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ABSTRACT AND LIST OF KEY WORDS 

This document presents the postflight trajectory for the 
Apollo/Saturn V AS-511 spent S-IVB/IU stage fron, CSM 
separation to lunar impact. The lunar impact coordinates 
and conditions are included. Some combinations of small 
S-IVB/IU stage related forces are hypothesized to account 
for a significant angular momentum increase and small 
translational perturbations. Trajectory dependent para- 
meters in geocentric and selenocentric inertial coordinates 
(PACSS4, reference epoch at mean nearest Besselian year) 
are listed at selected time points from Command Service 
Module separation +o lunar impact. 

Data relating to the tracking residuals (observed minus 
model calculated ( 0 - C ) )  are also given for the best- 
estimate trajectory. 
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SECTION 1 

The AS-511 f l i g h t  (Apollo 1C miss ion)  was launchea a t  i7 .54:00 
GMT on A p r i l  16, 1972. S-IVB s t a g e  r e i g n i t i o n  occurred dur ing  
t h e  f i r s t  TLI oppor tun i ty  and t h e  second burn of t h e  S-IVB 
s t a g e  i n j e c t e d  t h e  s p a c e c r a f t  o n t o  a t r a n s l u n a r  t r a j e c t o r y .  
Following t r a n s l u n a r  injection, t h e  Command and S e r v i c e  Module 
(CSM) w a s  separa ted  and docked wi th  t h e  Lunar Module (LA) and 
t h e  combination was e j e c t e d  from t h e  S-IVB/IU s t a g e ,  A series 
of maneuvers of  t h e  S-IVB/IU s p e n t  s t a g e  followed r e s u l t l n q  i n  
a lunar  impact trajectory. T h i s  r e p o r t  d i s c u s s e s  t h e  
r e c o n s t r u c t i o n  of  t h e  d i f f e r e n t  maneuvers exnerienced by t h e  
spen t  s t a g e ,  t h e  a n a l y s i s  o f  t r a c k i n g  d a t a  from t h e  S p a c e f l i g h t  
Tracking and Data Network, t h e  r e s u l t i n g  bes t -es t ima te  trajec- 
t o r y ,  and t h e  a s s o c i a t e d  l u n a r  impact poin t .  

The AS-511 S-IVB/IU l u n a r  impact mission o b j e c t i v e s  a re :  

a ,  The l u n a r  impact p o i n t  should be  w i t h i n  350 kin of t h e  
p r e s e l e c t e d  t a r g e t  a t  2.3 degrees  south  l a t i t u d e  and 
31.7 degrees  w e s t  longi tude ,  

b,  The a c t u a l  impact p o i n t  should  be  d e t e r m i m a  w i t h i n  5 
km (0,165 degree ) ,  

c. The t i n e  of impact should be determined w i t h i n  1 second. 

The l o s s  o f  s i g n a l  and t h e  a s s o c i a t e d  t r a c k i n g  d a t a  on A p r i l  17,  
1972, a t  21:03:59 C;MT precluded determining the impact l o c a t i o n  
and time w i t h i n  t h e  5-km and 1-second miss ion  o b j e c t i v e s .  
The impact l o c a t i o n  and t i m e  r e p o r t e d  by t h e  p r i n c i p a l  seismic 
i n v e s t i g a t o r ,  D r .  G a r y  Latham, and c a l c u l a t e d  from l u n a r  
impact seismic d a t a  is n o t  r epor ted  t o  w i t h i n  the l a t t e r  tw9 
mission ob jec t ives .  

The f i n a l  de terminat ion  o f  t h e  impact p o i n t  is 

2.24 + 0.33 degrees  nor th  l a t i t u d e  and 
24.49 + 0.33 degrees  v e s t  long i tude  

on h p r i l  i 9 ,  1972 a t  21:02:02. T h i s  l o c a t i o n ,  determined by 
t r a j e c t o r y  recons t ruc t ion ,  is  258 km n o r t h e a s t  of t h e  t a r g e t  
and is w i t h i n  t h e  350-km mission o b j e c t i v e .  This  impact 
p o i n t  is w i t h i n  8 km of  t h e  impact l o c a t i o n  c a l c u l a t e 2  from 
t h e  recorded seismic data .  The l u n a r  impact p o i n t ,  recon- 
s t r u c t e d  from t h e  t r a c k i n g  d a t a ,  is considered a c c u r a t e  i n  
p o s i t i o n  t o  wi th in  10 km. The t i m e  quoted above is taken 
from t h e  lunar  seismic d a t a  c a l c u l a t i o n  and is considered  
accura te  t o  wi th in  2 seconds. The l u n a r  impact p o i n t  and 
assoc ia ted  d a t a  presented  i n  t h i s  r e p o r t  supersedes  t h e  d a t a  
presented  i n  Reference 1. . 



SECTION 1 (Continued) 

During the Apollo 16 mission, the Lunar Impact Team changed 
the targeting activities considerably from preflight planned 
operations because of the following real-time indications: 

a. IU GN2 coolins pressurant leakage. 

B, Unanticipated IU velocity accumulations prior tc Timebase 
8. 

c, Suspected early S-IVB APS Module 1 propellant depletion. 

d, Unsymmetrical APS ullage performance. 

Becaure of these indications, a more efficient LOX dump 
attitude was selected to reduce the APS targeting burn 
requirement. Due to the problems with the vehicle, there 
would have been no opportunity to perform a second APS burn 
even if it had been required. 

Following passive thermal control (PTC) initiation, a 
significant increase in the angular momentum of the vehicle 
occurred during the early portion of the PTC time period, 
This angular momentum increase is attributed to reactions of 
the S-IVB/IU stage to some combination of several small 
forces present on the stage. Also, small translational 
accelerations of the stage observed in the tracking data 
during the early PTC time period are attributed to these 
small forces. 

The lunar impact conditions, together with several items of 
significance derived from the analysis and the best-estimate 
trajectory, are described in Section 2. The data used in 
the analysis and the accuracy of the best-estimate trajectory 
are di-cussed in Section 3, All times quoted in this report 
are Greenwich Mean T h e  (WT). The ephemeris used for 
the analysis is JPL IS19 with a time correction of 42-35 
seconds. Latitude and longitude in this report are quoted 
as positive north and east,. respectively, unless otherwise 
noted. 

Appendix A describes the methods used to analyze the track- 
ing data and the Instrument Unit's velocity measn~rements. 
Appendix B presents a t h e  history of trajectory parameters 
from CSM/LV separation to lunar impact. 



BEST-ESTIMATE TRAJECrORY AND LUNAR IMPACT 
MANEUVERS DISCUSSION 

The AS-511 S-IVB/IU t r a j e c t o r y  presented i n  t h i s  r epo r t  
represents  t h e  &st estimate of t h e  a c t u a l  t r a j e c t o r y ,  A 
list of s i g n i f i c a n t  events  assoc ia ted  wi th  t h i s  trajectory 
is presented i n  Table 2-1, L o s s  of t h e  downlink s i g n a l  a t  
21:03:59, Apr i l  17, 1972, l i ~ i t e d  data coverage a f t e r  
CSPI/LV separa t ion  to  the f i r s t  24 hours of  a poss ible  72- 
hour t racking period. Appendix B conta ins  a l i s t i n g  of 
s i g n i f i c a n t  parameters of t h e  t r a j e c t o r y  a t  selected time 
pc in t s  from CSWLV separa t ion  t o  lunar  *pact, 

The foil--ing thzee per iods  of f l i g h t  w e r e  e s t ab l i shed  f o r  
t h e  purpose of reconstruct ing t h e  best-estimate t r a j e c t o r y  
Lis ted i n  Appendix B. 

a. Pre-PTC Time Arc - f r o m  CSYI/Z.V separa t ion  t o  PTC 
i n i t i a t i o n  (23:49:06, Apr i l  16, 1972)- 

b, Early PTC Time Arc - from 00:00:00 u n t i l  04:00:00, 
Apri l  17, 1972. 

c, L a t e  PTC Time Arc - from 04:00:00 u n t i l  21:03:59, 
Apri l  17, 1972, 

Tracking d a t a  during these  t h r e e  t i m e  arcs w e r e  used with t h e  
Lunar Impact Determination ( L I D )  p r q r a m  t o  determine asso- 
ciated best-estiniate t r a j e c t o r y  segments. Appendix A contains  
a b r i e f  descr ip t ion  of t h e  L I D  program, 

T h i s  s ec t ion  discusses  t h e  following fou r  areas of  s i g n i f i -  
can t  i n t e r e s t  wi th  the  t r a j e c t o r y  information derived from 
t h z  t h r e e  t r a j e c t o r y  segments assoc ia ted  wi th  t he  t ime arcs 
1 is ted above : 

a. CSM/LM Docking, ~ j e c t i o n ,  and Evasive Maneuvers. 

b. Saf ing (CVS Venting and LOX Dump) and Lunar Impact 
Targeting Maneuvers. 

c. Passive Thermal Control and Perturbations.  

d. Lunar Impact Conditions. 

Although the prime ob jec t ive  of t h i s  report is t o  presen t  
t h e  f indings  assoc ia ted  wi th  Item (dl above, *is ana lys i s  
is extended to provide a reconstruct ion of the var ious  
maneuvers noted i n  Items (a) through (c) above. 
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F igu re  2-1 p r e sen t s  l ine-of-s ight  range-rate r e s idua l s  from 
Goldstone (GDSW) and Hawaii (HAW31 t r ack ing  s t a t i o n s ,  These 
r e s idua l s  g r aph i ca l l y  d e p i c t  t h e  major S-IVB/IU ve loc i t y  
changes a r i s i n g  from t h e  d i f f e r e n t  maneuvers, Residuals a r e  
obtained by d i f f e r enc ing  s e r v e d  range and range-rate d a t a  
f r m  a t rack ing  s t a t i o n  wi th  ca l cu l a t ed  range and range-rate 
d a t a  f r a n  a soph i s t i c a t ed  o r b i t a l  model f i t t i n g  po r t i ons  of 
t h e  d a t a  (observed minus ca l cu l a t ed ) ,  For Figure 2-1, an 
o r b i t a l  model con ta in ing  reconst ructed maneuvers is f i t t e d  
to  observed pre-PTC t r ack ing  d a t a  taken between 21:12:00 and 
23:48:00, Apr i l  16, 1972. Figure  2-1 r e s i d u a l s  are then 
generated by propagating t h e  reconst ructed CSM/LV sepa ra t i on  
state vec tor  forward without  us ing any model of t h e  maneuvers. 

Telemetered I U  accelerameter data after CSn/LV sepa ra t i on  
are used t o  assist i n  recons t ruc t ing  t h e  var ious  maneuvers 
depic ted  i n  Figure 2-1 which are used i n  t h e  pre-PTC d a t a  
f i t .  Figure 2-2 i n d i c a t e s  t h e  v a l i d i t y  o f  t h e  recons t ruc ted  
maneuvers by shawing Goldstone (GDSW) , Merritt I s l and  (MIL31 , 
and H a w a i i  (HAW3) l ine-of-sight  range-rate r e s i d u a l s  obta ined 
from t h e  LID program which propagated forward t h e  reconst ructed 
CSM/LV sepa ra t i on  stat4 vec tor  and used t h e  modeled maneuvers. 
The maneuvers are modeled such t h a t  dur ing t h e  e n t i r e  pre-PTC 
per iod the r e s i d u a l s  of  the t r ack ing  d a t a  are less than 
+0.05 m/s,  t h e  quan t i za t i on  l e v e l  of  t h e  accelerometer  data.  
Table 2-11 summarizes t h e  s i g n i f i c a n t  reconst ructed maneuvers 
experienced by t h e  S-IVB/IU fol lawing CSH/LV separa t ion .  The 
ca l cu l a t ed  d i r e c t i o n s  of t h e  acce l e r a t i ons  caused by t h e  
maneuvers are also presented i n  Table 2-11 f o r  comparison 
with t h e  platform gimbal angles,  

Figure 2-3 shows t h e  accumulated AS-511 Instrument Unit 
p la t form v e l o c i t y  d a t a  dur ing t h e  t i m e  per iod from CSM/LV 
sepa ra t i on  through t h e  APS luna r  impact burn. Figure 
2-4 provides t h e  platform gimbal angles  dur ing t h e  same t i m e  
period. 

2.1 CSM/LM DOCKING, EJECTION, AND EVASIVE MANEUVERS 

CSH/LV separa t ion  occurred a t  20:58:59, Apr i l  16, 1972, and 
docking occurred 1,014 seconds later a t  21:15:53. CSM/LM 
e j e c t i o n  occurred a t  21:53:15 wi th  t h e  APS evas ive  burn 
a t t i t u d e  maneuver i n i t i a t e d  646 seconds later a t  22:04:01. 
The 80-second APS evas ive  burn w a s  i n i t i a t e d  a t  22:12:08, 
one second l a t e r  than Timebase 8 i n i t i a t i o n .  

