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A PARAMETRIC STUDY OF CENTRAL ANGLE OF TRAVEL 

AND TIME FOR REENTRY FROM NEAR-EARTH ORBITS 

By William R. Pruett
 

SUMMARY AND INTRODUCTION 

This paper is a continuation of reference 1, "General Parametric 
Study for Near-Earth Orbits," by Frank J. Suler. Contained in this 
report are the orbit-referenced' central angle of travel from retrofire 
to 400 000 ft and the time from retrofire to 400 000 ft as functions 
of true anomaly of retrofire. The same. ranges of retrograde pitch 
angles, retrograde AV's, and elliptical orbits are used in this report 
ad were used in reference 1. Sinc6 reference 1 presents reentry velo
city and flight-path angle at 400 000 ft, this document and reference 1 
should be used together to obtain a more valuable picture of reentry 
conditions. 

For additional information concerning near-earth orbits, see
 
reference 2.
 

MATHEMATICAL MODEL 

Keplerian equations, a spherical rotating earth, and instantaneous 
velocity changes were used in this study. The solutions were obtained
 
from the general elliptical orbit and reentry program, E042. Beta
 
angles are measured positive clockwise from the local horizontal, For
 
a geometric representation of the orbit parameters, see paragraph 2.2
 
of reference 1.
 

DISCUSSION OF RESULTS
 

The figures presented were plotted by an SC 4020 microfilm plotter. 
The plot program used (ref. 3) converts binary x-y coordinates gener- ... 
ated by an IBM 7094 computer into 4020 plot tapes. 



2 

L 

The curves plotted in the figures are not extremely smooth, for
 
two main reasons.
 

First, the true anomaly increment used was ten degrees; therefore, 
a computed point is plotted every ten degrees. These points were sim
ply connected by straight lines, and no attempt was made to fit a curve 
to them. Smoother curves could be obtained-by using a smaller comput
ing interval, but this would greatly increase the computing time. 
This could not be justified since the errors encountered using a 10

°
 

true anomaly increment were not significant when compared to other 
computation errors.
 

Second, errors existed because of the program's characteristics. 
In the program, true anomaly and time axe calculated from a computed 
value of flight-path angle. For the very slightly elliptical orbits 
which were considered, flight-path angles seldom exceeded ± 10, and 
calculations of true anomaly and time based on these angles were not 
extremely accurate. Some errors were found to be near +.o in true 
anomaly and t 60 seconds in time, but these errors were seldom exper
ienced.- The average error in computation, for the reason stated, was 
about .50 in true anomaly and t 10 seconds in time. 

These errors were obtained by simply interpreting inconsistencies
 
in the plots and are not meant to be highly accurate. In fact, this 
entire explanation of the figures is intended only to explain why the 
figures are not extremely smooth, not to describe how large the
 
inaccuracies are. However, for the general mission planning for which.
 
this paper is intended, the data presented is felt to be quite satis
factory.
 

Each of the figures presents both time from retrofire to 400 000 ft 
and orbit-referenced central angle of travel from retrofire to 400 0000 ft 
as functions of true anomaly of retrofire. Pitch angles of 00, 20', 400, 
600, 800, and 900 were used for each plot, and retrograde AV's of 
100 fps, 300 fps, 500 fps and 700 fps were used for each figure. If 
one or more of these parameters are not presented in a figure, reentry 
was not possible under those 6onditions. 



360 

,,320 

280 - -.-

2 - : --

~64 

- - - - -52 

- - -~ - - -
- -

-
-

68r 

6 
56---- -- -- --- -

-

240o 

2P200gl40 
-

12 
- --

240:-f--:-

d 

-:-:-:-:-

--

- - -

---:

48 

0-+44 

-

Ptch angle deg

--

.--

, 
-,-Pitchangle 

II

120 
160 

80 

.0.2. 6I0I4I . a24 
-0 

160 200 

-  -----

24-80::: 

-F- - - 

32 

20 

0 8 
r 

rN01 10 

- -4--- -

20 2 -6-O-,06 

True anomaly of retrofire, 6TR, deg True anomaly of retrofire, 9 TR' deg 

(a)Retrograde ,AV = 10 fps. 

Figure 1.- Orbit referenced central angle of travel and time from retrof ire to 400 000 feet versus true anomaly of retrofire as functions of various 
piich angles for aconstant retrograde AV; ha ,,100 nautical miles and hn = 80 nautical miles. 



