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ABSTRACT 2./ 70/

The effect of earth thrust-to-weight ratios, and specific
impulses on trajectory parameters has been investigated for braking
to an orbit about Mars. The thrust vector was directed against the
velocity vector in all instances. Specific impulses of 400 to 500 seconds
and earth thrust-to-weight ratios of 0.2 to 1.0 were used.
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SUMMARY

The effect of earth thrust-to-weight ratios, and specific
impulses on trajectory parameters has been investigated for braking
to an orbit about Mars. The thrust vector was directed against the
velocity vector in all instances. Specific impulses of 400 to 500 seconds
and earth thrust-to-weight ratios of 0.2 to 1.0 were used.

SECTION I. INTRODUCTION

A study of trajectory requirements is of fundamental importance
in planning the exploration of Mars. Preliminary analysis of Martian
missions requires a rapid method of sufficient accuracy for determining
trajectory parameters.

The purpose of this study is to present a method for determining
the trajectory parameter for powered braking into an orbit about Mars
when the hyperbolic excess velocity is known.

The approach used was to determine the arrival velocity for a
given transfer trajectory and initiate burning such that circular orbit
conditions are attained at burnout. The equations of motion were




integrated on a RECOMP II computer, using a Runge-Kutta numerical
integration procedure.

SECTION II. ASSUMPTIONS

The following is a summary of the basic assumptions used in
this study:

1. Deceleration of a single stage from an interplanetary transfer
trajectory to a 600-km circular Martian orbit, using a constant thrust

directed against the velocity vector.

2. Constant specific impulse values:

a. 400 sec
b. 425 sec
c. 450 sec
d. 475 sec
e. 500 sec

3. The earth thrust-to-weight ratio for a chemical stage was
varied parametrically from 0.2 to 1.0.

4. Mean spherical planet Mars:
b =42930.0 km?/sec?
r = 3400.0 km

SECTION III. ANALYSIS

In Martian mission programs, it is assumed that one mode of
flight will be by way of a transfer from a circular orbit around Mars.
In general, a spacecraft will approach the vicinity of Mars with a
relative hyperbolic flight velocity.

The velocity requirements for injection into a 600-km circular
orbit from an interplanetary transfer trajectory were calculated using

the equations of motion for a vehicle flying into orbit with an angle of
attack of 180 degrees.




Referring to the sketch below, computations were made for a
point mass moving in a plane using the following equations of motion:

LOCAL VERTICAL

INITIAL VERTICAL

o

MARS CENTER

F cosa HO'

\.f = - = cos (1)
m T
o : M 2
Vi = Fs1na+( ?’-\—[—) sin b (2)
m r r
=V cosh (3)
where
m=mo+fﬁ'1dt (5)
and
M= - (6)




The velocity and flight path angle may be obtained by integrating
the equation of motion

V=vy+ [ Vat (7)

D=t + [ohat (8)

The range and pericenter altitude can then be calculated by the
relations

rd
X=Xo+f r—-Vsin'x,’dt (9)

h=hy+ [ rdt (10)
and the central angle is

G=y, + [ dt (11)

X
o
The initial weight of the vehicle is

Wo=We + Wp ] (12)

The velocity expended by a vehicle is the characteristic
velocity, or

1
-t

V, = Vex In (13)

Then the velocity losses are the difference between the characteristic
velocity and the change in comparative velocity, or

1 = Vl - AV* (14)
Ooss

where the comparative velocity is

v:::zﬁz*:zp‘o'(%_% ) (15)




The change in comparative velocity during descent from r = r to

I‘=I'fiS

AV*;V’:[;Z+2H6 (%f-%)—Vf (16)
o

and the velocity loss due to gravity is

_ 1 2 1.1y
Viess ~ Vex In (1 - g) [VQO t 2pd (rf_ro) -Vgl (17

SECTION IV. DISCUSSION OF RESULTS

The results of this investigation are shown in Figures 1 through
13. The characteristic velocity, V,, is plotted versus hyperbolic excess
velocity with earth thrust-to-weight ratios as a parameter in Figures 1
through 5.

Figures 6 and 7 show the velocity losses due to gravity for
specific impulse values of 400 sec and 500 sec respectively. These
losses tend to zero as the thrust-to-weight ratio is increased. The
flight path angle at initiation of burning prior tc Keplerian pericenter
is shown in Figure 8.

Figure 9 shows the change in altitude. This change is the
difference between the altitude at initiation of burning and the.altitude
of the circular orbit about Mars. The change in other trajectory
parameters is shown in Figures 10 and 11. The vehicle mass charac-
teristics can be determined from Figures 12 and 13.

SECTION V. CONCLUSIONS

From this parametric analysis, sufficient data are presented to
enable the designer to make a preliminary design of a stage for braking
into an orbit about the planet Mars when the mission requirements are
defined.



SECTION VI. GRAPHIC PRESENTATION




SANODTES 00% IO ASTNAWI DIJIDEJS LNVLISNOD V MOh
YALIWVEVd V SV OLLVY LHDIZM-OL-LSAYHL HLIM ‘(008 /uny) ®A ‘XLIDOTIA
SSEOXT DITOFYAdAH SNSAHA ‘(098 /uny) TA "XLIDOTIA DILSTHEILOVEVHD ‘Bl FUNDIA

(o008 /unf) A ‘X IIDOTIA SSADXA DITOHdUYHEJAH
0°S G°'Y 0% G°¢g 0°¢ 4 0°2 G°1 0°1

ﬁ- asas mazzazy soee saresacacze 2581 252333
il

A e Apssvs)
7

TH
bisei
H

HT
T+

(pos/uny) ‘1A ‘ZLIDOTIA DILSTHALOVIVHD IOVIS




STAGE CHARACTERISTIC VELOCITY, V,, (km/sec)

ey

i

.5 5.0

$253IREI00 2
5.5 6.0 6.5

7.0

HYPERBOLIC EXCESS VELOCITY, V_ (km/sec)

7.