Although t h e  docking maneuver is v i s i b l e  i n  t h e  t rack ing  
r e s idua l s  of Figure  2-2, t h e  ve loc i t y  change due t o  docking 
is i n s i g n i f i c a n t  on the s c a l e  of quan t i za t i on  of  t h e  
accelerometer data.  Therefor%, t h e r e  is no docking maneuver 
e n t r y  i n  Table 2-11. 
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The r e c o n s t r u c t i o n s  o f  t h e  e j e c t i o n  and e v a s i v e  burn maneuvers 
are d e p i c t e d  i n  Table 2-11. The recons t ruc ted  e j e c t i o n  p i t c h  
=d yaw ang les  d i f f e r  by 3 anci 5 degrees ,  r e s p e c t i v e l y ,  from 
t h e  p la t form gimbal angles .  S ince  t h e  v e l o c i t y  change is no t  
t o o  l a r g e ,  t h e s e  d i f f e r e n c e s  are n o t  s i g n i f i c a n t .  The 
recons t ruc ted  evas ive  burn yaw ang le  c m p a r e s  w e l l  w i t f  t h e  
p la t form yaw gimbal angle .  However, t h e  evas ive  burn p i t c h  
ang les  d i f f e r  by 10 degrees  confirming an  unsymmetrical APS 
u l l a g e  performance. 

2.2 SAFI'NG AND LUNAR IMPACT TARGETING MANEUVERS 

Following L%e APS evas ive  burn,  a LOX dump a t t i t u d e  maneuver 
was i n i t i a t e d  a t  22:21:48 (see Figure  2-4) .  Because of  t h e  
unsymmetrical APS performance and a suspected  e a r l y  d e p l e t i o n  
of  t h e  APS Hodule 1 p r o p e l l a n t ,  t h e  Lun+r impact Team a t  t h e  
Huntsv i l l e  Operat ions Support Center  decidsd  i n  r e a l  t ime t o  
p l a c e  t h e  S-IVB/IU i n  a more e f f i c i e n t  LOX dump a t t i t u d e  than 
p r e f l i g h t  planned. Th i s  a t t i t u d e  change was t o  reduce later 
APS burn requirements.  A 300-second CVS v e n t  was i n i t i a t e d  
a t  22:28:47, A p r i l  16,  1972, and 280 seconds l a t e r  t h e  48- 
second LOX dump w a s  i n i t i a t e d  a t  22:33:27. 

A f t e r  t h e s e  two s a f i n g  maneuvers w e r e  completed, an  APS burn 
a t t i t u d e  mateuver was s t a r t e d  a t  23:24:37. A 54-second APS 
l u n a r  impact burn was then  i n i t i a t e d  a t  23 :34 :07, A p r i l  16,  
1972, Because o f  problems wi th  t h e  v e h i c l e ,  l i s t e d  i n  
S e c t i o n  1, no o t h e r  APS burn w a s  a t tempted (see R e f e r -  
ence  1). 

The r e c o n s t r u c t i o n  of t h e  above t h r e e  maneuvers i s  dep ic ted  
i n  Table 2-11, The recons t ruc ted  p i t c h  and yaw ang les  f o r  t i le 
CVS v e n t  d i f f e r  from t h e  p la t form gimbal ang les  by 6 and 8 
degrees ,  r e s p e c t i v e l y .  T h i s  may i n d i c a t e  t h e  CVS v e l o c i t y  
change is n o t  along t h e  l o n g i t u d i n a l  a x i s  of  t h e  v e h i c l e  b u t ,  
s i n c e  t h e  accelerometer changes a r e  q u i t e  s m a l l ,  t h e s e  
d i f f e r e n c e s  may n o t  be s i g n i f i c a n t .  The recons t ruc ted  LOX 
dump p i t c h  and yaw ang les  compare favorably  wi th  t h e  p la t form 
gimbal ang les  (see Table 2-11] . Again, t h e  d i f f e r e n c e s  shown 
i n  Table 2-11 between t h e  recons t ruc ted  APS impact burn ang les  
and t h e  p la t form gimba? ang les  of 7 and 3 degrees  i n  p i t c h  and 
yaw, r e s p e c t i v e l y ,  confirm an unsymmetrical APS u l l a g e  
performance. 

2.3 PASSIWE I'HERMAL CONTROL AND PERTURBATIONS 

Following t h e  APS l u n a r  impact burn,  S-IVB/IU s t a g e  r o l l ,  p i i c h ,  
and yaw body r a t e s  of  +O.S degree/second, -0.3 degree/second, 
and -0.3 d e g r e ~ / s e c o n d ,  r e s p e c t i v e l y ,  were commanded a t  
23:49:06, A p r i l  16,  1972, t o  i n i t i a t e  a th ree -ax i s  tumbling 
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motion. Approximately 17 seconds  l a t e r ,  a t  23:49:23, t h e  
f l i g h t  c o n t r o l  computer w a s  commanded o f f  l e a v i n g  t h e  S-IVB/ 
I U  s t a g e  w i t h  a r o t a t i o n a l  mct ion about  t h e  C.G. T h i s  
r o t a t i o n a l  motion provided  p a s s i v e  thermal  c o n t r o l  (PTC). 
A l s o ,  t h e  t h r e e - a x i s  tumbl ing  n o t i o n  was p lanned  t o  minimize 
t h e  t r a n s l a t i o n a l  e f f e c t  o f  any post-APS S-IVB/IU s t a g e  
r e l a t e d  p e r t u r b i n g  f o r c e s  by d i s t r i b u t i n g  t h e i r  e f f e c t s  i n  
a l l  d i r e c t i o n s  abou t  t h e  c o a s t i n g  s t a g e ' s  C.G. motion.  

F igu re  2-2, d e p i c t i n g  GDSW, MIL3, and EAk3 l i n e - o f - s i g h t  range-  
rate r e s i d u a l s ,  shows t h e  i n i t i a t i o n  o f  t h e  PTC maneuver and 
t h a t  the tumbling motion is  superimposed upon t h e  C.G. t r a n s -  
l a t i o n a l  n o t i o n .  Th i s  range  rate modulat ion o c c u r s  because  
t h e  stage's r o t a t i o n a l  an t enna  motion is  n o t  modeled i n  t h e  
LID program; o n l y  t h e  C.G. t r a n s l a t i o n a l  motion is modeled. 
The r e c o n s t r u c t e d  PTC maneuver, p r e s e n t e d  i n  T a b l e  2-11, w a s  
s o l v e d  f o r  w i t h  t h e  LID program by f i t t i n 9  t h e  e a r l y  p o r t i o n  
o f  t h e  PTC t r a c k i n g  d a t a  and f i n d i n g  t h e  needed v e l o c i t y  
change t o  make t h e  pre-PTC and e a r l y  PTC r e s i d u a l s  compat ib le .  

F i g u r e  2-5 shows Goldstone (GDSW) r a n g e - r a t e  t r a c k i n g  
r e s i d u a l s  d u r i n g  t h e  e a r l y  p o r t i o n  o f  t h e  PTC d a t a  coverage  
pe r iod .  F i g u r e  2-6 s h w s  T i d b i n b i l l a  (HSKW) r a n g e - r a t e  
r e s i d u a l s  d u r i n g  the middle  p o r t i o n  o f  t h e  PTC d a t a  coverage.  
F i g u r e  2-7 shows Madrid (MADW) r a n g e - r a t e  r e s i d u a l s  d u r i n g  
t h e  l a t t e r  p o r t i o n  o f  t h e  PTC d a t a  coverage.  A s i g n i f i c a n t  
i n c r e a s e  i n  t h e  f requency o f  t h e  tumble modulat ion o f  t h e  
range  rate (5.4 cph t o  10.4 cph)  can  be observed  i n  t h e  GDSW 
and HSKW r e s i d u a l s  (see F i g u r e s  2-5 and 2-61 d u r i n g  t h e  p e r i o d  
from abou t  00:00:00 ts 11:00:00, A p r i l  17 ,  1972, T h e r e a f t e r ,  
t h e  MADW r e s i d u a l s  (see F i g u r e  2-7) show a g r a d u a l  f requency  
d e c r e a s e  (10.3 cph t o  9.0 cph) from abou t  12:00:00 to  21:00:00, 
A p r i l  17 ,  1972 (also, see Fi;ure 3-51. 

An a n a l y s i s  of t h e  e a r l y  PTC r e s i d u a l s ,  u s i n g  a m o d e l  o f  t h e  
motion o f  a r i g i d  rod  a b o u t . t h e  C.G., s i m u l a t i n g  t h e  r o t a t i n g  
S-IVB/IU s t a g e ,  shows a  s i g n i f i c a n t  i n c r e a s e  of  t h e  a n g u l a r  
momentum o f  t h e  v e h i c l e .  T h i s  momentum i n c r e a s e  ev idences  
t h e  p re sence  o f  small p e r t u r b i n g  f o r c e s  t o r q u i n g  t h e  v e h i c l e  
(see d i s c u s s i o n  below).  A l s o ,  an  a n a l y s i s  of  t h e  t r a c k i n g  
d a t a  t o  r e c o n s t r u c t  t h e  C.G. motion g i v e s  ev idence  of  small 
p e r t u r b i n g  f o r c e s  t r a n s l a t i n g  t h e  v e h i c l e  s l i g h t l y  d u r i n g  t h e  
e a r l y  PTC p e r i o d  (see t h e  d i s c u s s i o n  i n  Paragraph  3.2.3). 

The S-IVB/IU PTC r o t a t i o n a l  motion d u r i n g  t h e  l u n a r  impact  
t r a j e c t o r y  w a s  ana lyzed  assuming t h a t  t h e  v e h i c l e  was a  
moment-free body and symmetrical abou t  i ts  l o n g i t u d i n a l  
a x i s .  With t h e s e  assumpt ions ,  E u l e r ' s  moment e q u a t i o n s ,  
which d e s c r i b e  t h e  r o t a t i o n a l  motion o f  t h e  body abou t  i t s  
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C.G., can be  solved a n a l y t i c a l l y .  The r e s u l t i n g  motion can 
b e s t  be  v i s u a l i z e d  by r e f e r e n c e  t o  Figure  2-8. A s  t h e r e  a r e  
no to rques  on t h e  body,angular momentum is conserved,  i .e.,  
t h e  angu la r  momentum v e c t o r  has  c o n s t a n t  magnitude and 
d i r e c t i o n  i n  i n e r t i a l  space.  The angu la r  momentum v e c t o r  
(h)  , t h e  angular  v e l o c i t y  v e c t o r  ( Z )  , and t h e  v e h i c l e  
l o n g i t u d i n a l  axis (XB) l i e  i n  a p lane .  This  p lane  r o t a t e s  
(p recesses )  about  t h e  angular  momentum v e c t o r  w i t h  angu la r  
v e l o c i t y  . A t  t h e  same t i m e  t h e  body rotates about i ts  
l o n g i t u d i n a l  a x i s  wi th  v e l o c i t y  4 .  The p recess ion  r a t e ,  t ,  
t h e  s p i n  rate, 6 ,  and t h e  ang le  between them, 6, are 
c o n s t a n t  wi th  time. The r e s u l t a n t  angu la r  v e l o c i t y ,  w ,  is 
t h e  v e c t o r  sum of $ and 6 ar,d is c o n s t a n t  i n  magnitude. 

The r a n g e - r a t e  r e s i d u a l s  produced by r o t a t i o n  about  t h e  C.G. 
o f  t h e  t w o  t ransponder  antennas l o c a t e d  on t h e  I U  w e r e  
c a l c u l a t e d  by f i r s t  determining t h e  antenna v e l o c i t i 2 s  from 
t h e  c r o s s  product  of w with  t h e  antenna p o s i t i o n  v e c t o r s  
r e l a t i v e  t o  t h e  C.G. and then p r o j e c t i n g  t h e s e  v e l o c i t i e s  
on to  t h e  range v e c t o r  from t h e  t r a c k e r  t o  t h e  v e h i c l e .  I n  
o r d e r  t o  determine which antenna w a s  be ing  t r acked  a t  any 
g iven t i m e ,  an  antenna swi tch ing  c r i t e r i o n  w a s  r equ i red .  For 
t h i s  purpose, it w a s  assumed t h a t  t h e  antenna c l o s e r  t o  the 
t r a c k e r  was t h e  one being t racked.  The t r acked  antenna was 
determined by p r o j e c t i n g  t h e  antenna p o s i t i o n  v e c t o r s  o n t o  
t h e  range v e c t o r  and no t ing  which p r o j e c t i o n  was s m a l l e r  i n  
an a l g e b r a i c  sense.  The range v e c t o r  from t h e  t r a c k e r  t o  
v e h i c l e  was obta ined a s  a f u n c t i o n  o f  t i m e  from t h e  LID program. 