32 - -

• -R- M--- ----- - --

P 0 

0 40 80 120 160 200 240 280 320 360 0 40 80 120 160 2tX) 20 28O 320 366) 

True anomly of retrolre, 6tR' *eg Tu nml trlo~e )R e 

) Rto-rad- AV 300 s, - -

FLgure 1.- Continued, 



180 - -F--i 

, 160 - - --

322111: 

28 - - 2 
140 ----

E' 12'- -

0 

RE 100 

0 

::0-
angle, 

80 

--------

-------~120-----------------------------------------

- ---- -- -- - - - j- -

i ------------------24 

32-------------------------------20 

I0 I I I II [ 

16 

" Pitch angle, degE2- O 
- PPitchitheg_ , 

I 

l 

: 

:9 

-------------

Pitch ngle, dg, , 

15120 160 200 

True anomaly of retrofire, 

240 280 

0TR. dlegI - k I- - -- -

320 36 

- - --- -

0 40 80 120 160 

True anomaly at 

200 

retrofi re, 

240 

0TR, dog 

280 320 360 

(ci Retrograde AV -5'00 fps. 

Figure 1- Continued. 



18 0 --

32 

-

-o N,--- --- - - - -
-

120 

160 

140 
IG 

-- - - - -

, 

. 

- -

-  -12 

- - - - - - - --

--------

-

28 -=- -- - - -- -,_ 

-

- - - --

- - - - -

----------------

- - - - -

-0 

- ~~ ~ ~------

---

~- d Rergrd-

- -----

0 ps 

--- 7 

---------------------------------------------

:AT
1 

:it 

Fii.- §r -C-n--l-ud-ed 

-

ti~ ~ ~ Fgr 1. Con----c---u-dedIM 1 



- - -

--- - -- - -

-- ------- 

--------- 

-360- 68[ I 1 1 1 1 18 1 1 1 1 1 1 - - - - - - - - -

- - -' - 6 --Pitch angle,- - Pg

320 

: : - 52-
-

240 20Pitch angle, P,dey.. : : - -: ----------

Pi Ir---- --


- 9 40 - %--------- 

2 0 1- - -

.116011 1-1,.1
10 IL-

12 16- -:------ - 
1680 : : -- ---10 -- - - - 

28 -- 1--

40- - - - - - - 20 - ---- - 

-- -- --.- -- - --

0 40 80 120 160 200 240 280 320 360 0 40 80 120 160 200 240 280 320 360 
True anomaly of retrofire, 0 TR, deg True anomaly of retrofire, 6 TR deg, 

(a)Retrograde AV - 100 fps. 

Figure 2.- Orbit referenced central angle of travel and time from retrofire to 400 000 feet versus true anomaly of retrof ire as functions of various 
pitch angles for aconstant retrograde AV; ha =150 nautical miles and hp - 80 nautical miles. 



----- ---- ---- ----- ---- ----

-- ----

180 - lI 

,--
32 Pitchangle . deg - ,ot 160 

----- ch-------+------------------

------------------------ -2 --- --
140- .120 ichage ,dg- - 7- -:.. - - - - - --------,----!
6 

-Y- --. -. - - - - - f/ ' < -- . -"i , II :- -I I:--"
 

S 

.2 60 - -- 

- -b -e~grd- --- -0-ps
 
0)0 

20 Rgur- - -2-- -
-

0 40 80 120 160 200 240 280 320 360 0 40 80 120 160 200 240 280 320 360 
True anomaly of retrofire, eTR, deg True anomaly of retrofire, 9TR' deg 

(b)Retrograde AV -300 fps. 

Figure 2.- Continued. 



180 

140 - 28 -

_Pitch angle, P, deg _ -

Z 
80 

Pitch angle, , deo - _- - -

- -- 16 
-. 
-

' 60 - 12 - ---- --

0- --

4 40 80 120 160 200 240 280 320 360 40 80 120 160 260 240 280 320 60 

True anomaly of retrofire, 6TR' dog True anomaly of retrofire, 8TR' deg 

(c)Retrograde -500 fps. 

Figure 2.- Continued. 