FIGURE 1b. CHARACTERISTIC VELOCITY, V,; (km/sec), VERSUS
HYPERBOLIC EXCESS VELOCITY, V, (km/sec), WITH THRUST-
TO-WEIGHT RATIO AS A PARAMETER FOR A CONSTANT
SPECIFIC IMPULSE OF 400 SECONDS




s G ; ; s T :
1 I T T : + H H
a8
EEaaas t b HH +
! + f ] HE T HiE T i
Baeaus H 1 ne SR k ae:
f88e SEsmgrpmEsan 28 a 3
LI skusss nugksusi uxu 5aaas 1 14 i
o B
T Aghis T nHH T
%u 417 258 ML £s8 m a2 ij:rT : 1 is ! I H 7 P
S ) -~ 23 o 8 =Ehds
i R34 : 25unisauninaths -+
The b e e S R A R il T 1 H itin T
i Beagie Satiatas fhaatonata sl o 44 s AEReE 158
i s Bl i i _
fptasits T R e e asie tbat gicisieticEctepapesiaintites HHR
NTHT 530, sEqananssse FHHHH HHH e ertacs H T R FH o
MR A R T R TR R E T 25 HiH P sasnEs —
IR R tHi HH saisasataasananyins H iaEgs antRaanaat i FH
AN dNusaEnssanda 111 §88 baany 23 94 EENaSRayAnRun iy Haude paauaguRel angge paiSarsesuing Jeamiige: HHH
it wﬂuﬁ HHNE dissaaanianicating HH HEE B R AT TR 1 EEaSeseiRinacit
T SR HHHT H CEHTIIN IR HIHHHTHE EERayaRsasinzifans
hw‘ a 1] P unds <r W‘. =8 8 A (o} 8% 8N T iyt +hi BIpEE AN REREE0;
o i i dad HEHE T — it i HE T R Hu
§iE ! L Ll HEIER T
] o Nl Y i H T i Ressnstasdrachpisiibaiisl o
O FTH L . a8 . 3 ] T 41t 17"1 '] W 1111 gana e 41 T
S wm. AEdaNEauaus pRaRE # gu8 suann SassuEpywn Ejgdusanannuss ugaRfutunan:
<t T 558 aaEsigaatingt a8 238k RRaian! 3 e FH
w hiE i il Ech e : L gl
i T = T T " onns
mﬂ i ASEasnsen SuaRRIROERal H 535: (aas i Jind dhund aed EeT g 5 |
» T . o 8 i 880 HTTT
o [ I ] i
5 s T 1 4 ] Sasigesans, 1 H
-t 1157 ! SHH T Y 1 8
Rars T szeangesaang Soiages T H .
Qurivy i asasansaauskdsend JyE T psesed faene H g 5
m 1t + Rpssacnesasazaacas hssaREL3sids ol . H 2}
1 ' H«, HT pSsEgsEinsRegy oAt gias i Y g { s
o) .r.v 1, iw W H “r T R T SREE 23 SN T
] o} JeidaqeRacit SR dnpe SURssuREREE " 7
e Y ﬁt bades aaasseiinzachsasdas HKd 2 BpRRE: A s 2Sa 5 M i
L sttt it is SRR
i @ R TR TR o T T g
. L fiitaaganaiaatzgnis . ERiE aeanoeisii
(] ) HHTH i tH H I
(i (B i i
T @ HrHH a2 i A g g
At ! o
e : iR
H H HEHH Y pea! T
Rk 11 8! SN ASRNR NB: 8t N AUBEE i
i (7)) T P T R e T 238 H 1%
i o T EE H
it A it spEiss SRIaERERASS F R R 1 %a AEUALSSRE RS gesseiispiaaiisedty sl H saBRgRanatiacaaaaad
ekl Hi EESNasordsandsas H 33380adatst ang PR A BE R tALES Ehyotas L T o
H 2 R T HHEH] P [ H T T HH 0
H Sabibiisdndssatat; W H
ﬂm HO Ty HHTH T R T BrHTHE tHITN R
e HH H tH A THE R s
: BT R ssssasess H sstRicvaspnaceaye h H ] .
Lﬂ 8] i u H Seddutas i H P H R R R A T B T e T R RN
B e igieses IiestoeotesapabRasstiRintes A T ffigised B
EHH < H : H S5ieas HHHH R HHH tHH
1 T £ et aates i B T T FER HE Sfisiseeiitass H
Rl | i T i i B
ns 88 T I A InA ARERY S, -1 H SEEEN BB 8
st Ll gt i & i : i S e e e T i R
, i 1 nESEESA fugun A 1 8% BRAN! STy
1 i) ﬂr HHH ! _i H PR SeREdl ; HHH TR T
i1t t g geegsssssccositistaigecegoadibtessit t i T
LR i i G e
0. 8. /O. < ; [=3 Rw Nl = ~ (=] ] ~O
\ . o . N .
© ~ ™~ ~ o~ ~ o N © O N 0 "
¢ ¢ X
(oos/wy) ‘TA ‘ALIDOTHA DILSIMALOVIVHD IDVLS
.

HYPERBOLIC EXCESS VELOCITY, V (km/sec)

CHARACTERISTIC VELOCITY, V, (km/sec), VERSUS

HYPERBOLIC EXCESS VELOCITY, Vy (km/sec), WITH THRUST-

FIGURE lc.