This  s imula t ion  w a s  coupled wi th  a Kalman f i l t e r  r o u t i n e  tc, 
e s t i m a t e  the i n i t i a l  v e h i c l e  a t t i t u d e s  and a t t i t u d e  r a t e s  
which would y i e l d  a b e s t  f i t  of  t h e  modeled r e s i d u a l s  t o  
t h e  observed r e s i d u a l s  obta ined from t h e  LID program. An 
i n i t i a l  e s t i m a t e  of  t h e  v e h i c l e  a t t i t u d e  was obta ined from 
te lemete red  p la t form gimbal angles .  A n  e s t i m a t e  of  t h e  
a t t i t u d e  r a t e s  was made by numerical ly d i f f e r e n t i a t i n g  t h e  
gimbal ang le  t i m e  h i s t o r y .  F igure  2-9 shows t h e  r e s u l t s  
obta ined wi th  t h e  s i m u l a t i o n  f i t t i n g  42 minutes of GDSM 
r e s i d u a l s  s t a r t i n g  a t  00:01:00, A p r i l  17,  1972. The RMS 
of t h e  r e s i d u a l  d i f f e r e n c e s  f o r  t h i s  f i t  i s  5.5 mm/s. 
D i s c o n t i n u i t i e s  i n  t h e  model and a c t u a l  r e s i d u a l s  a r e  t h e  
r e s u l t  of antenna swi tch ing  a s  t h e  antennas  a l t e r n a t e l y  
r o t a t e  i n t o  view of  t h e  t r a c k e r .  F i t s  over  subsequent  t i m e  
spans were obta ined f o r  GDSW r e s i d u a l s  f r a n  01:01:00 t o  
01:23:00 and 01:25:00 te 01:42:00, A p r i l  17 ,  1972. A f i t  
o f  t h e  beginning of t h e  IiSKW r e s i d u a l s  was a l s o  obta ined 
from 06:02:00 t o  06:05:00, A p r i l  17,  1972. 
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The dec reas ing  t i m e  spans  o v e r  which s a t i s f a c t o r y  f i t s  cou ld  
b e  o b t a i n e d  w i t h  t h e  moment-free s i m u l a t i o n  are caused by t h e  
p r e v i o u s l y  mentioned i n c r e a s e  i n  f requency  o f  the tumble. 
R e s u l t s  o f  t h e s e  f i t s  a r e  summarized i n  T a b l e  2 - I I I .  The 
d a t a  demons t r a t e s  t h a t  a s i g n i f i c a n t  i n c r e a s z  in a n g u l a r  
n~cmentum o c c u r r e d  d u r i n g  t h e  t i m e  from 00:OO:GO t o  06:05:00, 
A p r i l  17 ,  1972, c a u s i n g  t h e  i n c r e a s i n g  r e s i d u a l  f requency  
observed i n  F i g u r e s  2-5 and 2-6. The d a t a  a l s o  shows t h e  
close c o r r e l a t i o n  o f  t h e  tumble f r e q u e n ~ y  and ?, t h e  
p r e c e s s i o n  rate o f  t h e  v e h i c l e .  Ana lys i s  o f  t h e  rate of 
i n c r e a s e  o f  t h e  a n g u l a r  momentn  components d u r i n g  t h e  t i m e  
from 00:00:00 t o  01:24:00, A p r i l  1 7 ,  1972, shows t h a t  an 
ave rage  t o r q u e  of -0.020 N-M was a c t i n g  abou t  t h e  v e h i c l e  
ro l l  axis and a t o r q u e  of  0.037 N-M w a s  a c t i n g  abou t  an 
axis l y i n q  i n  t h e  yaw-pitch p l ane .  The ro l l  moment would 
r e q u i r e  a f o r c e  o f  0.0061 N i f  a p p l i e d  a t  the S-IVB 
c i rcumference .  The combined yaw-pitch momenz would r e q u i r e  
a 0.0083 N f o r c e  i f  a p p l i e d  n e a r  one o f  t h e  hPS modules. 
The S-IVB c o n t r a c t o r ,  McDonnell-Pouglas, r e p o r t s  t h a t  s m a l l  
f o r c e s  e x i s t  on t h e  stage o f  t h e s e  mzgni tudes ,  or an  o r d e r  
o f  magnitude l a r g e r ,  which i n  some combinat ion couli! accoun t  
f o r  t'?ese moments, I t  is  t o  b e  no ted ,  a l s o ,  t h a t  t h e  las t  
d a t a  e n t r y  i n  T a b l e  2-111 i n d i c a t e s  a d d i t i o n a l  f o r c e s  began 
t o  act fo l lowing  02:00:00 and b e f o r e  06:00:00, A p r i l  17 ,  
1972, i n  o r d e r  t o  c a u s e  t h e  a d d i t i o n a l  i n c r e a s e  i n  a n g u l a r  
momentum. 

2.4 LUNAR IMPACT CONDITIONS 

The AS-511 S-IVB/IU impacted t h e  l u n a r  s u r f a c e  on A p r i l  19 ,  
1972, a t  21:02:02 2 2 seconds.  The impact  c o o r d i n a t e s  
d e r i v e d  from t h e  b e s t - e s t i m a t e  t r a j e c t o r y  are: 

2.24 + 0.33 d e g r e e s  n o r t h  l a t i t u d e  and 
24.49 + 0.33 d e g r e e s  w e s t  l o n g i t u d e .  

The impact  p o i n t  is  258 km n o r t h e a s t  o f  t h e  t a r g e t e d  p o i n t ,  
163 km n o r t h  o f  t h e  Apol lo  1 2  seismometer, ?78 km n c r t h w e s t  
of t h e  Apol lo  14  seismometer, and 1,118 km southwes t  o f  t h e  
Apol lo  15 seismometer. The f i n a l  impac t  p o i n t  is p l - o t t e d  i n  
F i g u r e  2-10 a long  w i t h  o t h e r  p o i n t s  o f  i n t e r e s t .  Table 2-IV 
p r e s e n t s  a desc.-iptior- c f  t h e  s t a g e  and t r a j e c t o r y  pa rame te r s  
a t  impact .  F i g u r e  2-11 d e f i n e s  t h e  incoming heading  a n g l e  
and t h e  impact  ang le .  
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T A B L E  2 -111 .  PTC T U M B L I N G  A N A L Y S I S  R E S U L T S  

* F r e q u e n c i e s  as o b s e r v e d  i n  t h e  L I D  r e s i d u a l s  ( s e e  F i g u r e s  2 -5  and 2-61 

N o t e :  See F l g u r e  2 -8  f o r  a d l a g r a m  o f  t h e  m o t l o n  o f  a  m o m e n t - f r e e  v r h l c l e .  

DATA ARC 
17 APRIL HR:MIN 

00:Ol  t o  00:43 

01:Ol t o  01  :23  

01 :25  t o  01 :42  

06:02 t o  06:05 

h 
N-M-SEC 

5,092 

5,206 

5,251 

7,938 

8 
DE G 

81 .52  

82.67 

82.36 

85.84 

i 
OEG/SEC 

0 . 3 0 8  

0 .272  

0.286 

0.236 

w 
OEGISEC 

0.631 

0 .618  

0 .629  

0 .843  

TUMBLE FREQUENCY* 
CPH 

5.2 

5.4 

5.4 

8.1 

6 
DEG/SEC CPH 

0 .507  

0 .522  

0 .523  

0 .792  

5.07 

5.22 

5.23 

7 .92  



D5-15814-3 

TABLE 2 - IV .  STAGE AND TRAJECTORY IMPACT PARAMETERS 

PARAMETER - 
Dry  Stage Mass, k g  

V e l o c i t y  R e l a t i v e  t o  Sur face,  Cm/s 

K i n e t i c  Energy,  j o u l e s  x 10' 

I m p a c t  Ang le  Measured f r o m  V e r t i c a l ,  
de 9 

Incoming  Head ing Ang le  Measured f r o m  
N o r t h  t o  West, deg 

Mean L u n a r  Rad ius ,  km 

S e l e n o g r a p h i c  L o n g i t u d e ,  deg 

S e l e n o g r a p h i c  L a t i t u d e ,  deg 

I m o a c t  Time, Hr:Min:Sec, on 19 A p r i l  
1972 

D i s t a n c e  t o  T a r g e t ,  km 

D i s t a n c e  t o  A p o l l o  12 Seismometer,  km 

D i s t a n c e  t o  A p o l l o  14  Seismometer ,  km 

D i s t a n c e  t o  A p o l l o  15 Seismometer,  km 

.I 

VALUE 

213,973 

2.561 

246 

17.1 

104.8 

1,738.09 

-24.49 

2.24 

21 :02:02 

258 

163 

278 

1,118 
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SECTION 3 

BEST-ESTIMATE TRAJECTORY DETERMINATION 

The b e s t - e s t i m a t e  t r a j e c t o r y  de te rmined  i n  t h i s  a n a l y s i s  
c o n s i s t s  of t h r e e  s e p a r a t e  t r a j e c t o r y  segments cor responding  
t o  t h e  three t i m e  arcs o u t l i n e d  i n  S e c t i o n  2. Tracking  d a t a  
a v a i l a b l e  d u r i n g  t h e s e  t h r e e  a r c s  were used t o  de t e rmine  
i n i t i a l  s ta te  v e c t o r s  w i t h  components c o n s i s t i n g  o f  appro- 
p r i a t e  combinat ions  o f  i n i t i a l  p o s i t i o n s ,  v e l o c i t i e s ,  and 
where needed, a c c e l e r a t i o n  b i a s e s  ove r  s e l e c t e d  t i m e  p e r i o d s .  
The i n i t i a l  p o s i t i o n  and v e l o c i t y  v a l u e s  w e r e  t h e n  
propaaa ted  forward by i n t e g r a t i n g  t h e  LID program model 
e q u a t i o n s  w i t h  t h e  so lved - fo r  a c c e l e r a t i o n  b i a s e s .  The 
t r a j e c t o r y  l i s t i n g  p r e s e n t e d  i n  Appendix B was d e r i v e d  from 
t h e s e  t h r e e  s e p a r a t e  t r a j e c t o r y  segments. 

T h i s  s e c t i o n  d i s c u s s e s  t h e  d a t a  used i n  t h e  a n a l y s i s ,  t h e  
r e c o n s t r u c t i o r i  o f  t h e  t h r e e  t r a j e c t o r y  segments ,  t h e  
a s s o c i a t e d  d a t a  r e s i d u a l s ,  and t h e  e s t i m a t e d  accuracy  o f  t h e  
d i f f e r e n t  segments.  Th i s  s e c t i o n  a l s o  e s t a b l i s h e s  t h e  b a s i s  
f o r  t h e  quoted  u n c e r t a i n t y  i n  t h e  impact p o i n t .  

3 .1  DATA UTILIZATION 

The t r a c k i n g  d a t a  used  f o r  t h i s  a n a l y s i s  came from e l e v e n  USB 
and t w o  C-band r a d a r  s t a t i o n s  as l i s t e d  i n  Table 3-1. The 
s t a t i o n  l o c a t i o n s  l i s t e d  i n  t h i s  t a b l e  a r e  t aken  from 
Reference  2. The t i m e  spans  of  t h e  d a t a  used i n  t h i s  a n a l y s i s  
are shown i n  b4:. c h a r t  form i n  F igu re  3-1 f o r  b o t h  range  r a t e  
and range  d a t a .  D i f f e r e n t  p o r t i o n s  o f  t h e  d a t a  were used t o  
e s t a b l i s h  t h e  s e p a r a t e  t r a j e c t o r y  segments a s  d i s c u s s e d  below. 

3.1.1 Pre-PTC T i m e  A r c  Data U t i l i z a t i o n  

The best estimate o f  t h e  pre-PTC segment was e s t a b l i s h e d  from 
391 r a n g e - r a t e  measurements ,from f i v e  USB t r a c k i n g  s t a t i o n s  
and 312 range  measurements from t w o  C-band t r a c k i n g  s t a t i o n s .  

' The breakdown by s t a t i o n  and t h e  t i m e  a r c s  of  d a t a  used f o r  
each  a r e  p r e s e n t e d  i n  Table  3-11, 

3.1.2 E a r l y  PTC Time A r c  Data U t i l i z a t i o n  

The best estimate o f  t h e  e a r l y  PTC segment was e s t a b l i s h e d  
from 356 r a n g e - r a t e  measurements from t h r e e  USB s t a t i o n s  
(Goldstone - 125 p o i n t s ,  Merritt I s l a n d  - 128 p o i n t s ,  and 
Hawaii - 103 p o i n t s ) ,  29 r ange  measurements from two USB 
s t a t i o n s  (Goldstone - 11 p o i n t s ,  Merritt I s l a n d  - 18 ~ o i n t s ) ,  
and 10 range  measurements from t h e  Bermuda C-band t r a c k i n g  
s t a t i o n .  The t i m e  a r c  o f  t h e  d a t a  used spans  t h e  i n t e r v a l  from 



3.1.2 (Cont inued)  

23:54:00, A p r i l  16 ,  t o  04:00:00, A p r i l  17 ,  1972 (see F iqu re  
3-1).  This  d a t a  was used  p r i m a r i l y  t o  r e c o n s t r u c t  t h e  PTC 
maneuver a s  no ted  i n  Paragraph 2.3. 

3.1.3 La te  PTC Time A r c  Data U t i l i z a t i o n  

The b e s t  e s t i m a t e  o f  t h e  l a t e  PTC segment was e s t a b l i s h e d  
from 2,558 s e l e c t e d  r a n g e - r a t e  measurements from e i g h t  U S R  
t r a c k i n g  s t a t i o n s  and 163 range  m e a s ~ r e m e n t s  from t h r e e  
USB t r a c k i n g  s t a t i o n s .  The breakdown by s t a t i o n  and t h e  
t i m e  arcs of  d a t a  used f o r  e a c h  a r e  p r e s e n t e d  i n  Tab le  3-111. 
A s  no ted  i n  S e c t i o n  2, t h e  l o s s  of  t h e  downlink s i g n a l  a t  
21:03:55, A p r i l  17 ,  1972, l i m i t s  t h e  t r a c k i n g  d a t a  f o r  t h i s  
segment t o  t h e  f i r s t  2 1  hour s  of a  p o s s i b l e  69-hour t r a c k i n g  
i n t e r v a l ,  

3,2 TRAJECTORY ANALYSIS AND ACCURACY 

Each o f  t h e  t r a j e c t o r y  segments composing t h e  b e s t - e s t i m a t e  
t r a j e c t o r y  was e s t a b l i s h e d  s e p a r a t e l y  by u s i n g  +he  d a t a  
d i s c u s s e d  above. 