10 



0 

IO r--
--160- ---- -

- - - - - - - - --. - -3 

---1 - -0 28 - - -
140 - -- - - -

10 - 28----L 
-- --- --- --------- ----- -- ---- ---- - ---

0 0 ---- -o------- - -- - -- -- 0Paage. - ------ L -----

100 -20 - -
------------- - - Pitch angle. deg -

80 Pitch angle.,~ deg-- -- -- ---- ---- ---- ----

~40- - 8 

20 4 

0 40 80 120 160 200 240 280 320 360 0 40 80 120 160 200 240 280 320 360 
True anomaly of retrofire, eTR, deg True anomaly of retrofire, eTR, deg 

(d Retrograde AV =700 fps. 

Figure 2.- Concluded. 



, 320 
64 2 itch angle. 3,

11 

600 
d56 I 

280 Pitch angle, P, de5 

240 --- --o----- 4 
6--- - - -36 -

> 32 
1i(0 -

"5 .'2 28 

120 
- - 20 

80 --16 

80 8 

0)4 

0 40 80 120 160 200 240 280 320 360 0 40 80 120 160 200 240 280 320 36C 

True anomaly of retrohre, BTR, deg True anomaly of retrofire, eTR. deg 

(a)Retrograde AV - 100 fps. 

Figure 3.- Orbit referenced central angle of travel and time from retrofire to 400 000 feet versus true anomaly of retrofire as functions of various 
pitch angles for aconstant retrograde AV; h, = 175 nautical miles and h. - 80 nautical miles. 

j 
FH 



180
,° 

~160 

- 120 
"'6. 

' 

L-Pitch angle, l3, deo6 
f I

iii 
0 11 

120 

140 ,•. 
.. . . 

F 
'. + 

- -

I II 

. 
- - . 

- -,,o,..dg'_ : =i-------:--

.......... 
-- - -

-

-4- ---

152 

. ! : : : i , i . . . 
. . ... .. . 

68 
' 

566 

- -

44 Pitch angle, 1,deg -

--

-

---- - --

C40 

0 

z 

C-

-{ -,-,-,-----------------------

- ---
-_---- _ -7-- - --_ 

--- --.-. 

416LA12 

0 40 80 120 160 200 240 

True anomaly of retrofire, 6TR, dog 

280 320 360 0 40 80 120 160 200 240 

True anomaly of retrofire, OTR, deg 

280 320 360 

(0)Retrograde A - 300 fps. 

Figure 3.- Continued. 



- -- 

---

- --- 
----

-"- - - -d 

-I--I-I -I-I- II- ,.i
I 
16-- -- -- -- - -- - -- - - - ------- -- Pitch'ange, det 0 1 1 1:1] 1 

-6 - - - --] 

o 28
140 i a e e --- - - 

-, -- 24 -
120 - - - - - 

- - -lr-" -- _--------- --
10 - # # - o0 -20 - -- - - - ---- _-_ ... J_-=-- ... - ---- ----

-~~ --.. -- - --- ~~~~~ q-l -- ."-. ,-. . ..
 

S-0 -- E 12 /-- 
_-_--
- k -- -- 

- 0lg- re.- Cotnud"Z ---------~~~ --- . -------.--E --------
_---

-° --= 


--. - - Fiur otnud
 



-IOU 

I - U -- - - -- -- - - - - - - - -r 

1 0 

16001402 

-

------------------
- -- - -- -

-

---
-- -- -- _ 

---
" -

__-- -- --
--

32 -

----
24 - ! 

E 100 -c-a- -- ----- - -:-z 0 P d--

Pitchange, deitch ange,P, e : 

8 
-" -

16 
-- - - ---- -- -

-6-0 - 12-,9- -7.- --- - --

0 0 
40igure-3.-

8 20 10 20 240 - -80 +320 36 10 

8onue 

40- 2 60 0 20 28- 2 6 

------------ F- --- -

0 40 80 120 160 200 

True anomaly of retrofire, 

240 

TR, deg 

280 320 360 
Cd) 70 

0 
Retrograefps 

40 80 
2 -

120 160 200 

True anomaly of retrofire, 

240 

TR , deg 

280 
-

320 360 

(dt)Retrograde AV - 700 fps. 

Figure 3. - Concluded(. 



360 1 1 1 1 84 


~320 

280 

-

I III1-
J-I-

Pitchangle. 

-1 -

L 

I--- ----

deg------------

I:::: 
I I I--I 

. ---. 
:72 

------- ------
28 j---

80 
76 
76 

6
68 

- iji 
--Pitch angle, ., 

I
__j 

deg 

- -4.- --

S240 F 56-------I56 

200 
. 