TO-WEIGHT RATIO AS A PARAMETER FOR A CONSTANT

SPECIFIC IMPULSE OF 400 SECONDS



10

SANOODAS §2% 0 ASTNAWI DIAIDAJS LNVISNOD V 404
YALTWVEVA V SV OILVY LHDIZM-OL-LSNYHL HLIM ‘(09s/un) A ‘XLIDOTIA
SSHNOXHT DITOTHAJAH SNSUTAA ‘(d9s/wq) A 'ALIDOTHA DILSTYELOVIVHD ‘B2 TENDIA

(008 /uny) ®A ‘XLIDOTIA SSADXT DITOGUTJIAH
0°S 5% 0% 5¢ 0°¢ 52, 0°2 §°1 0°1 50 0°0
: 2 ; e m ; y rv— m—

T
T

9°1

2528

81

0°¢

e
| ¢
| §

(038 /uxy) ‘TA ‘XLIDOTHAA DILSINALOVIVHD HDVLS




e
gee

il
it IS
35
Baish:
H O
il PN
R
T
e et
i
Hiwn
u: .
gisess NS
i T
S i aERRsatEE
1o TR | B H ?m
¢ e il ‘ :
HiH T =
a e mw i mm i
Qo - 3 ARdasiRts sug 1
o . w.x T m
i
: W i mamen
e i R
AN REIE T T T
P ol i } siaia} lEseEndctasaniiotl
m it i H H HHH
iiisd il SHIHEHD i
H O | ,.1 HHAHHH i3 M i o HAH T Alnl * mx V]~
N O3 HI THTETH H
M 2 R T R AT
B i1+ 5 juass 4 B
< 18 H N R AR =)
M 1 “.Y“Lmﬁ isEastts x.r,w w0
i S T T
m uuw *v\. g
i B il H HHHTHL st itilaie:
@ B mﬁ : gRateEaid i b : HH T N
» i i s
i T : <
et i HHHH H
Tum: i H 1 ; HHH . W a8y 43 HH m_ : s
iR HHHE HETHER TR R HEEH ;
¥l o) e Loy ~ [« [ o] 0 <+ ~
. » - - . . » - - »
n <+ <+ A < « ) L) [} 0

(008 /uuny)

..m.>

¢

ALIDOTHA DILSTYILOVEVHD JDV.LS

(km/sec)

Voo

HYPERBOLIC EXCESS VELOCITY

. WITH THRUST-

(km/sec), VERSUS

CHARACTERISTIC VELOCITY, V,

HYPERBOLIC EXCESS VELOCITY, V, (km/sec)

WEIGHT RATIO AS A PARAMETER FOR A CONSTANT

FIGURE 2b
TO-

SPECIFIC IMPULSE OF 425 SECONDS




12

10.0

3.5

9.0

(oesjuny) ‘TA ‘ALIDOTHA DILSIIALOVIVHD ADVLIS

= T ; 1 1
m i : ] } : ;
: :
:
] :
! 1 e ;
Foed :
e T t :
; HH + 1
] L il ! :
I Nr saps 4 } f
[gparaes T T 7
i nea: T adas Sane T
: ; 1 i ot
] 7 ! -1
] W : : Sy
S , ; : ; :
EE ] : : ,, 1 ’
T ; i 7 !
i d _V ” i
X -+ 1
7
L h T
A . “ b 1 . ” : 47 T ” m f
HH H ; , Sisisiiremt
+ I =0 St st
i . I » ] 1 ' N
T = He H T
T L | T T H=
(=X : T T <
= ! :
9 i o : » "
— I
o i o : !
! s ixeunse
Re : ;
Y : ] ! Ho T ! !
! !
3 2 : T
st ils _
" ! ! :
{
L rEh ; ” T
] H :
— 1R
2 I
- i
T 1 :
9 i
o= 1
e : ~ ]
18} t N maamy
Q o : :
aaees 1 Oy " N it T 1
H4-HH aamem + i 1 I T i I
is8e = Zazazgp] < ; ; i3 H i
anwanfo Buasns 1 i i T T 1T m
saeas B Amnae o] $ = Bl LS8 s
e o B t 7
S B = - . T
S B e - :
[ o O : I _
O -~ 1 t : i
tiaie fxy R iads o + T
oy -
fEeee :
o 0 e :
HHH <¢ ! 1 1
] : : — -
FHH : 1 { F T
it , ; : + HH :
b T+ }
O : W & =
it :
FH ; ;
- e P e e e e O e e e e e e e e t
HH :
HHH :
= ] !
[EHH M ]
imase h
e <G ;
oG ;
pH] ’
e :
] W
!
t
;
: i
o N <H N [} o] Nol < N [« <o) e
.. . . . . i . . . * . N
o] - r~ o~ - O el 0 0 0 [Tel n

HYPERBOLIC EXCESS VELOCITY, Vg (km/sec)

VERSTIS

CHARACTERISTIC VELOCITY, V, (km/sec),

HYPERBOLIC EX

FIGURE 2c.

ES3 VELOCITY, Vg (km/sec), WITH THRUST-

o
w4

TO-WEIGHT RATIO AS A PARAMETER FOR A CONSTANT
SPECIFIC IMPULSE OF 425 SECONDS




13

SANODAS 05% JO ASTNAWI DIJIDALS LNV.LSNOD V ¥OJ4
YALAWVEVA V SV OILLVY ILHOIEM-OL-LSAUHL HLIM ‘(298 /un)) ®A ‘ALIDOTIA
SSAOXA DITOFUIJAH SNSYAA ‘(09s/wny) 'A ‘ALIDOTHA DILSTHALOVIVHD °BE FYNDIL

(0o8/uny) ®A ‘ALIDOTHA SSHOXH DITOLUHJAH

. . . c* . lee . . in* iee i0*
0°'G m w.ﬁ.__ u____o 4 Em 0°¢ _— S w oﬂ.wmm_ S 1 01 9 0°0
H P
H ; J 9°1
2 8°1
- i ety : d ,ﬂo ‘z
Sl il i A | : i 54
| H. H THERT
gl m Pl 22
i I : ; :
it : i
: At ¢ * () g H v°2
g 0 * T et L ; :
Em. S 70 = Om/d 9°¢
i jic H
it
i 9, OFm— 8°2
i
i 298 6§ = asindwy oiyroadg
“LI1G9Y0 SV OL Ixvyd L ©
i 822 bl Sk oo : : il |