The q u a l i t y  of  a  p a r t i c u l a r  t r a j e c t o r y  s o l u t i o n  can  be  judged 
by examining t h e  t r a c k i n g  d a t a  r e s i d u a l s .  Large r e s i d u a l  
means or skewness i n d i c a t e  f a i l u r e  t o  f i t  t h e  d a t a .  These 
t r a c k i n g  d a t a  r e s i d u a l s  a r e  o b t a i n e d  by d i f f e r e n c i n g  t h e  
observed d a t a  from a t r a c k i n g  s i te  w i t h  c a l c u l a t e d  d a t a  from 
a t r a c k i n g  model based  upon a p a r t i c u l a r  t r a j e c t o r y  segment. 
A l l  t r a c k i n g  d a t a  r e s i d u a l s  p r e s e n t e d  i n  t h i s  r e p o r t  c o n s i s t  
o f  d i f f e r e n c e s  between observed  and c a l c u l a t e d  q u a n t i t i e s  
(0-C) . 
3 .2 -1  Pre-PTC T r a j e c t o r y  Segment Ana lys i s  and Accuracy 

The t r a c k i n g  d a t a  o u t l i n e d  i n  Paragraph 3.1.1, o v e r  a  t i m e  
p e r i o d  of  2 hour s  and 36 minutes  which i n c l u d e d  t h e  modeled 
maneuvers, were used i n  t h e  LID program t o  o b t a i n  t h e  pre-  
PTC t r a j e c t o r y  segment. A s o l u t i o n  was o b t a i n e d  f o r  an 
i n i t i a l  v e c t o r  a t  CSM/LV s e p a r a t i o n .  T h i s  v e c t o r ,  p ropaga ted  
forward wi th  t h e  a p p l i c a b l e  maneuvers l i s t e d  i n  Tab le  2-11? 
produces  t h e  a p p r o p r i a t e  d a t a  p o i n t s  i n  Appendix B and t h e  
r e s i d u a l  p l o t s  shown i n  F i g u r e  2-2. A s  no t ed  i n  S e c t i o n  2 ,  
t h e  i n i t i a l  state propaga ted  forward w i t h o u t  t h e  maneuvers 
produces  t h e  r e s i d u a l s  d e p i c t e d  i n  F i g u r e  2-1. 

F igu re  3-2 d e p i c t s  t h e  r a n g e - r a t e  r e s i d u a l s  from t h e  Bermuda 
(BDA3 ) and Greenbe l t  (ETC3) USB t r a c k i n g  s t a t i o n s  d u r i n g  t h e  
pre-PTC t i m e  arc. F i g u r e  2-2 shows t h e  r e s i d u a l s  f o r  t h e  
Goldstone (GDSW) , Merritt I s l a n d  (MIL3), and Hawaii (HAW3) 



3.2.1 (Cont inued)  

USB t r a c k i n g  s t a t i o n s  d u r i n g  b o t h  t h e  pre-PTC t i m e  a r c  and 
t h e  e a r l y  PTC t i n e  a r c .  The pre-PTC r e s i d u a l s  i n  F i g u r e  2-2 
a r e  used  i n  judg ing  t h e  accu racy  o f  t h e  pre-PTC t r a j e c t o r y  
segment.  F i g u r e  3-3 shows t h e  r a n g e  r e s i d u a l s  f o r  t h e  
Bermuda (BDQC) and Merritt I s l a n d  (MILC) C-band t r a c k i n g  
s t a t i c ~ s .  Note: The r ange  d e v i a t i o n s  e v i d e n t  i n  F i g u r e  3-3 
a f t e r  PTC i n i t i a t i o n  i n d i c a t e  a n e g l i g i b l y  small v e l o c i t y  
e r r o r  i n  model ing t h e  PTC maneuver (see Paragraph  3.2.2).  
The r e s i d u a l  s ta t i s t ics  f o r  t h e  pre-PTC data  f i t  a r e  pre- 
s e n t e d  i n  Table  3-11. Based upon t h e  good q u a l i t y  o f  t h e  
f i t  th rough  t h e  e n t i r e  maneuver p e r i o d ,  t h e  accu racy  o f  t h e  
t r a j e c t o r y  segment d u r i n g  t h e  pre-PTC t i m e  p e r i o d  i s  
e s t i m a t e d  t o  be  w i t h i n  t200  m i r  r a d i u s  magni tude and rlOO 
mm/s i n  v e l o c i t y  magni tude . 
3.2.2 E a r l y  PTC T r a j e c t o r y  Segment A n a l y s i s  and Accuracy 

The t r a c k i n g  d a t a  o u t l i n e d  i n  Paragraph  3.1.2 above,  o v e r  a 
t i m e  p e r i o d  of f o u r  h o u r s ,  were used  t o  o b t a i n  t h e  recon-  
s t r u c t e d  PTC maneuver shown i n  T a b l e  2-11. 

The LID program, u s i n g  i n i t i a l  p o s i t i o n  and v e l o c i t y  compo- 
n e n t s  from t h e  end o f  t h e  pre-PTC t r a j e c t o r y  segment,  w a s  
used t o  f i t  t h e  e a r l y  PTC d a t a  and s o l v e  f o r  a c c e l e r a t i o n  
b i a s e s  hav ing  a 170-second t i m e  p e r i o d  s t a r t i n g  a t  PTC 
i n i t i a t i o n .  The r e c o ~ l s t r u c t e d  PTC maneuver was t h e n  incorpo-  
r a t e d  i n t o  t h e  modeled maneuvers s o  t h a t  F i g u r e s  2-2, 2-5, 
2-6, 2-7 and 3-3 cou ld  be g e n e r a t e d  and t h e  a p p r o p r i a t e  
t r a j e c t o r y  p o i n t  i n  Appendix a l i s t e d .  F i g u r e  2-2 shows 
t h a t  t h e  e a r l y  PTC r a n g e - r a t e  d a t a  f o r  t h e  GDSW, MIL3 and 
HAW3 t r a c k i n g  s t a t i o n s  are r ea sonab ly  f i t .  F i g u r e s  2-5, 
2-6, and 2-7, b e s i d e s  showing t h e  t umb l ing  f r equency  i n c r e a s e  
and s ~ l b s e q u e n t  decrease, also show t h a t  no  ma jo r  t r a n s l a t i o n a l  
a c c e l e r a t i o n s  a f t e r  PTC i n i t i a t i o n  o c c u r r e d  i n  t h e  remain ing  
p o r t i o n  of t h e  f l i g h t  covered  by t h e  t r a c k i n g  d a t a .  F i g u r e  
3-3 shows t h e  r ange  r e s i d u a l s  f o r  BDQC and MILC C-band 
t r a c k i n g  s t a t i o n s  f o l l o w i n g  PTC i n i t i a t i o n .  

These e a r l y  PTC r ange  r e s i d u a l s  show t h a t  the r e c o n s t r u c t c d  
PTC maneuver h a s  a small, b u t  n e g l i g i b l e ,  v e l o c i t y  e r r o r  
remain ing  io f  t h e  o r d e r  of 20 m/s) a f t e r  f i t t i n g  t h e  d a t a  
and s o l v i n g  f o r  t h e  maneuver as d e s c r i b e d  above. Based upon 
t h e  r e a s o n a b l e  f i t  o f  th:? e a r l y  PTC d a t a ,  a s  shown i n  F i g u r e s  
2-3,  2-6, and 3-3, p l u s  e a r l y  PTC ranqt? r e s i d u a l  means and 
s igmas ,  r e s p e c t i v e l y ,  of  GDSW (10 and 2 1  meters) and MIL3 
(68  and 56 meters) t r a c k i n g  s t a t i o n s ,  t h e  accu racy  o f  t h e  
e a r l y  PTC t r a j e c t o r y  segment i s  e s t i m a t e d  to  b e  w t t h i n  
k200 m i n  r a d i u s  magni tude and 2100 mm/s i n  v e l o c i z  ; magni tude.  



3.2.3 Late PTC Tra jec to ry  Segment Analysis  a1.d Accuracy 

The t r ack ing  d a t a  o u t l i n e d  i n  Paragraph 3.1.3, over a  t i m e  
period of 21 hours,  were used i n  t h e  LID program t o  o b t a i n  
t h e  l a t e  PTC t r a j e c t o r y  segment. I n i t i a l  a t t empts  t o  
proper ly  f i t  a l l  o r  s i g n i f i c a n t  p o r t i o n s  of '.he 21 hours of 
d a t a  a v a i l a b l e  a f t e r  00:00:00, A p r i l  17, 1972, w i t h  a  
g r a v i t a t i o n a l  model w e r e  marginal ly  acceptable .  Range and 
range- ra te  r e s i d u a l  s t a t i s t i c s  and t r e n d s  p l u s  t i m e  h i s t o r i e s  
of changes i n  t h e  i n i t i a l  s t a t e  f o r  va r ious  g r a v i t a t i o n a l  
model f i t s  were g r e a t e r  than d e s i r e d  except  f o r  a  combina- 
t i o n  of d a t a  over  t h e  l a s t  t h r e e  hours be fo re  CCS downlink 
s i g n a l  l o s s  (see Run A2 i n  Table 3-V) . 

Table 3-IV shows t h e  r e s i d u a l  s t a t i s t i c s  f o r  t h e  b e s t  
g r a v i t a t i o n a l  model f i t  (see Run A20 i n  Table 3-V! of t h e  
d a t a  over  a  t i m e  a r c  from 04:00:00 t o  21:00:00, A p r i l  17,  
1972. F igure  3-4 shows t h e  range r e s i d u a l s  from! t h e  t h r e e  
UEB t r a c k i n g  s t a t i o n s  providing range measurements (Goldstone- 
GDSW, Tidbinbilla-HSKW, and Madrid-MADW). Though t h e  range 
r e s i d u a l s  and t r e n d s  a r e  smal l ,  t hey  evidence smal l  non- 
g r a v i t a t i o n a l  f o r c e s  a c t i n g  dur ing  t h e  f i r s t  p a r t  of t h e  
l a t e  PTC t r a j e c t o r y  segment. Since t h e  angular  momentum 
i n c r e a s e  dur ing  t h i s  same t i m e  per iod  a l s o  evidences smal l  
f o r c e s  a c t i n g  (see Sec t ion  2 ) ,  sma l l  unbalanced t r a n s l a t i o n a l  
e f f e c t s  may a l s o  be  expected. Therefore ,  i n  o r d e r  t o  improve 
t h e  d a t a  f i t t i n 7  dur ing  t h e  f i r s t  p a r t  of t h e  l a t e  PTC 
t r a j e c t o r y  segment, smal l  non-grav i t a t iona l  a c c e l e r a t i o n s  
were added t o  t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n  model. 

The LID program was used t.o s o l v e  f o r  a  number of i n i t i a l  
p o s i t i o n  and v e l o c i t y  companents p l u s  smal l  non-grav i t a t iona l  
a c c e l e r a t i o n  b i a s e s  over  va r ious  t i m e  pe r iods  by us ing  
d i f f e r e z t  combinations of range and range r a t e  d a t a  over  
d i f f e r e n t  time a r c s  and d i f f e r e n t  s t a t i o n s .  Table 3-V g i v e s  
t h e  impact cond i t ions  der ived from a  set of  s o l u t i o n s  which 
have accep tab le  r e s i & ~ a ~  s t a t i s t i c s  and t r ends .  The f i n a l  
per iod  f o r  the non-grav i t a t iona l  f o r c e s  was s e l e c t e d  t o  
correspond t o  t h e  pe r iod  of tumble frequency i n c r e a s e .  
Figur, 3-5  p r e s e n t s  a  p l o t  of t h e  tumble frequency c o r r e l a t e d  
w i t h  t h e  t r a j e c t o r y  s o l u t i o n s  l i s t e d  i n  Table 3-V. 

Table 3-111 g i v e s  a  s t a t i s t i c a l  summary of  t h e  run s e l e c t e d  
a s  t h e  bes t -es t ima te  t r a j e c t o r y .  Thcse r e s i d u a l  s t a t i s t i c s  
should be c o n t r z s t e d  wi th  t h e  b e s t  g r a v i t a t i o n a l  f i t  
s tat is t ics  l i s t e d  i n  Table 3-IV. The i n i t i a l  p o s i t i o n  and 
v e l o c i t y  s t a t e  obta ined f r m  t h e  bes t -es t ima te  t r a j e c t o r y  
were propagated forward with t h e  so lved-for  non-gravitational- 
b i a s e s  added t o  t h e  g r a v i t a t i o n a l  model f o r  t h e  a p p r o p r i a t e  
t i m e  per iod  t o  o b t a i n  a  bas t -es t ima te  of t h e  l u n a r  impact 
l o c a t i o n  and t h e  t r a j e c t o r y  p o i n t s  l i s t e d  i n  ~ p p e n d i x  B. 