~~i\'----------------- ---

-A-----------------------
_, 

--

;-- F--------

------

- - 

-

:- 52 
48-----------------N 
44-------

36 

.0 

a'l] 

0 

160 
1 2 

20-

12 
---------------------

-
1 -.-

0 40 80 120 160 200 

True anomaly of retrofire, 

240 

9TR' deg 
I 

1280 320 360 0 40 80 120 160 200 240 280 

True anomaly of retrofire, 61R, dog - --- -
320 

--- -
360 

- H 

(a)Retrograde AV = 100 fps. 

Figure 4.- Orbit referenced central angle of travel and time from retrofire to 400 000 feet versus true anomaly of retrofire as functions of various 
pitch angles for a constant retrograde ,AV ha , 203 nautical miles and hn "S80 nautical miles. 



360 . . .6, 

320 

28080

240-

a 
:-

: -: 

- -----

-
-+9, 

-

64 
- -

600 

56--------------

Pitch angle, 3,deg
48 -

0 200 -----

S 80-*-160 

120 

Pitch angle,Ddeg-----------------

U)~~~~-j :-----

:2 - - - -

--- --- - -

- -- -- -----
-32 

-+ 

-

-8--0 

28+-

S= 24-

6- - --

- - ---

-- - -- -

---------

'a; 
40 - 4 - - --- -

0 40 80 120 160 200 

True anomaly of retrofire, 

240 
6TR, deg 

280 320 360 0 40 80 120 160 200 240 

True anomaly of retrofire, eTR' deg 

280 320 360 

(b)Retrograde AV -300 fps. 



--- -- --- ----- 

--- ----
- - - - - - - - - - - - - - - - -

---- ----------

-- - - - -----

16o 1 
---- ---

t 
140 -- --- - - -- - - - 

--o --~ --? - itchanipe,1, dl -:1 -:--- -----
- -..- - - - - - - - - - --- 

1200 -~~ ~~~~~~-' -0~ 
-- * -- -- -* -§ - - - 24 

- -. - - - - I1111 -L -it12 

,--
 - 16 

0 - - - 
-- 2
 

8 0- -.--- - - - - - -- -- 0 ot e .--- # - - - - - - - 

-- 0--------------------- --- - - ---------

------------------.---------- IaeA :1I:40~ ~~~~~ -0-2-S -2 624 ~~~ -0 -8 - -0(e er 0 -Th 40 10 10 4 

Trueanoial dgofretrlir, tre aomay o retofie, d8%, 

40H 



p0o 

ISOj 

S Pitch angle, 0,deg7 4: --

28 -
- - - - - - -----

I-I 

I -m 

0 40 80 120 160 200 240 

True anomaly of retrolare. 0R, dg 
Zt8O 320 360 O0 

gd)RetrogradeOAV - 7n fPs. 

Figure 4.- Concluded, 

40 so 120 160 20D 240 

True anomaly of retrofire, OTR, deg 

280 320 360 



360 

-0-

J, 3201::--60 

-1-- 3600 

:J::--

- - - - -----

68 

64- - : : 

280 

240 

2200z 

o1 

-Itchangle,P, 

-

- -

-

- --  - - -1 148 
-

- -

C 

i 

56 -

- - - - - --

48 - - -

44 
4 -- -- Pitch angle, 0, dog
36 
32 --  - 

::::: 
- --

-

- -

--

-

, 120 241,20 

80 
80 

- - -- -- - 16 
12 

0 40 80 120 160 200 240 

True anomaly of retrofire, OTR, deg 

280 -320 360 0 40 80 120 160 200 240 

True anomaly of retrofire, eTRI deg 

280 320 360 

(a)Retrograde -V100 fps. 

Figure 5.- Orbit refernced central angle of travel and time from retrofire to 400 000 feet versus true anomaly of retrore as functions of various 

pitch angles for aconstant retrograde AV: ha . 100 nautical miles and h - 85 nautical miles. 

H,. 



R) 

0 

--l- l 
18a1,60- - -- - --3 - - - - -- -

0- - - - ------------------------- ------------

120 

0 

P 120 20 

-o-- -- -
"-0 - - - -- - - -Pitch- angle,,-- .-----------------------

60 1 90 - -p-
E4100 -2-6-0-4-8--6 2 20 -S -6-0-4-8-2- 1-,- - 360--

4040 

Pitch anogley o,degfre egTu nml frerfrOR e 

-- -4 

0 40 BO 120 160 200 240 280 320 360 0 40 80 120 160 200 240 280 320 360 
True anomaly of retrofire, GTR, deg True anomaly of retrofire, 0TR' deg 

(b)Retrograde AV 300 fps. 