(008 junt) “IA

ALIDOTHA DJIILSTYALOVIVHD IDVIS




14

" a5 ; o s mem—————
H : HHH : s : i Fop }
i Esaak o _ ! e ;
_ : : :
K ] : B
e _ i =,
s issias : : e~
; !
I ; :
S it : = :
; : i :
3 T
: ” : :
;
; ! E T HHSES
1 : : ; o
ANE: F m S e o
. m T ; =) ~
o
- : :
4 = e :
; i 1 : , TR ,
t : e o : it f
SESEES: | : ,
= ey ; o
: = | : T ;
0 H E: 5 f L i 5
Q : X P <
S i cE EEREiiE
t ° T : B St
T 0 L1 0 L »
= P
<+ : e
It _ e
o H
® st ! : Ho
— ! = :
W. — e T 0
~ HED ;
— o :
:
9 n ‘
e T
= ° i
v B
i rEsse m ~ T :‘N
siii gl icees oy 1 -
man g SeuE: - "
]{- m T
HHR.%U\ q ;
HiH HHH = + :
sazs naaas :
HH O T i
e : ;
e m 1 T
ases senind T o
< .
= m i
S
sasa O -
H “
e T 153
19158 1888
ouue| E Tt
M K T
e i
M <+
; s
] 5 |
m i i ik :
o T e ; N . ° >«
.
T} [t} <+ <+ <t « + ) ® 0

(0es/ury) ‘A ‘ALIDOTHA DILSTHAIOVIVHD ADVLS

HYPERBOLIC EXCESS VELOCITY, V, (km/sec)

a
m ﬂ
il
> K
Wy
ki
(&)
T
T
od

CHARACTERISTIC VELOCITY, V, {(km/se;

HYPERBOLIC EXCES3 VELOCITY, V,, {km/sec), W
TO-WEIGHT RATIO AS A PARAMETER FOR A CONSTANT

FIGURE 3b.

SPECIFIC IMPULSE OF 450 SECONDS




15

s :
H H T m 13
HH 2 ase HH
HHHH ] HO
HH 13 [=]
H } i w —
as, : nt 1Ua]
8 .
gaks t o~
T
A
L
~N
o
HE 0 B 28
B oY
1) = 0
= T~ .
) m T o
o} i
%) i a
M.\. R HTRE Y M\”
] 8 H T
S i o
0 s
; < L 4
L B il TR
T R e :
H 5! H i FH s
RN |
o ] i ik gt £ K
aeplfaalid ERESERES [Te)
as: + H [l
i1 : T IS agkin bu Batt nndi th
< Q0
~ ~ r~ ~ ™~ © © N N< o «

(008 /uny) ‘TA ‘XIIDOTEA DILSIMALOVUVHD ADVLS

HYPERBOLIC EXCESS VELOCITY, V (km/sec)

CHARACTERISTIC VELOCITY, V, (km/sec), VERSUS

HYPERBOLIC EXCESS VELOCITY, V  (km/sec), WITH THRUST-

FIGURE 3c.

WEIGHT RATIO AS A PARAMETER FOR A CONSTANT

TO

SPECIFIC IMPULSE OF 450 SECONDS



SANODES 6L% JO ASTNAWI DIJIDIJS LNVISNOD V 404 )
YALANVEVA ¥V SV OILVY LHOIIM-OL-1SNYHL HLIM ‘(oes/unf) ®A ‘XLIDOTIA
SSAOXA DITOEIAJdAH SNSYTA ‘(pas/uny) 'A ‘XLIDOTHEA DILSTYILOVIVHD '®% ICR: (LN

(008 jwny) A ‘ALIDOTIA SSAOXT DITOFYIIAH

(Pos/uny) ‘1A ‘XALIDOMEA DILSTHALOVIVHD ADVIS

16

' 4 [V 4 9 0°¢ G°Z 0°?2 1 0°1 S0
o o . cees g
E i S82sisis ERIRaRE Rt TROREEERt i :
y e e ! e
T £ ;
, i M. 2
: :
| S T
g 2 k_
T
HEHH -
e
L ; H
EEsEa
;
-
E f
:
! ! T : t
. T ‘
: !
t
T * () skt |
; q
i ﬁ
; ; ] T
= ¢ 0 i "
9 * () by
:
:
O
i
Sl 7 *() = Oa\h
4 ; i |
0 7 T s :
H
T i |
: |
i |
£ 208 g1 = os[ndwy o1yIoadg
:
iei!




17

6.5

6.0

5.5

o0
.
o

(098 /uny) “TA ‘XLIDOTHA DILSTHALOVIVHD TDVLS

3.6

e r— T pre proe
H 8 AT !
HE] T : i e H
H HHH e A S pi H satbs
H a88| b 14 8!
IR H T R T H HiH H 1 HH
Hied § R | T
H T EEISEEERRER (RRERIRNSERTREIRENS FRRERLS 1H N H
N FH sis {
g ISR HHTH HITHAE ERsERBRRs H } H
pa Aimmi & . | i1 3 H »
H H HH B : H
B8 3hp: tamilae ha it e . s HH i H
g i ] £ H T
i ST TR M. T BB a1 k8 ‘ 248 351 EEe AT qil
My susly ﬁ LT 1 sEyagRss BE AT SR
“. 1 1 8 1 N N 8 o v(lHJ @ A ps BEhs H1H ol 3 i
% I3 4 . g ay aEgE i udaganahanfysan s
§ 238 :
g H A 3 as
1 H i b 1 £ SeSEEN Y vH I | £ S SR T
i i i EEdddt i
i itk 9 £ H MIRN £ HHH H Hi i HiH e
Hy 3 1 s3R’ ‘28 NN i1 . H FRRY
M. H w 8 H & R ../1.._,“ HHT i 1y il el T 111 b I
SHAHE - H i P e eai
1 iR HLH T H seatadt el EiRaRERSOARARIELS qiisas
e STHTTHE £ il i i 38 HHTH H] SHTH
. y : i HiH & i y sEnseziabhi ]
H o +;rﬂw H H ATIRAE } H3H L pizh Y HH {tl Begbis
: HAHTH T H H H H T Hi HHHH
it i e it et esetis o i ;i : H i il it T
i : i et Hi s i i H H til:
| : .m i iR §13 - . H § - £ i} H HiEH P Hi Y
S i o e ta it 1 e 2 ikt
S s e SERES iy
i RApiit Hiph e I i i Sags i il HH 8 i b 4
i R . Il Ii ARATR B N 8 . I
.‘A: o : |~ 2 g ] 0. HH : refrtH H Eh3s 3%
ol o B BRI R e H) MY i HH S
HH e P i siE SEEjEe sEM fafatis
— i A Hi is IR H H HHHH H
xxxrB HHH H b
L a8 H 4 8| it [ 4 1 i
A g a1i e sa sl i ST H i
H44 3 144
H ;
< i | H G R R e
b sEEagiane e 0 11 H 3
e Y i
HH H HH ;
il i iR T
i B £
1 m Eg teisd ihiatties : H HiH
i
£ thd
wr“mB B g
i
i
:
; )
2t L H £ ]
122t 18R 2 IeaseRERSaRCAT 10REE t3e 2 i S 1R