3.2.3 (Continued) 

F igure  3-6 silows t h r e e  sets of  USB range r e s i d u a l s  (GDSW, 
HSKW, NADW) f c r  t h e  test-estimate t r a j e c t o r y  and should  b e  
c o n t r a s t e d  wi th  F igure  3-4 t o  n o t e  t h e  improvement i n  t h e  
f i t  o f  t h e  range d a t a  sets. The s h i f t  (26 km) i n  t h e  impact 
p o i n t  from t h e  b e s t  g r a v i t a t i o n a l  f i t  (Run A201 t o  t h e  p o i n t  
obta ined  f r o 3  t h e  bes t - e s t ima te  t r a j e c t o r y  should  b e  noted. 
F igures  3-7, 3-8, and 3-9 show t h e  range-ra te  r e s i d u a l s  f g r  
n ine  USB t r a c k i n g  s t a t i o n s .  Based uDon the q u a l i t y  of  t h e  
t r a j e c t o r y  f i t ,  t h e  acczracy  of  t h e  best-estimate t r a j e c t o r y  
segment du r ing  t h e  la te  PTC d a t a  p e r i o d  is estimated t o  b e  
w i t h i n  +I00  m i n  r a d i u s  magnitude and 550 m/s i n  v e l o c i t y  
magnitude. 

3.3 LUNAR IMPACT POINT ACCtWY 

Tne f i n a l  l u n a r  impact l o c a t i o n  is 2.24 degrees  n o r t h  
long i tude  and 24.49 degrees  w e s t  l ong i tude ,  The accuracy  o f  
the impact c o o r d i n a t e s  are estimated a t  20.33 degree  i n  both  
l a t i t u d e  and longi tude .  F igure  3-10 is a p l o t  of  t h e  
s o l u t i o n s  l i s t e d  i n  Table 3-V a long  wi th  t h e  3c circle about  
t h e  bes t -es t imate  s o l u t i o n  r e p r e s e n t i n g  t h e  impact  c o o r d i n a t e  
accurac ie s .  The 50.33 degree  a c c u r a c i e s  are based upon t h e  
n e a r l y  even d i s t r i b u t i c n  i n  l a t i t u d e  and l o n g i t u d e  o f  a 
l a r g e  number of l u n a r  impact s o l u t i o n s  exempl i f i ed  by n i n e  
s o l u t i o n s  l i s t e d  i n  Table 3-V which have s t a n d a r d  e e v i a t i o n s  
o f  20.29 degree  i n  l a t i t u d e  and 20.27 degree  i n  long i tude .  
The quoted accuracy above a l s o  c o r r e l a t e s  w e l l  w i t h  t h e  30 
e l l i p s e  shown i n  F igure  17 o f  Reference 2 f o r  t h e  Apollo 16 
S-IVB t r a c k i n g  e v a l u a t l o n .  I n  Reference 2,  a set  of para-  
meters r e p r e s e n t i n g  i n i t i z l  state e r r o r s ,  s t a t i o n  n o i s e  v a l u e s ,  
range-rate  b i a s e s ,  s t a t i o n  su rvey  u n c e r t a i n t i e s ,  and r e f r a c t i o n  
n o i s e  w e r e  propagated t o  t h e  moon by an  E r r o r  Analys is  f o r  
S a t e l l i t e  t o  S a t e l l i t e  Tracking  (EASST) computer program t o  
g i v e  t h e  r e fe renced  3a e l l i p s e .  A check on t h e  50.33 degree  
accuracy ( e q u i v a l e n t  t o  10 km) was also made by propagat ing  
t h e  covar iance  matrix of  the,  bes t - e s t ima te  i n i t i a l  s t a t e  t o  
t h e  moon, d i a g o n a l i z i n g  it, and n o t i n g  t h a t  t h e  l a r g e s t  
p o s i t i o n  r e l a t e d  e igenva lue  is compatible  w i t h  t h e  quoted 
accuracy. 

Table 3-VI shows l u n a r  impact seismic recorded  d a t a .  Calcu- 
l a t i o n s  made u s i n g  t h e  l u n a r  seismic d a t a  gave an  impact 
l o c a t i o n  of  2.1 degrees  n o r t h  l a t i t u d e  and 24.3 degrees  w e s t  
l ong i tude  a t  21t02:02, A p r i l  17 ,  1972. The accuracy  o f  t h e  
l o c a t i o n  based upon t h e  seismic c a l c u l a t i o n  is g iven  as an 
e l l i p s e  having a semi-major axis o f  20 km, a semi-minor axis 
of  5 km and t h e  semi-major a x i s  o r i e n t e d  30 degrees  e a s t  of  
a o r t h .  The accuracy o f  t h e  t i m e ,  based upon t h e  seismic 
c a l c u l a t i o n ,  is given  as + 2  secords .  



3.3 (Continued) 

The time of lunar impact quoted in Sections 1 and 2 is taken 
from the seismic calculation since the deviatian in time 
obtained from the trajectory reconstruction runs listed in 
Table 3-V is 210 seconds. Note: The best-estimate trajectory 
time of impact, 21:01:55 210 secmds, April 19, 1972, spans 
the seismic calculated impact time. The 7-second difference 
in the two mean impact times is attributed in part to 
ephemeris errors (i.e. distance from earth to moon) and 
uncertainties in the local lunar elevation. It is also to 
be noted that the best-estimate trajectory impact location 
is within 8 km of the seismic calculated location. 

The above considerations show that the loss of the trackinq 
data prec-udes the dctermination of the mission objectives 
of 5 Jan and 1 second. However, the location of the impact 
is within the 350-km mission objective of the target. 
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F I G U R E  3 - 1 0 .  D I S T R I B U T I O N  OF LUNAR IL 'ACT S O L U T I O N S  



T A B L E  3 - 1 .  T R A C K I N G  S T A T I O N  L O C A T I O N S  

* H e i g h t  above F i s c h e r  E l  l i p s o i d  

CONFIGURATION 

DSN 8 5 '  S-Band 

OSN 8 5 '  5-Band 

STDN 8 5 '  S-Band 

DSN 8 5 '  S-Band 

STDN 30 S-Band 

STDN 3 0 '  S-Band 

STDN 3 0 '  S-Band 

STDN 3 0 '  S-Band 

STDN 3 0 '  5-Band 

STON 3 0 '  S-Band 

STDN 3 0 '  S-Band 

STDN FPQ-6 C-Band 

STDN TPQ-18 C-Band 

ABBREVIATION 

MADW 

GDSW 

GDS8 

HSKW 

ACN3 

BOA3 
ETC3 

MIL3 

STAT I ON 

Madr id ,  S p a i n  

6 o l d s t o n e ,  C a l i f o r n i a  

G o l d s t o n e ,  C a l i f o r n i a  

T i d b i n b i l l a ,  A u s t r a l i a  

Ascens ion  

Bermuda 

G r e e n b e l t ,  M a r y l a n d  

M e r r i t t  I s l a n d ,  F l o r i d a  

Kauai  , H a w a i i  1 5; I Guam 

Carnarvon,  A u s t r a l i a  

BDQC Bermuda 

MILC M e r r i  tt I s l a n d ,  F l o r i d a  

HE I GHT 

767m 

985111 

921111 

669m 

527m 

-43m 

-22m 

-54m 

1143111 

114111 

5m 

-45m 

-53m 

LATITUDE 

40 '25 '41 .85" 

3S023'22.45" 

35O20'29.74" 

-35O24'03.56" 

- 7O57'17.26" 

32'21'04.50'' 

38O59'54.53" 

28O30'29.78" 

22O07'34.71" 

13°18 '38.07"  

-24O54'23.68" 

32O20'52.54" 

28O25'29.48" 

I ON 
LONGITUDE 

355'45'03.62'' 

243O09'02.26" 

243'07'35.05' '  

148'58'52.65' '  

345O40'22.59" 

295O20'31 .93" 

283O09'25.51" 

279O18'23.51" 

200°20 '05.42"  

144'44'  12.54" 

113O43'32.06" 

295"20 '47.91"  

279'20'07.96' '  





T42LE 3 -111 .  LATE PTC TRAJECTORY SEGMENT - DATA UT IL IZAT ION AND RESIOUFL STATISTICS/ 
BEST-ESTIMATE TRAJECTORY 

- - 
STATION 

MADW 

GDSW 

HSKW 

ETC3 

ACN3 

M I L 3  

HAW3 

GWM3 

STATION 

MADW 

HSKW 

GDSW 

BET RANGE-RATE RESIDUAL STATISTICS 

TIME A R C  
17 APRIL HR:M!N 

10:55  t o  21:04 

4:00 t o  6 :48  

4 :00  t o  11:16 

16:04 t o  21 :04  

12:56 t o  21 :04  

4:00 t o  4:56 

16:13 t o  21 :04  

4:00 t o  9 :52  

9 :55  t o  13 :26  

S I G M A ,  mm/s 

93.7 

79 .8  

89.0 

89 .4  

90.8 

73.6 

85 .O 

86.3 

98.3 

R M S ,  mm/s 

93.7 

79.8 

89 .0  

89.5 

99 .8  

73.6 

85.0 

86 .6  

98.3 

NUMBER 
OF POINTS 

544 

155 

421 

243 

433 

74  

249 

245 

194 

BET RANGE RESIDUAL STATIST1 CS 

MEAN, mm/s 

0.6 

- 1 . 1  

-0 .6  

2.7 

0.4 

1.5 

2.1 

7.1 

0.2 

TIME ARC 
17 APRIL HR:MIN 

10:56 t.o 20 :56  

4 :58  t o  10 :46  

2:18 t o  4 ;49  

S I G M A ,  M 

9 .3  

10 .2  

1 '  .6 

RMS, M 

9.3 

i 0.2 

, 1 7 . 7  

NUMBER 
OF POINTS 

101  

48  

14 

M E A N ,  M 

0 .1  

-0.3 

-1 .7  
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T A B L E  3-V. T R A J E C T O R Y  S O L U T I O N S  AND L U N A R  I M P A C T  P O I N T S  

DESCRlPTInN 

UADY. ETC3. BCW3, and MIL3 range 
r a t e  a f t e r  18:00:00 A p r i l  17 p l u s  
MAOU range a f t e r  18:00:00 A a r i l  17 

MADY. C O S i .  H5KY. ETC3. ACM3. RIL3. 
HAY3, and CYW? range r a t e  a f t e r  
04:00:00 A p r i l  1; p l u s  UAOU and 
HSKY range a f t e r  04:00:00 A D - i l  1; 

MADU. COSY HSIU. ETC3. AC13. MlL3. 
and HLU3 range r a t e  a f t e r  O4:00:00 
A p r i l  17 p l u s  MADU and HSKW ranoe 
a f t e r  04:00:00 

Same as AS1 

Same as AS1 

MADY, GOSW. GDS8. HSKU. ETC3. At13 
MIL3, HAW3. and GYM3 range r a t e  
a f t e r  4:00:00 A p r i l  17 p l u s  WADY. 
GDSY, and HSKY range a f t e r  4:00:00 
A p r i l  17 

Same as AS1 

MADW, COSY, HSKY. ETC3. AC13, NIL3. 
and HAW3 range r a t e  a f t e r  4:00:00 
A p r i l  17; MADS and PSKU range a f t e r  
4:OC:OO A p r i l  17 p l u s  BDOC range 
froa D:00:00 A p r i l  17 t o  4:00:00 
A p r i  1 17 

WADY, GOSW, HSKW. ETC3. ACI3. MIL3. 
and HAW3 ranqe r a t e  a f t e r  2:00:00 
A p r i l  17 p l u s  MADY. HSKU. MIL3. 
GOSW, BDQC range a f t e r  0:00:00 
A p r i  1 17 

HADW. GDSY, HSKY, ETC3. ACI3, MIL3, 
HAW3 and GUM3 range a f t e r  4:00:00 
A p r i l  17 p l u s  MADY. GDSW and HSKW 
range a f t e r  2:00:30 A p r i l  17 

s t a t i s t i c s  

21:Ol :50/105 

WON-6RAVITATIO!4AL 
ACCELERATIOI 
ARC.  17 APRIL 

None 

:lone 

4:OO:OO 
t o  

18:OO:OO 

4:OO:OO 
t o 

21:DO-00 

4:OO:OO 
t o  

12:OO:OO 

4:OO:OO 
t o  

16:OO:OO 

4:OO:OO 
t o  

16:OO:OO 

4:00:00 
t o  

12:OO:DO 

2:OO:OO 
t o  . 