Figure 5.- Continued. 



180 

0140 
160 

-

160 j-----------
--1 

32 

- -

C
- -

o 
" 120 - 4--- --- - -

S1002 
20 

80 --

E 
60 

40 
-H 

Pitch angle, 0,de 

I= 8 
-0------------------------------

low 

0 40 80 120 160 200 240 

True anomaly of retrofire, eTR, deg 

280 320 360 0 40 80 120 160 200 240 

True anomaly of retrohre, GTR, deg 

280 320 360 

(c)Retrograde AV -500 fps. 

Figure 5.- Continued. 

N'
i-H 



ro 
pa 

180 -
- -

-160 

- - - - - - - -- -- - - -- - -- ---- - - - - - - - - -: - --- - - -

3
--- -- :-

S 4 
- - - - - - - - --I I I - -- -

-------------------------------------------------------------------- 28 
-

-------
- - - - - - - 

------------------- ---------------

K-
--------

- 0 

20-12-------------------------------------------

E100-

-------

a 
20

--, 

120 -O-- - --
-~--

-- ----- - - - -- -------------------------- -LL 

80 16 -ha-g-e--e- - -

---- -------

0 40 80. 120 160 200 240 
True anomaly of retroire, 0TR, deg 

280 320 360 0 40 80 120 1.60 200 240 
True anomaly of r-rofire, eTR deg 

280 320 .,36,0': 

(d)RetrogradeAV 700 fps. 

Figure 5. - Concluded. 

-



360 1 -

.,320 - -I-------
64 
60 -6 

-

280 
R----- - -

56-------

5 2

- - - - - - 44 F I I 

80 	 1 

- I II I I 11 M,_!
0 40 80 120 160 200 240 280 320 360 0 40 80 120 1.60 200 240 280 320 360 

True anomaly of retrof0re, 8TR, rig True anomaly of rtrofire, 8TR' deg 

(a)Retrograde AV = 100 fps. 

Figure 	6.- Orbit referenced central angle of travel and time from retrofire to 400 000 feet versus true anomaly of retrofire as functions of various 
pitch angles for a constant retrogradedV; ha = 100 nautical miles and lD 87 nautical mies. 

pa 



180 
- - - - - - - - 32 ---

-

~140 
- --

:16----------------------------------

-----

- -

--- ----- i2 

28 
3 

160 

810 

- -----

-0---8 

° 
40 80-. 2-(}-C -4 -8-2-6 -0 -0 -2 -6-0 -240-- 

- - - - - -e 

- --- ---------

P.Litch angle.'I 

- -

---

-

- ----

' 

20 

- 280 + 4 2 

-

6 

60 -4 - F 8-

0 

0 40 80 120 160 200 240 

True anomaly of retrofire, 8TR' deg 

28fi 320 360 0 40 80 120 160 200 

True anomaly of retrofire, 

240 
9TR' deg 

280 320 360 

(b)Retrograde AV "300 fps. 

Figure 6.- Continued. 



- -- - - - -

l
3 2 1 1 1 lzISOj- - - I L a 160 

-
 -

- - 288 


140 --
C 

-
 -

-0120-


- - - - - $ 

0 12 8 0----- - 1- -- -- -- ------------ -------------

0 2 -, Pitch angle,-


Pitch angle, ---_-g-- l3,dee--

o 40 

04 -T --- P r anolo0,Rdleg -n ---- ! Tru m l of rer-ie lege etoie, - -TR 

0 40 80 120 160 200 240 280 320 360 0 40 80 120 160 200-6- - Fig=r- Conined 240 280 320 360 
True anomaly of retrofire, 61TR'deg True anomaly of retrofire, 90TR' deg 

II
(c)Retrograde AV -500 fps. 

Figure 6. - Continued. 

DO) 



(IN) 

1 -

1 -

0140 

4,-

0 

-
-0 

-

- - -

4 

-

- - -

0 

-

-o 
- - - -

-

-

- -

-

--
- - - -

- -

-

- - - -

, 
- -

2 
---

- 3 

-~4-------------------------------------

28 -- - -
- - - - - - - - - -

-
- -

-
- - -

I I I 

--------------

- - -

::-: 
: 

80- - -- F- - ::-

60----------
- Pitchangle,

° 40 -,----1--,-1 

S---------i 

deg--- - - - -----

12 -------

---

Pitch angle, ,deg - , 

20-------- -

0 40 

90 

80 120 160 200 240 

True anomaly of retrofire, eTR, deg 

280 

, i --

320 360 0 40 80 120 160 200 240 

True anomaly of retrofire, 0 TR, deg 

280 320 360 

(d)Retrograde AV -700 fps. 