HYPERBOLIC EXCESS VELOCITY, V,, (km/sec)

CHARACTERISTIC VELOCITY, V, (km/sec), VERSUS

HYPERBOLIC EXCESS VELOCITY, Vg (km/sec), WITH THRUST-

FIGURE 4b.

TO-WEIGHT RATIO AS A PARAMETER FOR A CONSTANT

SPECIFIC IMPULSE OF 475 SECONDS



10.0

5

T
+

THRUS
ANT

{km/sec), VEES Us
wiiH ¥

\
\
LA

9.0

SPECIFIC IMPULSE OF 475 SECONDS

HYPERBOLIC EXCESS VELOCITY, V,, (km/sec)
CHARACTERISTIC VELOCITY, V;
TO-WEIGHT RATIO AS A PARAMETER FOR A CONST

18

7.

it P + Fp R P e e as g EE ol :
T > t T H H T T T T +
in HHECE H i e ? e aseaazasmyany: 1
t : it
i ¥
H t T i T imanat yas i
t } f Sesatusa: H
T ! T
H t t
t I
3 T
H e EEst
P
; e T
1 it ! :
T iittsanain, ;
ik ! : ] SaE eaanbn, ;
f :
T T i
Eeleatas et sl
! S i
R
aasi ¥ P T T H
O T = ]
o { ke RS
* ; T 88 KatEadinazaas: H]
PEEiEe H
i yw mal
< HH + ! 7
¥ ;
! T ; T T
i < ERE R EHE ,,
ot i o . i it s T =auan}
5 E o :
it q : ,
i | ! FrH
| ! | T
H i i !
! T o : i !
H | s Saaan: ¥ {Eneaes: }
4 | HH
|51 ) 1 T i
Hr Eatansais ; ,
! ! H i
! foaaas - o
) SEEast S ' H
Hi 9] = i ; Juet shazs o i
HH 1k t 'y 3L
it o | SEE A i -
& tHH
ie 17} T T
H ! i ;
: : t ;
[T} ! ; i :
= : e
< Win, FHT %
I ad H
: q
" 4 1 3
g | | I : :
; e q
i i 4
(] 1 N :
n 3 & T . =l 3
& ¥ i + T t T 1 1 +
— a i¥ ) 1 L : T £
= = i i » t : 1 t
H ) i t T :
H o |
[« 18 H e ) ans 4
! o | I :
N i | 1 f i
T ; t
— HO HH o 1
.
(3] H Il =8 g8 i H
— o ¥
. ) ;
Y H O HH <H I T T ]
- H ! &1
. W . 1 : H
mm Q mi o HH
H HHH O H~ aaa _ F
H. B :
HE ] & H [
H BHH 92 o o as g
3 S e ] i
H /M } g T
H saass t t : i H E H
Hrd B t ; !

RN Ewhin 8 1 T
snaEs O 1 = fanasss: -
HHH - t " T e T
o0 t ! =
i = H - s5t
] 7 H :

] m t H o Y
e <6 ! He i
e t " T T T T
o M T : o T A gaasaaa THY
i T ! tH R HHH
emanl % + T 1 ot
HHO 1 T b T isaseants
HH i N an as
{14 3 seam B e s
FH kst 2 ! daysey iSERSE
HH : =
] I T T
] }
H > }
2 it _
?
t
e 1 H
n_ ~ M
1
- ! b
}aa; 34 AL L £
. . . . . . . . - . . .
-] ~ o~ ~ ~ ~ 0 o] 0 NeJ 0 n

(008 /) ‘1A ‘ALIDOTHA DILSTHILOVIVHD AOVLS

HYPEREOLIC EXCESS VELOCITY, V, (km/sec

FIGURE 4c.



19

SANODAS 00§ J0 TSTINJWI DIJIDAJS LNVILSNOD V ¥O4
YELAWVEVL V SV OLLVY LHDIEM-OL-LSNY¥HL HLIM ‘(00s/uny) ¥A ‘XLIDOTIA
SSAOXA DITOFYAJILH SNSYTA ‘(098 /uny) TA ‘ALIDOTHA DILSTHALDOVEVHD "BS TUNDIAL

(oes/uny) ®A ‘XLIDOTAA SSEOXHT DITOIHHAIAH

0y, s°'¢, 0°¢ g°'¢ 0°¢ §°1 0°1 0°0
ﬁdﬁ H _m T TH T 5
L R L i :
W j HHH
i § 5
B i L
L Mr ; “ i 33 ;
b i H EEdge% yRs i k
- ; i H i
i i i } A o ik
' : fealiine T it R H
i H : 7 £°0 il
S e
B g mu‘ I m 2 nad F -
12 ! W il 2 H . § l»
.H.-u___mm__.__m“__mmm 7 “m. .y e w. 2°0=°M/d i f
£ 4 i T o
A Tt HH I i
o iy ]
208 0§ = astndwy O3t
it bbbkl A_ i Mv i

ALIDOTHA JILSTYALOVIVHD HDVLS

¢

RIA

(o9s funy)



VERSUS

6.5

6.0,

SPECIFIC IMPULSE OF 500 SECONDS

CHARACTERISTIC VELCCITY, V,; (km/sec);

HYPERBOLIC EXCESS VELOCITY, V  (km/sec)

TO-WEIGHT RATIO AS A PARAMETER FOR A CONSTANT

HYPERBOLIC EXCESS VELOCITY, V4 (km/sec}, WITH THRUST-

FIGURE 5b.