12:OO:OO 

4:OO:OO 
t o  

12:OO:OO 

Run A20 n o t  i n  

LATITUDE, 
LONG I TIIDE 

TIME. 19 APRIL 

2.47" 
-24.@9* 

21:01:39 

2.33' 
-23.63- 

21:01:2l 

1.69" 
-24.49" 

21 :01:54 

1.43- 
-24.79" 

21:02:06 

2-02" 
-24.03' 

21 :01: 36 

1 -80" 
-24.53" 

21:01:56 

1-98"  
- 24.73" 

21 :02:?4 

2.16" 
-24.56" 

21:01:58 

2.00" 
-24.15" 

21:01:41 

2.24" 
-24.49" 

21:01:55 

1.98"/0.29" 
-24.44"/0.27" 

I 

RlJN 
ID 

A 2 

A20 

A S  1 

A52 

A56 

A60 

A6 1 

A67 

A68 

A72 
(BET 

MEAN/ 
SIGMA 
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APPENDIX A 

ANALYSIS METHODS 

The t r a j e c t o r i e s  r econs t ruc ted  f o r  t h i s  a n a l y s i s  a r e  based 
on t r a c k i n g  d a t a  and onboard measurements by t h e  S-IVB/IU. 
Goddard Srace  F l i g h t  Center  i s  t h e  c e n t r a l  c o l l e c t i o n  agency 
f o r  a l l  t r a c k i n g  d a t a  recorded by t h e  Manned Space F l i g h t  
Network t r a c k i n g  s t a t i o n s .  This  d a t a  is  t r a n s m i t t e d  t o  The 
Boeing Company v i a  Marshal l  Space F l i g h t  Center  i n  t h e  form 
of two ang les  and range measurements and, i n  t h e  case of 
S-band d a t a ,  i n  the form of  t2oppler counts .  Onboard 
measurements i n  t h e  form of  p la t form a t t i t u d e s  and v e l o c i t y  
accumulations a r e  cc l l e c t e d  by t h e  Marshal 1 Space F l i g h t  
Center  and t r a n s m i t t e d  t o  The Boeing Company. T r a j e c t o r y  
de terminat ion  is accomplished by: 

a.  Propagating an a p r i o r i  i n i t i a l  s t a t e  forward by means 
of an a p r i o r i  a c c e l e r a t i o n  model. 

b. Transformation of t h e  propagated i n i t i a l  s t a t e  ( t h e  
t r a j e c t o r y  i n t o  t r a c k i n g  observat ions .  

c. Converting t h e  d i f f e r e n c e  i n  t h e  observed t r a c k i n g  d a t a  
and t h e  c a l c u l a t e d  t r a c k i n g  d a t a  i n t o  an e s t i m a t e  of  
t h e  c o r r e c t i o n  t o  t h e  i n i t i a l  s t a t e .  

This  appendiv b r i e f l y  summarizes t h e  t h r e e  s t e p s  o u t l i n e d  
above a s  implemented i n  t h e  Lunar Impact Determinat ion (LID) 
program (see Reference 3) . The LID program, o r i g i n a l l y  
rece ived from MSFC, was modified by The Boeing Company i n  
s e v e r a l  ways. F i r s t ,  t h e  program was converted t o  run on 
an IBM 360/370 and w a s  made double-precision.  Second, 
computer g raph ics  c a p a b i l i t y  was added t o  provide  a quick- 
response man/machine i n t e r f a c e  f o r  on-l ine d e c i s i o n  making. 
F i n a l l y ,  numerous improvements w e r e  made i n  t h e  model which 
t ransforms t h e  t r a j e c t o r y  i n t o  t r a c k i n g  d a t a ,  and t h e  
c a p a b i l i t y  t o  s o l v e  f o r  nod-grav i t a t iona l  a c c e l e r a t i o n  was 
added. 

INITIAL STATE PROPAGATION 

I n i t i a l  s t a t e  propagation is  accomplished by numerical 
i n t e g r a t i o n  of an a c c e l e r a t i o n  model which c o n s i s t s  of t h e  
g r a v i t a t i o n a l  a t t r a c t i o n s  of t h e  e a r t h ,  moon, and sun,  p l u s  
non-grav i t a t iona l  a c c e l e r a t i o n s .  

The e a r t h ' s  g r a v i t a t i o n a l  p o t e n t i a l  is expres-ed i n  t h e  J, 
D, H form; t h e  moon's inc ludes  t h e  second zcllLal an? second 



A. 1 (Cont inued)  

s e c t o r a l  harmonics. D e t a i l s  o f  t h e  expans ions ,  and t h e  
c o e f f i c i e n t s  used ,  a r e  g iven  i n  Reference  3. The ephemeris  
used i s  t h e  JPL epbsmeris  DE19, t ransformed t o  PACSS4 
c o o r d i n a t e s  ( R e f e r e ~ c e  4) by t h e  Manned S p a c e c r a f t  Cen te r .  The 
ephemeris  t i m e  t o  u a i v e r s a l  t i m e  c o r r e c t i o n  used is  42.35 
seconds.  The n o n - g r a v i t a t i o n a l  a c c e l e r a t i o n  is a s q u a r e  
wave t i m e  h i s t o r y  i n p u t  v i a  ca rds .  The a c c e l e r a t i o n  h i s t o r y  
is  d e r i v e d  from p l? t fo rm d a t a  o r  o t h e r  sou rces .  The t o t a l  
a c c e l e r a t i o n  i s  t h e  sum of  g r a v i t a t i o n a l  and n o n - g r a v i t a t i o n a l  
a c c e l e r a t i o n :  

The n o n - g r a v i t a t i o n a l  a c c e l e r a t i o n  i s  c a l c u l a t e d  as fo l lows :  

where !fo is t h e  i n i t i a l  a p r i o r i  time h i s t o r y  o f  t h e  
t h r u s t  a c c e l e r a t i o n s ,  

is t h e  a p r i o r i  t h r u s t  bias v e c t o r ,  
0 

CzI is a d i a g o n a l  m a t r i x  where t h e  d i a g o n a l  t e rms  
are t h e  a p r i o r i  t h r u s t  scale f a c t o r s ,  

[Bl is a t r a n s f o r m a t i o n  m a t r i x  r e l a t i n g  PACSS13 t o  
PACSS4, 

ts is t h e  s t a r t  o f  t h e  window o v e r  which c o r r e c t i o n s  
are made t o  t h e  t h r u s t  h i s t o r y ,  

s t h e  end of  t h e  window o v e r  which c o r r e c t i o n s  
te are made t o  t h e  , t h r u s t  h i s t o r y ,  

and t is t h e  c u r r e n t  t i m e .  

A. 2 CALCULATION OF OBSERVABLES 

Tracking  o b s e r v a t i o n s  a r e  c a l c u l a t e d  by de t e rmin ing  t h e  
i n s t a n t a n e o u s  t r a c k e r  p o s i t i o n  and v e l o c i t y  i n  t h e  r e f e r e n c e  
system and examining t h e  r e l a t i o n s h i p  o f  t h e  v e h i c l e  t o  t h e  
t r a c k e r .  Th i s  examina t ion  i n c l u d e s  c o n s i d e r a t i a n  o f  s i g n a l  
t r a v e l  t i m e  and a tmospher ic  r e f r a c t i o n .  A summary o f  t h e  
c a l c u l a t i o n  o f  o b s e r v a b l e s  is  p r e s e n t e d  below. F i g u r e  A - 1  
w i l l  h e l p  i n  unde r s t and ing  t h e  e q u a t i o n s .  



A. 2 (Continued) 

Define: t4 = t i m e  of s i g n a l  r e c e p t i o n  a t  t r a c k e r ,  a l s o  
t i m e  t a g  of  observat ion;  

t3 = t i m e  of s i g n a l  t r ansmiss ion  from v e h i c l e ;  

t2 = t i m e  of  s i g n a l  r e c e p t i o n  a t  v e h i c l e ;  

tl = t i m e  of s i g n a l  t r ansmiss ion  from t r a c k e r .  

From t h e  v e h i c l e  t r a j e c t o r y :  

s4 = p o s i t i o n  of v e h i c l e  a t  t4; and v 
+4 VV = v e l o c i t y  of v e h i c l e  a t  t4. 

The t r a c k e r  p o s i t i o n ( s )  

4 fT ( t h e  p o s i t i o n  of  t r a n s m i t t i n g  t r a c k e r  a t  t4) and 

4 BR ( t h e  p o s i t i o n  of r e c e i v i n g  t r a c k e r  a t  t4) 

a r e  determined a s  fol lows:  

f4 = [PI IN] [ R I G ,  and T 

6: = [PI I N 1  1 ~ 1 s ~ ;  
where  

and ifR a r e  t h e  e a r t h  f i x e d  p o s i t i o n  (s) of t h e  t r a c k e r  (s), 

[Rl is t h e  rcatr ix modeling t h e  e a r t h ' s  r o t a t i o n ,  

[Nl is  t h e  mat r ix  modeling t h e  e a r t h ' s  n u t a t i o n ,  

[PI is t h e  mat r ix  modeling t h e  e a r t h ' s  precess ion .  

Note t h a t  [Rl , [N] , and [PI a r e  t ime dependent. 

The fol lowing nomenclature is introduced:  

c is t h e  speed of  l i g h t ;  

6 i s  t h e  v e h i c l e  t ransponder  de lay  d i s t a n c e ,  
(apparent  d i s t a n c e  from r e c e i v i n g  ancenna t o  
t r a n s m i t t i n g  an tenna) ;  



(Continued) 

w is e a r t h  s p i n  rate; and 

n i s  a tmospher ic  r e f r a c t i o n  c o e f f i c i e n t  
(n  = (0-1)  ( l o 6 )  where Q i s  t h e  index  o f  r e f r a c t i o n )  . 

C a l c u l a t i o n  of downlink d i s t a n c e ,  d": 

p4 = 3: - $: \ i t e r a t e d  t w i c e  

C a l c u l a t i o n  of e l e v a t i o n :  

C a l c u l a t i o n  o f  downlink d i s t a n c e  r e f r a c t i o n  c o r r e c t i o n :  

Ad" = 
0.00118958 , e < l S O  - 

(0.06483 + s i n  e) 

Ad" = e > 15" 
0.015 + s i n  e 

d" = d" + Adn, (see  Reference 5 ) .  

C a l c u l a t i o n  o f  u p l i n k  d i s t a n c e ,  d ' :  



I 2 way t r a c k i n g - i t e r a t e d  once 

3 way t r a c k i n g - i t e r a t e d  twice 

C a l c u l a t i ~ n  o f  u p l i n k  d i s t a n c e  r e f r a c t i o n  c o r r e c t i o n :  

d '  = d '  + ~ d " ,  i f  2 way, o r  i f  3 way 

- 
e' = s i n  

d' = d '  + 0.00118958 e '  < 15' - 
(0.06483 + s i n  e ' ) l o 4  

0.0026 
d w  = d' + (0.01, + s i n  e-) (+) 

C a l c u l a t i o n  o f  range:  

1 
p - 7  (d" + d ' +  6 ) .  

C a l c u l a t i o n  of average  range  r a t e :  

ij = P - P *  
I * i n d i c a t e s  p rev ious  va lue .  

t4 - t 4 *  

A. 3 CORRECTION OF INITIAL STATE 

The LID program u s e s  Kalman e s t i m a t i o n  t echn iques  ( d e s c r i b e d  
i n  Reference 6 )  t o  c o r r e c t  a n  i n i t i a l  s t a t e  c o n s i s t i n g  o f  t h e  
i n i t i a l  p o s i t i o n ,  i n i t i a l  v e l o c i t y ,  t h r u s t  a c c e l e r a t i o n  b i a s e s ,  
and t h r u s t  a c c e l e r a t i o n  scale f a c t o r s .  Fo r  s i m p l i c i t y  o f  
n o t a t i o n  l e t  

8 = (z;,E;)~. a s i x  e lement  v e c t o r  w i t h  ZE, r ep re -  o s e n t i n g  t h e  d i a g o n a l  terms of  [Cgl,  

3 = (50,c)T, a s i x  e l t m e n t  vec to r .  
0 



A. 3 (Continued) 

and sf = ( B ~ , E ~ ) ~ ,  a  twelve element vec to r .  
0 

The Kalman Optimal Es t imat ion  technique adapted t o  s o l v e  f o r  
c o r r e c t i a n s  t o  t h e  extended i n i t i a l  s t a t e  i s  c ~ v e n  below. 

Assume t h a t  t h e r e  e x i s t s  a  f i r s t  guess  t o  t h e  i n i t i a l  s t a t e  
and an e s t i m a t e  of i t s  u n c e r t a i n t y ,  then  t h e  c o r r e c t i o n  t o  
t h e  i n i t i a l  s t a t e ,  ga, which r e s u l t s  i n  t h e  b e s t  f i t  of a  
set  of measurements is  given by: 

s;,, = s:, + K. (Y - H . 4  .S* I j 
) ,  with  

J I 0,j-1 

K T T T T -1 = P 4 .  H .  ( H . (  .P 4 .  H + Q j )  , and 
j I -  I I J J I -  I j 

A 

where is  t h e  c o r r e c t i o n  matr ix  (12 x 1) t o  t h e  
S'OJ i n i t i a l  s t a t e  a t  t i m e  j ,  

K 
j 

is t h e  Kalman g a i n  mat r ix  !12 x 1) a t  t i m e  j ,  

Y is  t h e  measurement matr ix  (1 x 1) a t  time j 
j pe r tu rbed  by n o i s e ,  

H is  t h e  matr ix  (1 x 6)  r e l a t i n g ,  a t  t i m e  j ,  t h e  
j measurement ma t r ix  t o  t h e  propagated i n i t i a l  

s t a t e ,  

i s  t h e  t r a n s i t i o n  mat r ix  (6 x 12) r e l a t i n g ,  a t  
t i m e  j ,  changes i n  t h e  propagated i n i t i a l  s t a t e  
t o  changes i n  t h e  i n i t i a l  s t a t e ,  

P is  t h e  covar iance  mat r ix  (12 x 1 2 ) ,  a t  t i m e  j ,  
j of t h e  p e r t u r b a t i o n s  t o  t h e  i n i t i a l  s t a t e ,  

and i s  t h e  covar iance  . . ~ a t r i x  (1 x 1) of t h e  e r r o r  
*j i n  the measurements it time j. 



