec have 
a great reentry probabili ty a f t e r  the first orbit. This cannot be effect ively 
decreased by increasing the b a l l i s t i c  number of the act ive vehicle. 
w i l l  probably occur after the first orb i t  i f  AV = 50 f t /sec 

15 lb/ft2. 

numbers when AV = 50 ft/sec, and f o r  b a l l i s t i c  numbers below 19 l b / f t  when 
AV = 40 ft/sec. By combining lower b a l l i s t i c  numbers with higher retrograde 
separation velocit ies,  o rb i t  decay i s  increased considerably. Reentry bound- 
a r i e s  do not m e a n  that reentry occurs a t  that point, but that reentry w i l l  
terminate the t ra jec tory  before the subsequent pass. 

Care must be exercised i n  selecting the 

Separation veloci t ies  below 30 f t /sec w i l l  

Reentry 
and NB = 

2 
In the t h i r d  orbit ,  reentry w i l l  probably occur f o r  a l l  b a l l i s t i c  

Separation angle.- Within the restr ic t ion of the report, the range accuracy 
using equation (1) is 92 percent. 

When a vehicle i s  separated radially, equal period orb i t s  w i l l  r e su l t  i f  

If the b a l l i s t i c  number of the act ive 
the b a l l i s t i c  numbers are matched. 
separation velocity as sham i n  figure 7. 
vehicle i s  greater than the b a l l i s t i c  number of the reference vehicle, the  
period is increased, placing the act ive vehicle behind the other. Conversely, 
when the  b a l l i s t i c  number of the act ive vehicle is below the b a l l i s t i c  number 
of the reference vehicle, the active vehicle is placed i n  front.  For unmatched 
b a l l i s t i c  numbers, figure 8 shows that the t ra jector ies  w i l l  be different  f o r  
90'  sep ra t ions ,  but they w i l l  return t o  the same point a t  the end of passes 
1 and 2, and almost the same point a t  pass 3. 

The range w i l l  have a l i nea r  variation with 

Relative Velocities After Separation 

The maximum velocity a t ta ined after a posigrade separation is dependent on 
vehicle separation velocity only. This i s  a diverging velocity (increasing 
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*. 
Separation velocity) and will maintain about the same value in each orbit as 

seen in figure 9. 1 
2 These velocities occur at the -period points. 

During each subsequent pass after separation, the velocity slows down, and 
a converging velocity (decreasing separation velocity) results f o r  a short time. 
m e  trajectory appears to loop, as seen in figure 1, and the active vehicle 
comes toward the reference vehicle for a short time. The size of the loop, or 
magnitude of the converging velocity, is primarily a function of ballistic num- 
her. 
figure 10. 
higher separation velocities, figure 11 shows that higher ballistic numbers 
reduce the converging velocity. This can be seen in figure 1 by each loop 
becoming tighter as the ballistic number increases. 

Effects of separation velocity on converging velocity are shown in 
Although this figure shows an increase in converging velocity with 

Helative velocities f o r  angular separations may be approximated within a 
reasonable degree of accuracy by using the equation (1) and substituting veloc- 
ity V in the place of R , giving P P 

When a vehicle is separated in a retrograde direction, it is not always 
confined to a definite pattern, as is the case in a posigrade separation. 
fig. 2(b). ) 
velocity. 
the active vehicle will begin a diverging rate. 
accompanied by a reasonable ballistic number can have a small converging rate 
as seen in figures 12 and 13. Velocity approximation cannot be made for 
diverging velocities resulting from angular retrograde separations, Diverging 
velocities obtained by a retrograde separation will be much higher and will not 
follow a cosine function decrease. 

(See 
There is no specific converging velocity increase with separation 

A high separation velocity can nullify any converging velocity, and 
A small separation velocity 

Application of Separation at Apogee to Other Separation Points and Orbits 

Other separation points.- At apogee and perigee the flight-path angle is 
essentially Oo, and the separation velocity is maximum in the horizontal direc- 
tion. Between apogee and perigee the flight-path angle is not Oo, and the 
separation velocity contains a vertical component. Ranges for a perigee sepa- 
ration can be obtained with the percentage curves in figures 14 and 15 by 
multiplying the apogee ranges by the values from the appropriate curve. Ranges 
for a separation between apogee and perigee are obtained by using the appropri- 
ate curve in figures 16 and 17. Apogee and perigee separations allow more com- 
patible separation distances than those obtained by separating between apogee 
and perigee. 