Figure 6.- Concluded. 



360 I 68 7 

S320 
- 64 

0 
60 60-

- -

: 

-2t0 Pitcangle,dde-
-o 

2002 
2oo40 

-

- ----zr 
_j1 
-

56 

C 

'4844n 

4 

S- - 36 

- - - - - - - - -
- - 32 ---

l5 
1202 0= 

-
24 
20 

-

" 

. 

40 

80 

0 

-I_J_ IJ = E8 

C4 

L 

-
-..-

-

20 
16

2 

2 

12
1 : 

0 40 80 120 160 200 240 
True anomaly of retrofire, GTR, deg 

280 320 360 0 40 80 120 160 200 
True anomaly of retrofire, 

240 
0TR, deg 

280 320 360 

(a)Retrograde AV - 100 fps. 

Figure 7.- Orbit referenced central angle of travel and time from retrofire to 400 000 feet versus true anomaly of retrofire as functions of various 
pitch angles for aconstant retrograde AV; ha - 150 nautical miles and hP 87 nautical miles. 

p -) 

... 



Al 

3606 

C 

. 320 - -
64

60 

280 
-

56-----------
52

=24048 

200 

----

-40 ------

-Piltclangle, 0,deg --2- -
- -

Pitch ang~,, ............. 
: 

" 
0-

fo 120 24 

S 80 
40

-6 
"-' 

-. 

-

20 

12 

7- --- -

.-- 4 -

o 40 80 120 160 200 

True anomaly of retrofire, 

240 

TR, deg 

280 320 360 0 40 80 120 160 200 240 

True anomaly of retrofire, 8TR , leg 

280 320 360 

(b)Retrograde AV -300 fps. 

Figure 7.-Continued. 



180 1 
3 

"o 160 :: :3 I I I I I I I I I I I

: :- - 28: 
140

-1--- - - -- - -- " 24: Pitch angle, P,deg 90' " 
p 120 - - - - - - - -

-- - Pitch angle, 0,% deg - -

2 100 - -- - - C: 20 

C, : 80 
00---

40 8 

20 -----i -

0 40 80 120 160 200 240 280 320 360 0 40 80 120 160 200 240 280 320 360 

True anomaly of retroflre,"'TR, deg True anomaly of retrofire, GTR, deg 

(c Retrograde AV - 500 fps. 

Figure 7.- Continued. 



180 

S160 - - -- -- - -

o 140 
- - 28 

---

120 
--

- --
-- -- -- - -- -- - - -- -- -- 24 

too 

-

Pi- n 

Ta- o-e r d 

- -
-  20 

Pitchangle,, e 

Trunglean o a of re-ro-re0 -

H 

=60 JE 

Fgr 

12 

7.- Conlu 
ii 

-+ 

20 0 -- -- - -- - - --- -- 4 

ITI 

0 40 8D 120 160 200 240 

True anomaly of retrofire, 0TR, deg 

280 320 360 0 40 80 120I 160 200 240 

True anomaly of retrofire, OTR, deg 

280 320 360 

(d)Retrograde AV - 700 fps. 

Figure 7. - Concluded. 



- - -

j 36UI I -- -- ---- I---j-Ij-I 
68 T
 

AL1 1 .. L LiI
320 	 64 Pitch angle,,deg 

60

- 56
280 -2-

-Pitch angle,Pdeg - 

48-------o 240 - -- a- -


o-	 36---I)---------- 

32 o 160 
28 -I
 

021,E 120 - -- C 24 

79 80 - ---
16-------

40 
8 

0 40 80 120 160 200 240 280 320 360 0 40 80 120 160 200 240 280 320 360 
True anomaly of retrofire, 0TR, deg True anomaly of retrofire, 0TR, deg 

(a)Retrograde AV - 100 fps. 

Figure S.- Orbit referenced central angle of travel and time from retrofire to 400 000 feet versus true anomaly of retrofire as functions of various 
pitch angles for aconstant retrograde AV; h - 161 nautical miles and hp= 87 nautical miles.a 



360 - - - -- 68 -. . . . 