F I G U R E  A - 1 .  D I A G R A M  F O R  USB R A N G E  C A L C U L A T I O N  
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APPENDIX B 

BEST-ESTIMATE TRAJECTORY HISTORY 

T h i s  appendix  c o n t a i n s  a t i m e  h i s t o r y  o f  t h e  compos i te  b e s t -  
estimate AS-511 l u n a r  impac t  t r a j e c t o r y  from CSM/LV s e p a r a -  
t i o n  t o  l u n a r  impact .  The f o l l o w i n g  p a r a m e t e r s  are i n c l u d e d :  

1. Greenwich Mean Time i n  h o u r s ,  m inu t e s ,  and seconds .  

2. Time from beg inn ing  o f  t h e  l aunch  day  i n  hou r s .  

3. PACSS4 (MNBY) p o s i t i o n  i n  k i l o m e t e r s  and v e l o c i t y  i n  
k i l o m e t e r s  p e r  second. 

4. D e c l i n a t i o n  and l o n g i t u d e  i n  d e g r e e s ,  b o t h  g e o c e n t r i c  and 
s e l e n o c e n t r i c .  

5. The f o l l o w i n g  s e l e c t e d  o s c u l a t i n g  o r b i t a l  e l emen t s  r e l a t i v e  
t o  e i t h e r  t h e  e a r t h  o r  moon. 

a .  Semi-major ax is  i n  k i l o m e t e r s  ( o r b i t  i s  h y p e r b o l i c  
when n e g a t i v e )  . 

b. E c c e n t r i c i t y .  

c. I n c l i n a t i o n  i n  d e g r e e s .  

d. i t i gh t  a s c e n s i o n  o f  a s c e n d i n g  node i n  d e g r e e s .  

e .  Argument o f  p e r i f o c u s  i n  d e g r e e s .  

f  . True  anomaly i n  deg ree s .  

The t r a j e c t o r y  from CSM s e p a r a t i o n  t o  24:00:00, A p r i l  1 6 ,  1972,  
was g e n e r a t e d  u s i n g  t h e  n o n - g r a v i t a t i o n a l  a c c e l e r a t i o n s  g i v e n  
i n  Tab l e  2-11. The t r a j e c t - o r y  from 06:OO :00,  A p r i l  1 7 ,  1972,  
t o  l u n a r  impac t  was g e n e r a t e d  u s i n g  n o n - g r a v i t a t i o n a l  
a c c e l e r a t i o n s  o f  

-13.82309130 x m / s 2  

-4.14591928 x  lo-' m / s 2  
5,97387629 x  m / s 2  

u n t i l  12:00:00, A p r i l  17 ,  1972. 

These  a c c e l e r a t i o n s  and t h e  a c c e l e r a t i o n s  o f  TaSle  2-11 a r e  
e x p r e s s e d  i n  PACSS.l.3. The t r a n s f o r m a t i o n  o f  any v e c t o r  from 
PACSS13 t o  PACSS4 (MNBY) i s  g i v e n  by 



APPENDIX B (Cont inued)  

where 0.2158384602954925 -0 .639260734 j147001  
0 .5059341917359541  0 .7197290380796192  

-0 .8351313392663046 0 .2759058784393385 I 
The g r a v i t a t i o n a l  e f f e c t s  of  t h e  e a r t h ,  moon and sun  were 
inc luded .  T r a j e c t o r y  i n t e g r a t i o n  w a s  y a r r i e d  o u t  i n  doub le  
p r e c i s i o n  and is based  on a DE19 ephemer i s  w i t h  a t i m e  
c o r r e c t i o n  o f  42.35 seconds .  The l u n a r  impac t  a n a l y s i s  w a  
conducted on IBM 360 Model 44, IBM 360 Model 65,  and IBM 3 
Model 155 computers.  



S - I V P  LUNAR-IMPACT TRAJECTORY (CONTINUEO)  

16 A P R I L  1 9 7 2  G,H-T, = 20 HR 58 M I N  59,il00500 SEC 

T l r E  = 20 .98306  

CSHILV SEPARATED 

PARAwETER GEGCEkTRIC SELENOCENTHIC 

X - 
Y -  

z - 
I R I  - 
xo - 
VD - 
zn - 

I v l  - 
O E C L I N A T I O N  - 

LONGITUDE - 

SEMI-MAJOR A X I S  - 2 , 4 6 4 5 9 0 7 5 6 0  05  

E C C E N T R I C I T Y  - 0 , 9 7 3 2 9 5 3 3 3 0  03 

I N C L I N A T I O N  - 3 , 2 5 0 1 6 9 5 0 7 0  01 

P I G H T  ASC- OF NCOF - - 2 . 4 7 6 3 1 9 0 2 1 0  01 

ARG, -OF PER1 FOCUS - - 3 . 7 6 5 5 3 5 8 4 1 0  01 

TRUE ANCMALY - 9 - 7 4 1 0 3 6 8 2 3 0  01 



S - I V 8  LUNAR-IMPPCT THAJECTGPV ( C O N T I N U E C )  

16 A P R I L  1 9 7 2  G,P,T, = 2 1  HR 0 M I N  0.0 SEC 

T I V F  = 2 1 , 0 0 0 0 0  

PARAPET EP 

X - 
Y -  

2 - 
I R I  - 

XO - 
YD - 
20 - 

I v l  - 
D E C L I N A T I O N  - 

LONGITUDE - 

GEOCENTRIC SELENOCFn~TP I C  

SEMI-MAJOP A X f S  - 2 - 4 6 4 0 5 8 1 3 3 0  0 5  

E C C E N T R I C I T Y  - O m 9 7 3 2 8 9 3 0 9 0  00 

I N C L I N A T I O N  - 3 - 2 5 0 1 4 8 5 1 3 0  31 

R I G H T  ASC, OF NODE - - 2 . 4 7 6 3 7 5 9 4 2 0  01 

ARG. OF PERIFOCUS - - 3 - 7 6 5 5 L 5 S 7 3 0  01 

TRUE ANi>MALY - 9, 3 7 4 9 4 7 3 6 8 0  01 



S - I V R  LUNAR- IMPAC1 TRAJECTCRY I C C N T I N U E D I  

16 A P R I L  1 9 7 2  C o Y o T o  = 2 1  HR 15 M I Y  5 3 , 0 0 0 0 0 0  SEC 

T I M 6  = 2 1 , 2 6 4 7 2  

CSM/LM DOCKED 

PARAYET ER CECCEYTRIC SELEhOCENTRIC 

X - 
Y -  

2 - 
f R I  - 

Xi) - 
YO - 
ZC - 

I V l  - 
O E C L I N A T I O k  - 

LONG1 f UDE - 

SFMl-MAJOR A X I S  - 204609959300 05 

E C C E N T R I C I T Y  - 0 , 9 7 3 2 5 6 2 1 4 0  00 

I N C L I N A T I O N  - 3 . 7 4 9 9 6 3 9 4 7 0  01 

fiIGHT ASC, OF NODE - - 2 . 4 7 7 0 8 4 2 1 2 0  01 

ARG, OF P E R I F O C U S  - -3,7650656510 0 1  

f n 3 E  ANCMALY - 1 ~ 3 8 7 1 0 4 7 9 8 0  02 



S - l V 9  LUNAR-IMPACT TRAJYCTOPY (CONTIKUFO) 

16 APRIL 1972 GeM,Tm = 2 1  HR 53 MIN 15o0003CO SEC 

TTMF = 21,89750 

CSH/LM EJECTED 

PAR AMETEP GFOCENTRIC SELEMOCEYTP I C  

X - 
Y -  

z - 
I R I  - 

XD - 
YD - 
ZD - 

I v l  - 
O€CLINAIION - 

LONGITUDE - 

SFMI-MAJOR AXIS - 2,4604481200 05 

ECCENTRIC1 TY - 0,9732505390 0 0  

INCLINPTICN - 3,2498978220 0 1  

RIGHT dSC, OF NOOE - -2.4776772580 0 1  

ARC, OF PERTFOCUS - -3 ,7646309630 0 1  

TRUE ANCPALY - 1 ~ 2 5 1 1 8 3 3 0 4 0  0 2  



5 - I V P  L U W R - I M P A C T  TRAJECTORY (COhTINUtC) 

16 A P R I L  1 9 7 2  G,M,T, = 22 HR 3 M I Y  3.3 SEC 

f I W E  = 22,03333 

PARAMETER 

X - 
Y -  

z - 
I R I  - 

XD - 
Y D  - 
20 - 

I V l  - 
D E C L I N A T I O N  - 

LONGITUDF - 

SEMI-MAJOR A X I S  - 
E C C E N T R I C I T Y  - 

I N C L I N A T I O N  - 
R I G H T  ASCo OF NODE - 

ARG, OF PEA I F O C U S  - 
TRUE ANOMALY - 

S E L E N O C E N T R I C  



S - I V R  I IINAk-IMPACT TRAJECTORY (CONTINUEDD 

16 APRIL 1972 G o M - T o  = 22 H R  12 M I N  8.303333 SEC 

T l H E  = 22120222 

APS E V A S I V E  BURN I N I T I A T E D  

GEOCENTRIC SFLEIUCCENTPIC 

X - lo1009735180 04 

Y -  2,6807450980 04 

Z - 1,84427 18020 34 

I R I  - 3,4350966750 04 

XO - -5,9806109060-01 

YO - 4,0561894480 33 

ZD - 2.1858964800 00 

I V l  - 4,6463619300 00 

OECLINATION - 3-2474731910 0 1  

LONGITUDE - -1,1069828130 0 2  

SFCi-MAJOR A X I S  - 2,4617220280 05 

ECCENTRICITY - i10973259376D 00 

INCLINATION - 3o2498797120 0 1  

RIGHT ASC, OF NODE - -2.4785854660 0 1  

ARG- OF PERIFOCUS - -3,7631876320 3 1  

TRUE ANONALY - lm2971272460 02 



5 - I V B  L U N A R - I M P A C T  TRAJECTCRY ( C O N T I N U E O )  

16 A P R I L  1972 GoMoTo = 22 HR 2 8  Y I Y  47~000000  SEC 

T I p F  = 2 2 0 4 7 9 7 2  

C V S  VENT INITIATED 

G E O C E N T R I C  S F L E N O C E N T R I C  PARAMETER 

X - 
r -  

z - 
I R I  - 

XD - 
YO - 
2 0  - 

I v l  - 
OECL I N A T I O N  - 

L O N G I T U D E  - 

SFMI -YAJOR A X I S  - 204623619480 05 

E C C E N T R I C I T Y  - O o 9 7 3 1 0 9 4 1 2 0  00 

I N C L I N A T I O N  - 3 m 2 5 0 1 2 7 9 3 4 0  3 1  

R I G H T  ASC- OF  NOOE - - 2 . 4 9 0 1 5 7 9 4 2 0  01 

4RG- OF P F R I F O C U S  - - 3 - 7 6 1 0 5 6 5 1 8 0  0 1  

TRUE ANOMALY - 1 32905 5 4 3 4 0  32 



S - I  V8 LUNAP-ICPACT TRAJECTOPY ICONT INUERI 

16 APRIL  1972 C.M.T. = 22 HR 3 3  HIN 27.oooooo SEC 

TIME = 22055753 

LOX DUMP I N I T I A T E D  

PARAMETER GEOCENTRIC SELEhOCEYTR IC 

X - lo0173053280 04 

Y -  3- 1796963280 34 

Z - 2-  1101287910 04 

I R f  - 3.9694330930 04 

XD - -7eG373832570-01 

YD - 3,75811 81850 0 0  

20 - lm9824921720 00 

I V l  - 4.3068521150 0 0  

DECLINATION - 3,2297818310 0 1  

LONGITUDE - - lo1125556490 02 

SFMI-MAJOR A X I S  - 204359102750 05 

FCC ENTR I C  I T Y  - 009730638650 0 0  

INCLINbTION - 3,2501660170 0 1  

PISHT ASC-  OF NODE - -2.4S08697720 0 1  

ARGm CF PERIFWUS - -3.7614756850 0 1  

TRUE ANOMALY - 1 3367602480 02 



S - I V B  LUNAR- IMPACT T P A J E C T C R Y  ( C O N T I N U E C )  

16 A P R I L  1972 GoMmTa = 23 HR 0 M I N  0.0 SEC 

T I M E  = 23,00000 

PARAWF T E R  G E O C E N T R I C  S E L E N O C F N T R I C  

X - 
Y -  

Z - 
I R I  - 

XD - 
YD - 
ZD - 

I V l  - 
D E C L I N A T I O N  - 

L C N G I  TUDE - 

SEM1--M4JnR A X I S  - 2 0 3 3 8 3 7 5 4 6 9 0  0 5  

E C C E N T R I C I T Y  - O o 9 7 2 0 3 0 6 9 3 0  30 

I N C L I N A T I O N  - 3 o 2 5 0 5 6 7 2 0 5 0  01 

F I G H T  ASC, OF NODF - - 2 . 4 9 7 7 5 9 9 4 7 0  01 

ARG. @F P E R I F O C U S  - - 7 0 7 7 3 3 4 1 0 7 5 0  01 

TRUE ANOPALY - lo3748920620 02 



S - I V B  L U N A R - I M P A C T  TRAJETTCRY ( C C N T I N U E C )  