Larger ec.centric orbits.- Separation velocities which add some AV up to 
50 ft/sec to the inertial velocity will give essentially the same range and 
velocity values for orbits with apogee up to 161 n. mi. and perigee at 87 n. mi. 



Figures 3 and 4 and 9 t o  ll can be used w i t h  no adjustment. 
ra t ion ' for  the sme orb i t  w i l l  have smaller separation parameters by about 
7 percent of those shown i n  figures 5 ,  6, 12, and 13. 

A retrograde sepa- 

Circular orbit .-  Separation parameters are  dependent on separation veloc- 
i t y  only fo r  vehicles separated i n  a 150-13. m i .  c i rcu lar  o r b i t .  B a l l i s t i c  num- 
bers i n  this report  f o r  150-n. mi .  circular  o r b i t s  have no e f fec t  f o r  three 
orbits.  
and reentry problems do not ex is t  within the res t r ic t ions  of this study. 
Although the magnitude of separation distances a re  the same, posigrade sepa- 
ra t ions place the act ive vehicle above and behind the reference vehicle, and 
retrograde separations place it below and ahead of the other. 

Posigrade and retrograde separation veloci t ies  give the same ranges, 

Separation ranges f o r  c i rcular  orbi ts  are about 4 percent greater than 
2 those i n  figures 3 and 4 w i t h  NB = 45 lb / f t  . 

A s  a result of the separation characterist ic study discussed i n  th i s  re- 
port, the following conclusions may be reached: 

1. An act ive vehicle separated w i t h  a posigrade velocity w i l l  always go 
behind and above the reference vehicle. If the separation velocity i s  low 
enough and the  b a l l i s t i c  number i s  less than t h a t  of the reference vehicle, 
drag differences w i l l  cause the active vehicle t o  go ahead of the other vehicle 
after the first orbi t .  

2. An act ive vehicle separated i n  a retrograde direction w i l l  always go 
below and i n  f ront  of the reference vehicle and remain i n  that position, unless 
reentry terminates the t ra jectory within three orbi ts .  Trajectories f o r  a 
retrograde separation a re  not confined t o  a consistent pat tern as are t ra jec-  
t o r i e s  f o r  a posigrade separation. 

3 .  Range i s  reasonably proportional t o  separation velocity, and an ap- 
proximation of range f o r  angular separations can be obtained by the equation 
R = R cos f3, where R is  the separation distance between two vehicles and 

j3 
can be used f o r  a l l  separation angles except radial and near radial. 
a l l  accuracy of the  approximtion i s  92 percent. 

P B=O 
is the Separation angle referenced t o  the loca l  horizontal. This equation 

The over- 

4. Vehicles separated rad ia l ly  w i t h  matched b a l l i s t i c  numbers are placed 
i n  equal-period orbi ts .  
c le  above and behind the other vehicle, a n d a  negative radial separation w i l l  
take it below and i n  f ront  of the other. If the b a l l i s t i c  number of the act ive 
vehicle i s  greater than that of the reference vehicle, the active vehicle w i l l  
return t o  a point behind the other, and conversely, if the b a l l i s t i c  number of 
the act ive vehicle is  below the b a l l i s t i c  number of the other vehicle, the 
act ive vehicle i s  placed i n  front. 

A posit ive radial separation w i l l  take the act ive vehi- 
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5 .  Posigrade separation w i l l  r esu l t  i n  large diverging veloci t ies  a t  the 
1 --period point, and generally, mall converging veloci t ies  a t  the end of each 2 
period. Velocities obtained from a retrograde separation are not confined t o  
as specific a pattern. 

6. 
t ion  velocity and b a l l i s t i c  number, o r  reentry w i l l  occur during the second or 
third orbit .  

Care must be exercised i n  selecting the appropriate retrograde separa- 

7. Apogee and pzrigee separation allow more compatible separation dis- 
tances than those obtained by separating between apogee and perigee. 

Mamned Spacecraft Center 
National Aeronautics and Space Administration 

Houston, Texas, August 12, 1965 
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APPENDIX 

MERCURY PROGRAM FLASHING LIGHT EXPEXDE" 

The study fo r  th i s  report  began i n  support of an experiment planned f o r  
the Mercury Program. 
deployed t o  help gain information on an astronaut's a b i l i t y  t o  observe other 
objects i n  space under controlled conditions. 
obsemt ions  f o r  several o rb i t s  with a mininnun range of 1 n. m i .  and a maximum 
range of 15 n. mi. Bal l i s t i c  numbers of the instrument package and the space- 

c ra f t  were 28.21 and 45 l b / f t  , respectively, and the design separation veloc- 
i t y  of the package ejection spring was 10 ft/sec. 