320 -64
- - 60 0- :

§ 280 56

---
- -

-
52- -:-: 

- : 

240 - 48 
V- -- - -------------

- - 4 

& 200 -40- - - - - -

- -3- Pitch angle] "0 deg 
160 Pitchangle4.deg - - - 32 

2 7 -SL-- - --

-
12--

0 
-- - ----- r-2 

20 
--- -4 -

' - - - - - - - - - - - - - - - - 2 -

0 40 80 120 160 200 240 280 320 360 0 40 80 120 160 200 240 280{ 320 360 
True anomaly of retrvflre, 0TR' dleg True anomaly of retrire, 81TR'dog 

(b)Retro9-radeAV -300 fps. 

Figure 8.- Continued. 



180 -- -

1.,t 32 

A Pitch angle, P, degr - -
28 1 , 

140 -i-c-a-g-e-,-  - -I--- -

-1 101 !, 1i ' - -  - - ', 

o 100 20 

0 
16: : 

212 
0 

2C-0-----
J2 

40 ---

- -i ---- - - - ----

20-- - - - ----- - ---

0 40 80 120 160 200 240 280 320 360 0 40 80 120 160 200 240 280 320 360 
True anomaly of retrofire, OTR, deg True anomaly of retrofire, TR, deg 

(c)Retrograde AV - 500 fps. 

Figure 8.- Continued. 



180 -~-- - -  -  -

- t 32 
160 

- I I I -

----- 28 
~140- - -- -- -- - --- -- - - -- - -

l - -l- 24 - -- -
o2 12-

100 
l ---

- -

- --
=- -
820 

-2-
Pitch angte, 0, deg 

80 , 
Pitch angle,,deg 
, -- - 16 

80 -O- - -- - -- - 8 

-+H-- - -

iC 

I- I I 

1: 

0 -AI 

i 
I I 

0 40 80 120 160 200 240 280 320 360 0 40 80 120 160 200 240 280 320 360 

True anomaly of retrofire, eTR, deg True anomaly of retrofire, 9TR, deg 

(d)Retrograde AV * 700 Ips. 

Figure 8.- Concluded. 



- - ---- -- 

- -

- - --- --- 

360 - I I I I I I 101 68 

-'-4- , -- hangle, deg l , ,, 
-P1it 


32 I -- -0- - - I I I I I I I 

280 56 I 

o:Pitch angle, 0,deg :52 ! I I A( 1 

E240 -4 

- *- - -L 
- - - -


-0 40 - - - - -I-

- - 8 
- -

W~~~~ -2 012 
$-

---
- - -

-
-

-
-

-l--l 

-- -- - - - - -

2 l- l -l- -l 

--o 12001 6 0 - -- - 8 

- -I - -

()R rld A - 

40 80 120 160 200 240 280 320 360 0 40 80 120 160 23 240 280 320 360 

•True anomaly of retrfire, 8TR deg True anomaly of retrofire, 0TR, deg, 


(a)Retrogrde AV - 100 fps. 

Figure 9.- Orbit referenced central angle of travel and time from retrofire to 400 000 feet versus true anomaly of retrofire as functions of various 
pitch angles for aconstant retrograde AV; h =200 nautical miles and hp 87 nautical miles.a
 



11 1 IW 7 68 E m ~ z t ~ r :- -til -1 

I2I J4LL 64 
-20 60 

T-T 56
 
S280 ! "52 Pitch angie, 5, deg
 

o 240 P--44 

Pitch angle, p,- L- - 40 ,- -
E! 200- Is I I 

-- -0 
o 160 :I ~28 ---- i
 

24z 120 iL------- -i 2 

20 -t5 

4014 

360 0 40 80 120 160 200 240 280 320 360
0 40 80 120 160 200 240 280 320 


True anomaly ofretrofire, eTR, deg
True anomaly of retrofire, eTR, deg 

Cb)RetrogradeAV - 300 fps.
 

Figure 9.- Continued.
 



360 6 ..
- - - -  68 

320 - -
ii 

2 : 
- 64-

Lo - -

- - 56 -

280 ,, 
: - 52 

= 24 ::: -- - 44-

E ----------------------------------iz - 44--------------------------

E! 