20

o
_
_
‘
4 A
i 383 il i ,
: = ! - s
b B £t
— = +
: H 1
! e 55 T et !
L t O i 5 ;
e e a i i
i it | e ; :
pg= T T jass t 1
) Jaes Sy centt T :
0 2 feates: :
/)] i I
o : : ;
o L T I
)] i : = T
" ,f !
o £ ” : : _ |
2  (iEenis F _
o Bk “ :
~ X
R .
o
3} mE
ﬁ 1 .
or=d O 0
9 = <+
b - B o ~ N
i by v
e o e
i g u i
ey
HHH 1 :
mmmm gl
el S ! :
fEEEE t
[ :
HHIY : :
e : i i
i i
N
FEE <G
e
FHMm
© <+ N =] © et - N S % 2 )
:Jo w 0 0 <H < <+ < < o (32} o

(09s/my) ‘TA ‘ALIDOTHA DILSTYALOVIVHD ADVIS




21

HH
T HH
HHH
- : i HHTEHT HYH H H
1 E AT H H B FETHE ST T F
] FH A THVHHRES 8 BREsaNzTegas HEHE 5 H nU.
] H 2s eSRRSHyatgE N L RERNE jagss Eisaatne T ©
h HiE ; b 11 t ] {1 | T —~
ks B HE t TER AT e H: oA
- A EH I H d i
4 H o t
Hh ERIII R IE - e 8
SRSNN 0 T | L i 4 + A
H Rre . H TH AT HH T it
e i = E R T RS ekt reset o SRR ]
i 2 e T T T e H RSSEES H]
£ ﬁ 1] s HHTHHE SapaRcaiigsadaftanhl imddcgassaaagase i WT HU WO
ipans e I TH H it T HE T M PR S e8! Y
i i 8 H H =EREas jRes LHTTOE O
b o ] i T TR T I T i i
§ ] = Bina & HH LR H I Hh HHH
SHERpRs RS P T T TR E § 3
Hitld H HE rH bt HH
Hi g H b : T HH
J g HTT TR 8 i F il T e TH
i [IIE a4 iddef finaloeth g HEE 18 HH A i b
1w - HH H vkum_li T =8 a H -v! +H w —v H fio
oo 1533: 1958 i Hr - T
H o THTT anat 1o +HHT : FHTH Y H .
_w. pJ fe: HHEHHBE H kR FEEE R A b ] Eesifoas JadBsJaaEs  HIH O™
e m s LR o AT TR g apaaes:
L : t ] - ahiidsgss 3 i i FHH
b h 17 H e TH 1T N RO EITH HIGHTHH s
SEER1 Hvde e H 6! jesdnes! sl sy MR HEHHEH T [
_T 2 RS ...ﬁ_. - BS as nﬂ BBS BRRRace 1H .i,r R NS H . 1 H H T A
£ K 38 T s H REL i i
' W 1 s o T TR PR N T R RS MELEiRaLE o
= wn H 1 P < 3 HIT N - HasaisifeRistates FHH TR N
o) i HHHH S, 3 B - R E AM HI®
M i St : o 7 T TR it
REEw H HAHH l H HH i
O ja dadia I H apRiad M Auag g
s e ¢ 3 HiHTHA Lt =x b H1H
£ M HiHY HE g : 5 H HIiH
e . - gasas fdw I - Segs dnuih 1 g RS 13T i
<G e i S T s
B3 : bl
O T i i i i gt
it o H : M HHHH HHTHE IR TN
4 PO T . L THH T ENGARENQRSRANE a0 A, v nd B |
[ i L HH OH Infayiangtacepess R N
M : 3 R T HH HHH T HHHHHETT
i o T T g H
m H iadgt
ok hdpedanescls
T - H
T H R TH T
& . T B
2cd =1 EEA0 001, L HiHH 1k it

7.6

<+ )
r~ : ~

(dss/uny) *TA ‘XLIDOTIA

6.4

[ -]
o

OILSIYALDOVIEVHD ADVIS

6.0

HYPERBOLIC EXCESS VELOCITY, V, (km/sec)

CHARACTERISTIC VELOCITY, V, (km/sec), VERSUS
SPECIFIC IMPULSE OF 500 SECONDS

TO-WEIGHT RATIO AS A PARAMETER FOR A CONSTANT

HYPERBOLIC EXCESS VELOCITY, V, (km/sec), WITH THRUST-

FIGURE 5c.




22

dALANVIVA V SV ASW\EV.: ALIDOTHA SSADXE DITO9UYIJAH HLIM OILVY
LHOIIM-OL-LSNIHL SNSYTA ALIAVED O1L ANd (99s/w) §SOT ALIDOTAA ‘9 AYNDOIA