An instrument package containing a flashing l i g h t  WBS 

The experiment required repeated 

2 

A radial separation w o u l d  produce the type of orb i t  f o r  repeated obser- 
vations; therefore, -9a" was chosen because the b a l l i s t i c  number of the package 
was l e s s  than that of the spacecraft, and it was desirable t o  have the package 
go below and ahead of the spacecraft. The rad ia l  separation was adequate, but 
it did not allow e n w  separation on the first pass f o r  a system tolerance 
on the separation angle. 
ments by placing the instrument package i n  an o rb i t  w i t h  minimum ranges between 
2 and 12 n. mi. andmaximm ranges between 6 and 15 n. mi. 
show the curves designed f o r  t h i s  experiment. 
the ejection angle on the minimum and maximum ranges of the package. 
ejection spring had a &5 percent tolerance on the AV capability. Figure 19 
shows the e f f ec t  of this tolerance cambinedwith the eject ion angle on minimum 
and maximum range. The re la t ive  posit ion of the package i s  presented i n  f ig-  
ure 20. 
the t i m e  his tory of the elevation angle and the range i s  presented i n  figure 21. 

This experiment was conducted during the t h i r d  through f i f t h  orb i t s  of 
the fourth manned orb i ta l  f l i g h t  in  May 1963. 
the astronaut was able t o  observe the flashing l i g h t  a t  the predicted ranges. 
(See ref. 4.) 

A near radial angle of -920 s a t i s f i e d  the require- 

Figures 18 t o  21 
Figure 18 shows the e f f ec t  of 

The 

This figure is  similar t o  the -9s separation shown in  figure 8(b); 

The resu l t s  were successful, and 
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Figure 3. - Effect of ballistic number on range for specific 
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Figure 5. - Effect of ballistic number on range for specific retrograde values of AV 
along the velocity vector. 
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Figure 6. - Range as a function of retrograde AV along the velocity vector 
for specific bal l ist ic numbers and orbit passes. 
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Figure 9. - Divergins velocity as a function of posigrade AV along the velocity 
vector for specific orbits after separation. All values of NB apply. 

20 



NASA-565-7934 
a 

50 

40 

30  

20 

10 

0 

50 

40 

30 
2 
j 20 
a 

10 

0 10 20 30 40 50 60 
Converging velocity, ft/sec 

50 

40 

30 

20 

10 

0 
Converging velocity, Wsec 

Figure 10.- Converging velocity as a function of posigrade AV along the velocity 
vector for specific ballistic numbers and orbit passes. 
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Figure 11. - Effects of bal l ist ic number on converging velocity for specific 
posigrade values of AV, along the velocity vector. 
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Figure 12  .- Diverging velocity as a function of retrograde AV along the velocity 
vector for specific ballistic numbers and orbital passes. 
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Figure 13. - Effect of bal l ist ic number on diverging velocity for specific 
retrograde values of AV along the velocity vector. 
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Figure 14. - Factor for Perigee range determination as a function of ballistic 
number for specific values of AV and orbital passes. 



NASA-S-65-793 2 

11 0 

100 

Y S 0 10 20 30 40 50 
W 0 AV, ft/sec 
L 
W 
Q 

2 100 
0 
Y m 
S 

.- 

.- 
5 Q) 90 
U 
W a 
S 

m, 
W 
Q) 
m 
W 
.- 
L 

100 
L 

Y- 
L 

Y 

0 

0 
0 m 
LL 90 

80 

0 10  20 30 ’ 40 50 
AV. ft/sec 

0 1 0  20 3 0  40 50 
AV, ft/sec 

Figure 15. - Factor for perigee range determination as a function of AV for 
specific bal l ist ic numbers and orbital passes. 
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Figure 16. - Factor for range determination between apogee 
and perigee as a function of bal l ist ic number 
for sDecific values of AV and orbit passes. 
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Figure 17. - Factor for range determination between apogee and perigee as 
a function of AV for specific bal l ist ic numbers and orbital Passes. 
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