M 
200 

,- 20-0 
40-:::--
-0 
36 

dg
Pitch angle,~,e 

160 Pitch angle, I,deg------ :-- -- 32 

.20 
-2 2 

0 40 80 lao 160 200 240 20 320 360 0 40 80 120 160 200 240 280 320 364 

True anomaly of retrof ire, GTR deg True anomaly of retrofire, 0TR' deg 

(c)Retrograde AV -500 fps. 

Figure 9.- Continued. 



- - --L32 
~-Pth angle, p, de 

I 

a 

140K 

+ 

-

- -.---- - ur 

(dl ~ ~f 

u 

~ N I,-Jad iV-7 

-- -- -

True ano,aly ofretrefiro, OR, d eg True anomelyof retrlre, OT,. deq 



-- -

- - -- - - - - - - - - - - - -- - -

0 II --	 -

&Pitchaitnhlegl., 
-Pitch angle, deg -	 -, -- ,t------

24

01
 

I-I
 

80 	 - -I I- -1 

60 	 : : : 12: 
0 0 8 10 10 0 4 280'.320:3 "0 24 40 8 2 6 4 8 2 6 

E02 

(a Rergrd00 00fs 
'=20 i i i -l -- -	 l 

fi l l 	 .".

0 40 so 120 160 20]0 2,40 280 320 360 0 40 80 120 160 200 240 280 320 360 

True anomaly of retrofire, OiTRdeg 	 True anomaly of rerofire, ()TR, deg, 

(aRetrograde A'V - 100 fps. 

Figure 10.- Orbit referenced central angle of travel and time from retrofire to 400 000 feet versus true anomaly of retrofire as functions of various 
pitch angles for aconstant retrograde AV; h8 = 100 nautical miles and h =90 nautical miles. 

',.O
 



-
0 

180 

160 - --- ---
o - -- -

-- - -
-

120 

-

i 24 -

-

o-,-'tc- n le- B-e- -- - - - - " -- - - [ -

o 00 

0 
lo - - -- -

----

-

---

'-

- -

------

--- ----
-------

t

-

E-24 --122 
2 

------

:-----:-.-I--I:II 

.40 80 120 160 200 
True anomaly of retrofire, 

240 
deg 

280 320 
-R 

360 0 40 80 120 160 200 
True anomaly of retrofi re, 

240 
0TR deg 

280 320 360 

(b)Retrograde AV =300 fps. 

Figure 10.- Continued. 



1808 

I 321-2 
160 -.- -

- - - 28 - - - -
~140 ------ HH -

0)--e I0 
---- -

- E 24-----------------------0: 

100 -

8080 ------ --------- :6 

- - -- Pitch angle, [3,de g 
.60 
.260 itch angle , deg 

12 

40 - . 8-F-.- -

---- -- - -

o 40 0 120 160 200 240 280 320 360 0 40 80 120 160 200 24D' 280 320 360 

True anomaly of retrofire, 6TR , deg True anomaly of rtrofire, E8TR,deg 

(C)Retrograde AV = 500 fps. 

Figure 10.- Continued. 



-- ------------------------- 

------------------------------------

180 

U -- 32
~D 160
 

H --------- 2.............................
C -2 

- 8-- -
----24
 

120
 
E 

100
 

1!6 

60 - 1
 
60 
 - - d - itch angle. deg


gPitch angle, ,egq---------- - E
 

20 
 4
 

°
 
0 40 80 120 160 200 240 280 320 360 0 40 0 120 160 200 240 280 320 360
 

True anomaly of retrofire, 81R, deg True anomaly of ret rofire, eIR deg
 

(d)Retrograde ,V =700 fps. 

Figure 10.- Concluded. 



360 

ap 320 

68 

60 Pitch angle, I deg 

280 ~52 

240 Pitch ange, , deg 

.S 240 - 111011111--------------

~20-------------
20 --- - - ' -

-- - -

---

-

- -

- -

44 

4 

8 

0 
- -

21 -

-

160 z . 12 

12 -

40 -- - - -- - - - -4--------------------------12----------" 

4 

-

- - -

0 40 80 120 160 200 240 

True anomaly of retrofire, OTR , deg 

280 320 360 0 40 80 120 160 200 240 

True anomaly of retrofire, 0TR, deg 

280 320 360 

(a)Retrograde AV - 100 fps. 

Figure 11.- Orbit referenced central angle of travel and time from retrofire to 400 000 feet versus true anomaly of retrofire as functions of various 
pitch angles for aconstant retrograde AV; ha = 150 nautical miles and h -90 nautical miles. 
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