°M/d ‘OILVY IHDIAM-OL-LSNY¥HI
0°1 6°0 8°0 L*0 9°0 G0 %70 €0 2°0

e
. " Fo—
” _ s ——"
1 4 1 I T n 1T - In N I T
o3 1 1 T 1T T T T 1
e H 1 T T 1 1 MY T- . 1L 18 s
e NS SESENE SR B! T T L T .
] H ; + : T 3 e jos T
yu s 13 1 T T 8§ Hikunn e nEy npans T T T i}
fant SiTgegaassoitosaoams ittt AEaad Saua £ea L ; 0
¥ e 1 T 1 )BT = Al.l +
)i N
T ass mess AEEeEtaN: 1
t T T HHHE ! nnt ﬁIh‘.HAWL; 8
1 T - T 1 T I .
T f ﬁ H 1 HH ;
H H ! REak:
HF 1 T i B! il
“__ _,, T T
; EEaes: THE- 5
i . Frt i
e _ : SR 0¥
1T T T IR i
aassdiy Y T T jasuNEEE NG Rsaa 8
o i i
Hh :
: T S ange =
H T lv R
- ul 1
T 1 1
N T ﬁa
u L ﬁr 1] 1
s T +
T 1
T - .
i T Int =+ 1T H
. 1 T E s HTi T t Ow
- : ; t 1
T I 1 T T aoa:
T Tt
1 M L T 1T by T + T
T 1 - T T @R
T RSt ﬁ
7
HHH
! 3
T I8 3
1 T
T T IS On 1
1 T ! + B :
: : : ! : 027
T T. TTT T L ~
e ¥ 11 T
1 7 1y I wu
1T LT T T 11T T T I L
T na T T 1 t T
s i T T T HHEET T
1 I T IIn juns T 1]
Ran) THAT T | R 17 T 11
i HHH T i : HHE E
NS paaa: : RN 0 SN ERESN s AR T T .
0 T -
: :
i : :
i : 4091
ians _~ T I s
T [T I
T T .
T mr 4\\» T
H a2 : 1
H it
: T A TN e
; B NH e 8 A
TTT 1T i _“ :: 1 1 PRSI _‘_J
3 + 1 T _Hh ] N_
_ _ T i s
! FH 5 1 ; ; ees 00¢
e ana 1 T
; | ?
T 1 T T
f 0THE
s - { T
:
: aa "
1 ” 1T :“ 1 T —_w a_w_“‘ “ “\ .....
T 1 1T 11 1 1 Qo 8
w } A
it 09s g0p = osndwy oyroodg £
3t &
: o
INEENNRAY
Seszacas sazs: T T V)24
!
! LIFJ0 SYVIN O IAMVad
:
T
I
b )]

‘SSOT ALIDOTHA

(095 jwa) SSOT




23

YALAWVIVA V SV (998/un]) XLIDOTIA SSIDXET DITOFGUHAJIAH HLIM OILVY
ILHOIEM-OL-LSNYHI SNSYFA ALIAVYD OL ANA (09s/w) §SOT ALIDOTAA ‘L TYNDIA
°M/d ‘OILVY ILHDIAM-OL-I1SNYHL

6°0 8°0 L0 9°'0 S°0 %0 €°0 2°0.

08

SsasEsssssisashas

021

091

g 002

0%?

08¢

LIEH0O SYVIN Ol ddvad ®A

i2n REGAS GRaNNSHARE YRESEARSNE AUREALGONE ERANSREESE SUNS T

IS SEEEsERNAS IRRRERES
o

‘SSOT ALIDOTHA

(098 /w) SSOT A




YALANVIVd V SV OILVY LHDIAM-OL-L1SNYHL HIIM (998/uny)
ALIDOTIEA SSADXT DITOIIAJAH SNSUTAA (89P) ATONV HIVA LHDITA ‘8 TINDIA

(098 /uny) ®A ‘ALIDOTIA SSADXA DITOLYAJXH

24

0°01 0°6 0°8 0°L 0°9 0°S 0¥ 0°¢ 0°2 0°1 0°0
_ 06
: : il 00T
01T
o - 1
iy M4 0z1
0°T; 4
0¢T
9°0
0% 1
70
0T
€0 ds
298 Q0§ = ] ———
ds
298 00% = I 091
LI9¥0 SYVIN OL INVIL ‘

(Fap} ¢ ‘TTONV HLVA LHDITA




CHANGE IN ALTITUDE, Ah (km)

20000

25

S NEENESESR e e

BRAKE TO MARS ORBIT {444

Ty

400 sec E=

2 : — — —1I__ =500 sec

0.0 2.0 4.0 6.0 8.0 10.0
HYPERBOLIC EXCESS VELOCITY, Vg {(km/sec)
FIGURE 9. CHANGE IN ALTITUDE (km) VERSUS HYPERBOLIC EXCESS

VELOCITY (km/sec) WITH THRUST-TO-WEIGHT RATIO
AS A PARAMETER




26

MIALAWVIVA V SV OLLVY LHOIIM-OL-1SNYHI HLIM (09s/uny)
ALIDOTIA SSHOXE OITOIYAJAH SASITA (89P) ITONV TVILNAD ‘01 TINDII

{oes/un]) ®A ‘ALIDOTIAA SSAOXA DITOHYIAJAH
0¥ 0°¢ 0°2 0°T

0°0T 0°6 0°8 0°L 0°9 o.m.

aeasory ezouaiasiane

|
|
|

0Tt

0¢

0¢

O

HHH

i
0
.
(=}

09

17

tH

jai

TH
A
.
[}

H

08

298 QG = [ = ———

#8001

(82p) h ‘TTONV TVHINIAD




27

WALIWVHEVL V SV OILVY LHDIEM-OL-LSNYHL HLIM (02s/unj)
ALIDOTHA SSADXTE DI'TOGHIAJAH SNSYTA (°98) IWILL DNINYNEG ‘11 AYNDIL

(098 /unf) ®A ‘XLIDOTHAA SSADXT DITOIHHJAH
0°01 0°6 0°'8 0L 0°9 0°g 0¥ 0°¢ 0°2 0°T 0°'0

H

£

13
S3a:

I

HH

aea oe:

iy an

009

002

it , 006

i SR 0011

i + : i o0c1

0041

rrese———
e

T 00L1

i i i |

- 208 gog = 91— — — 0061
208 00¥ = 951

i bbb #0012

(298) % ‘IWIL HNINYNG




28

YALANVEVA V SV ASTNdWI DIIIDAJS HLIM
(098 /uny) ALIDOTIA DILSTIALOVIVHD SASYTA OILVY SSVIW 21 HINDLA

(o9s/uxy) 'A ‘ALIDOTIA DILSTHHLOVIVHD

S'9 09 ) g'¢g 0°¢ 1 4 0¥ G'¢ 0°¢
- " ; e -
O :
Eses }
ﬁ(& :
GVt
e S i
¥ i =
3 o : w
< ) - : !
o=t )u.
0& mmt O?.
(M) )V\Y\/\ T
H &
& T t
9&
AP !
OO& i T
i N m ; 3 :
ol == i