16 APRIL 1972 G.M.1. = 2 3  HR 3 4  MIN ~ w o o o o o o  sFr 

T I V E  = 23.56861 

APS I M P A C T  BURN I N I T I A T E D  

PARAMETER GE(ICENTR1C SELENOCENTQ I t  

X - 
Y -  

z - 
I R I  - 

XD - 
YE - 
20 - 

I v i  - 
D E C L I N A T I O N  - 

L O N G I T U D E  - 

tFMI -MAJOR A X I S  - 2,3385539350 05  

E C C E N T R I C I T Y  - 0,9720332460 00 

I N C L I N A T I O N  - 3.2535787280 0 1  

R I G H T  ASC. O F  NODE - -2 .4978648370 01  

APG. OF P E R I F O C U S  - -3.7732672750 01  

TRUE ANOMALY - 1.4398983730 02 



S-IVB LUNAR-IMPACT TRAJECTORY ICONTINUEDI 

16  APRIL 1972 G.M.T. = 23 HR 4 9  H I N  6,000000 S E C  

T I M E  = 23,81833 

P T C  COMMANDED 

PARAMETER GECCENTR IC  SELENQCENTR I C  

X - 6.5604093190 0 3  

Y -  4. 7133821320 3 4  

Z - 2.8988121670 04 

I R 1  - 5,5722053780 0 4  

XO - -8. 533817522D-01 

YD - 3,0160769690 0 0  

ZD - 1,5483802770 0 0  

I V l  - 3. 5479559490 0 9  

DECLINATION - 3,1349297100 0 1  

LONGITUOE - -1,2040215890 02 

SEMI-MAJOR A X I S  - 2.3190154670 05  

FCCENTRlCITY - 0.9718642500 00 

INCLINATION - 3.2493735910 0 1  

PIGHT ASC. OF NODE - -2.4883435120 0 1  

ARG. OF PERIFOCUS - -3.7881393830 01 

TRUE ANOMALY - 1,4231392890 02 



S - I V B  LUNAR- IMPACT TRAJECTORY ( C O N T I N U E D )  

17 A P R I L  1 9 7 2  G.M.T. = 0 HR 0 WIN 0.0  SEC 

T I V F  = 24m00000 

PAR AMETFF 

X - 
Y - 
z - 

I R I  - 
XO - 
YD - 
ZD - 

I v l  - 
D E C L I N A T I O N  - 

LONG I T U O t  - 

SEMI-MAJOR A X I S  - 
E C C E N T R I C I T Y  - 

I N C L I N A T I O N  - 
R I G H T  ASC. OF NODE - 

ARG. OF P E R I F O C U S  - 
TRUE ANOMALY - 

S E L E N O C E N T K I C  



S - I V B  L U N A R - I M P A C T  T R A J E C T O R Y  ( C O N T I N U E D )  

17 A P R I L  1972 G w M w T w  = 6 HR 3 M I N  Ow0 S E C  

T I M F  = 30.OG000 

P A R A M E T E R  G E O C E N T R I C  S E L E N O C L N T R I C  

X - - 1 w 3 0 1 b 6 0 5 8 ~ t 0  CS 

Y -  9a9917181500 0 4  

2 - 5,425119685D 04 

I R I  -- 1 . 1443805110 05 

XO - - 8 -  5604086300-0 1 

Y O  - lw9313587170 0 3  

LO - 8 -  8698391060-01 

I V l  - 2.2912208340 0 0  

DECL I N A T  I O N  - 2 -  8299532270 01 

L O N G l T U O E  - 1.6196529680 0 2  

SEPI -MA.JOR A X I S  - 2w3220811000 0 5  

E C C E N T R I C I T Y  - Ow9719150360 0 0  

I N C L  I N A T T O N  - 3,2487962030 01  

R I G H T  ASCw OF NODE - -2'.4836233120 0 1  

A R C -  OF PER I F O C U S  - -3 .7923273020 01 

T R U E  ANOMALY - 1 w 55961 85430 0 2  



S-IV6 LUNAR-IMPACT TRAJECTORY (CONTINUE01 

17 APRIL 1972 G o V o T m  = 12 HR 0 WIN Om0 S E C  

TIMF = 36,03033 

X - 
Y -  

z - 
IRI - 

XD - 
YO - 
ZD - 

i V l  - 
OECLINAT ION - 

LONGITUDE - 

GEOC ENTR I C  SELFNnCENTRIC 

SEMI-MAJflR A X I S  - 2,3246075380 05 

EtCENTR I C  1 T Y  - 0,9719968810 0 0  

INCL INATIOh - 3.2495167710 0 1  

R I G H T  A S C .  OF NODE - -2.4858410330 0 1  

ARG, OF PFRfFOCUS - -3,7919139910 0 1  

TRUF ANOMALY - 1,6085199410 0 2  



5-IVR LUNAR-IMPACT TRAJECTCPY (CONTINUEC) 

17 APRIL 1972 G e V - T e  = 18 HR 0 M I &  0.0 S E C  

TIMF = 42,00000 

X - -4-68S1420770 04 

Y -  1,6666996550 05 

Z - 8,3752478710 0 4  

I R I  - 1 , 9233346490 05 

XT, - -7, 1894685430-G1 

YP - 1,2730538390 00 

ZP - 5, 4276489240-01 

J V l  - 1.5595324650 0 0  

DECLINATION - 2,5814699280 0 1  

LONGITUDE - -1,0236476270 0 1  

SFMI-MAJOR A X I S  - 2.3272344680 05 

ECCENTRIC I TY - 0.9722039340 00  

I NCL I kAT ION -- 3,2520648310 0 1  

RIGHT A S C -  OF NODE - -7.4927000210 G 1  

ARG, OF PERIFOCUS - -3-7n1069720D 0 1  

TPI!E ANOMALY - l o 6 3 8 : 4 1 8 l ~ n  32 



S-IVB LUNAR-IMPACT TRAJECTORY ICONTINUEDI 

17 APRIL 1972 GoMoTe = 2 1  HR 3 Y I N  59m000003 SEC 

T IME = 45.06639 

CCS DOWNLINK SIGNAL LOST 

PARAMETER GF OC E'UTR I C  5 ILENOCE3lTQ 1C 

SEMI-MAJOR A X I S  - 20 326 7426080 05 

FCCENTRIC I T Y  - Om9723584000 00 

I N C L I N A T I C N  - 30 2540807760 0 1  

RIGHT bSCo OF NODE - -2.4977612100 01 

AQG- OF PERIFCCUS - -3,7902797500 0 1  

TRUF ANOMALY - 1-6497150210 02 



S - I V B  L U N A R - I P P A C T  TRAJECTORY (CC'NTlNUEO) 

18 APRIL 1972 G o Y o T ,  = 0 HR 0 M I %  0.3 S F C  

T I W E  = 48,00000 

PAXAMETEP 

X - 
Y -  

z - 
I R I  - 

XD - 
YD - 
ZD - 

I v l  - 
OECL I N A T I U N  - 

L O N G I T U D E  - 

GEOC ENTR IC S E L F k O C F N T S I C  

SEMI-MAJOR A X I S  - 2-3303216520 05 

E C C E N T R I C I T Y  - 0,9725452010 30 

I N C L I N A T I O N  - 3,2565992170 0 1  

RIGHT ASC. OF NODE - -2;5038419490 01 

ARG. O F  P E R I F O C U S  - -30 7891782320 0 1  

TRUE ANOMALY - 1,6593596540 02 



S-1VR LUNAR-IMPACT TRAJECTCRY (CQNTINUEOI 

18 APRIL 1972 GaMoTo = 6 HR 0 MIN Go0 

1 lME = 54.00000 

PARAMETER 

X - 
Y -  

Z - 
I R I  - 

XD - 
YO - 
ZD - 

I V l  - 
DECLINATIOY - 

LONGITUOE - 

GEOCENTRIC SELEfkOCFKTRIC 

SFHI-MAJOR AXIS - 2,3340980330 0 5  

ECCENTRICITY - 0.9730801350 0 0  

INCLINATION - 3o2641585410 0 1  

RIGHT ASCo OF NOOE - -2.5211715920 01 

ARGo OF PERIFOCUS - -3.785341 3550 3 1  

TRUE ANOWALV - lo6760878790 0 2  



S - I V R  LUNAR- IMPACT T R A J E C T C R Y  ( C O N T I N U E D )  

18 A P R I L  1972 GoMoTo = 12 HR 0 M I N  0.0 SEC 

T I M €  = 630 00733 

PAR 4MET ES G E O C E N T R I C  S E L F f i r l C E N T R I C  

X - -8- 8578238390 34 

Y -  20 3436306670 05 

Z - L o  1162272430 05 

I K I  - 207428412010 0 5  

XD - -5- 7635065720-03 

YD - 806701242160-01 

ZO - 3 - 4409099320-0 1 
I V l  - 1.096489188D 00 

CFCL I N A T  I O N  - 2o4J14191930 31 

L O N G I T U D E  - 8o4014854580 01 

SEMI-MAJOR A X l S  - 2,3389323780 05 

F C C E N T R I C I T Y  - 0.9739023480 00 

I N C L I N A T I O N  - 3,2765634850 31 

F I G H T  ASC. OF NODE - -2'. 5479889930 0 1 

ARG. OF P F R I F O C U S  - -3,7779667210 01 

TRUE ANOMALY - 1.690L935230 02 



S-I Vf3 LUNAR-I VPACT TRA JEC TCRY (CON1 INUFO) 

18 APRIL 1912 GmMmT, = 18  HR 0 H I N  0.0 

TIME = 66- 3 0 3 3 3  

PARAMETER 

X - 
Y -  

z - 
I R I  - 
xn - 
YO - 
23 - 

I v l  - 
CECL INATION - 

LONGITUDE - 

GEOCENTRIC SFLENOCENTRIC 

SEMI-I~AJOR A X I S  - 2 ,3454823910  0 5  

FCCENTRICITY - 0 . 9 7 5 1 7 2 1 4 1 0  00 

INCLINATION - 3 ,2974096430  ill 

PIGHT ASC, OF NODE - - -2 ,59064533  10 0 1  

AQG, OF PFRIFOCUS - -3 ,7638R34430 0 1  

TRUE 4fVOMALY - 1.7328023980 02 



S - I V B  LUNAP- IMPACT TRAJECTCRY ( C O N f I N U E O )  

19 A P R I L  1972 C.M.T. = 0 HR 0 M I N  0.0 SEC 

T I M E  = 72 .00000  

PARAYETER 

SEMI-MAJOR A X I S  - 
E C C E N T R I C  l TY - 

I N C L  I N A f  I O N  - 
R I G H T  ASC. 3F NODE - 

ARC. OF P E R I F O C U S  - 
TRUE ANOMALY - 

GEOCENTRIC  



S- IVR LUNAR-IMPACT TRAJECTOPY (C9NTINUFD) 

19 APRIL 1 9 7 2  G.M.1. = 6 HR 0 H I N  0.0 S E C  

TIME = 78.00000 

PARAMETER 

X - 
Y -  

I - 
I R I  - 

XO - 
YD - 
ZD - 

I V l  - 
DECLINATION - 

LONGITUDE - 

SFPI-!lAJOP AXIS - 
ECCENTRICITY - 

INCLINATION - 
RIGHT ASC. OF NqDE - 

AKG. OF PEPIFOCUS - 
TRUF ANOMALY - 

GEOCENTRIC 



S - I V B  L U N A P - I W P A C T  T R A J E C T C R Y  ( C O N T I h i U E O I  

14 A P R I L  1972 G.C.T. = 12 HR 3 M I N  J.9 S E C 

T I M E  = 94.30330 

S E M I - M A J O R  A X I S  - 
E C C  ENTR I C I T Y  - 
INCL I N 4 T  ION - 

P I G H T  ASC, OF NODE - 
ARG. O F  k E R I F O C U S  - 

TRIJT ANOMALY - 

GEOCENT R I C  



S -1VO L U V A P - I V P A C T  TRAJECTORY ( C O N 1  I N U E D )  

19 A P R I L  1 9 7 2  GmMoTm = 18 HR 0 M I N  C.9  S E C  

T I P €  = 90.00000 

X - 

Y -  

z - 
IRI - 

XD - 
YD - 
ZD - 

I v l  - 
D E C L I N A T I O N  - 

L O N G I T U D E  - 

SEMI-MAJOR A X I S  - 
F C C E N T R I C I T Y  - 

I ! U C L I N A T I O N  - 
R I G H T  ASC. OF NOOF - 

ARC. OF P E R I F O C U S  - 

TRUE ANGCALY - 



S - I V C  L U N A R - I M P A C T  T R A J E C T O R Y  ( C O N T I N U F O I  

19 A P R I L  1 9 7 2  GOMOT. = 2 1  HR 1 M C Y  54.935756 S F C  

T I P €  = 93003193 

LUNAR IMPACT 

PAR AM€ T F R  G F O C E Y T R I C  S E L F N O C E N T R I C  

X - 
Y -  

z - 
I R I  - 

XD - 

YD - 
ZD - 

I V l  - 
D E C L I N A T I O N  - 

L O N G I T U E E  - 

S E M I - M A J O R  A X I S  - 
E C C E Y T R I C I T Y  - 

I N C L I N A T I O N  - 
R I G H T  4 S C .  OF NODE -- 

ARC. OF P t R I F O C U S  - 
T R U F  A N O M 6 L Y  - 

HEE.DING - 
I M P A C T  ANGLE - 
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