(-) ‘OlLvVY SSVIN




o T o " - o
o
4 ity I
3 : o "
m i *
HiE
3 ¥
Hi
g i °
o I " !
O 1 (i A
b, N 3
\ Hide |
ONiE g : 1
R gttt )
filiin diaes: N
. i [
: i
N m , H T H A : nu-
. o :
o 2 t 3 4 "
0 s ik i i
9. 4 3 3
km i e w
i HEiM e Rl
ol " g Y
A B T e P e ]
AoF i
i m
x & H 2 Ko}
~
i £ ik ik ! i s |
Ne) ~N ) <t = ) ~ ©Q < [= ¥) ~N '
o o~ [= o] 0 (o] ~ r~ 0 Yo O [T} n
o o o ) o o ) ) ) ) ) )
on,V
(- "M/"M ‘NOILOVYA ADVIS
| 1 L 1 [ L ' A ‘B 'y [ ] '] [ ]
<t 0 ~ 0 [=] < o0 [2¥] -] o ~ o o]
o o — - N ~N N 2} [32] <+ A <
o = = = o ) ) 1) =) o = =)
v
(=) Ym/Tm ‘NOLLOVHA AVOTAVA

MASS RATIO, ( -)

PAYLOAD FRACTION AND STAGE FRACTION VERSUS

MASS RATIO WITH STAGE MASS FRACTION AS A PARAMETER

FIGURE 13,




30

BIBLIOGRAPHY

Cavicchi, Richard H. and Miser, James W., Determination of Nuclear-
Rocket Power Levels for Unmanned Mars Vehicle Starting from Orbit
About Earth. NASA TN D-474, January 1962.

Clarke, Victor C., A Summary of the Characteristics of Ballistic
Interplanetary Trajectories, 1962-1977. Jet Propulsion Laboratory,
California Institute of Technology, Pasadena, California, Technical
Report No. 32-209, NASA Contract No. 7-100, January 15, 1962.

Dobson, Wilbur F., Mackay, John S. and Huff, Vearl N., Starting

Conditions for Nonoscillatory Low-Thrust Planet-Escape Trajectories.
NASA TN D-1410, August 1962.

Ehricke, Krafft A., Space Flight Principles of Guided Missiles Design.
(Edited by Grayson Merrill), Princeton, New Jersey, D. Van Nostrand
Company, Inc., 1960.

Friedlander, Alan L., A Study of Guidance Sensitivity for Various Low-
Thrust Transfers from Earth to Mars. NASA TN D-1183, February 1962.

Friedlander, Alan L. and Harry,David P, III, A Study of Statistical
Data-Adjustment and Logic Techniques as Applied to the Interplanetary
Midcourse Guidance Problem. NASA TR R-113, 1961.

Knip, Gerald, Jr. and Zola, Charles L., Three-Dimensional Sphere-
of-Influence Analysis of Interplanetary Trajectories to Mars. NASA
TN D-1199, May 1962.

Knip, Gerald, Jr. and Zola, Charles L., Three-Dimensional Trajectory
Analysis for Round-Trip Missions to Mars. NASA TN D-1316,
October 1962.

Melbourne, W. G., Richardson, D, E. and Sauer, C. G., Interplanetary
Trajectory Optimization with Power-Limited Propulsion Systems. Jet
Propulsion Laboratory, California Institute of Technology, Pasadena,

California, Technical Report No. 32-173, NASA Contract No. NAS 7-100,
February 26, 1962.

. Ross, 5., et. al., A Study of Interplanetary Transportation Systems.
Lockheed Missiles and Space Division, Final Report No. 3-17-62-1,
Contract NAS 8-2469, June 2, 1962.




31

- BIBLIOGRAPHY (Concluded)
Stafford, Walter H.,« Working Graphs for Artificial Martian Satellites.
MSFC Report IN-P&VE-F-62-6, July 13, 1962.

Stafford, Walter H. and Catalfamo, Carmen R., Performance Analysis
of High-Energy Chemical Stages for Interplanetary Missions, Part I:
Departure from Earth Orbit. MSFC Report MTP-P&VE-F-63-7,
March 22, 1963.

Stafford, Walter H. and Harlin, Sam H., Performance Analysis of
High-Energy Chemical Stages for Interplanetary Missions, Part Il:
Brake to Venus Orbit. MSFC Report MTP-P&VE-F-63-9, May 17, 1963.



32

APPROVAL MTP-P&VE-F-63-10

PERFORMANCE ANALYSIS OF HIGH-ENERGY CHEMICAL
STAGES FOR INTERPLANETARY MISSIONS

PART II1
BRAKE TO MARS ORBIT
By Walter H. Stafford and Carmen R, Catalfamo
The information in this report has been reviewed for security
classification. Review of any information concerning Department of
Defense or Atomic Energy Commission programs has been made by

the MSFC Security Classification Officer. This report, in its entirety,
has been determined to be unclassified.

. RUSSELL
ef, Orbital and Re-~entry Flight Unit

/ 7/ x%/%/zxzdw/

A. W. GALZERANO
Acting Chief, Flight Operations Section

M : M % s
‘ERICH @.\Goyﬁ\um v
Chief, Advancgd Flight Systems Branch

W. A, MRAZEK °
Director, Propulsion and Vehicle Engineering Division




B
Dl o

AN TR

M-DIR
Dr. von Braun

M-DEP-R&D
Dr. Rees

M-CP-DIR
Mr. Maus

M-AERO-DIR
Dr. Geissler

M-AERO-TS
Mr. Baussus
Dr. Heybey
Dr. Sperling

-M-AERO-PS

Mr. Braunlich
Mr. Schmidt

M-AERO-A
Mr. Dahm
Mr. Struck
Mr. Linsley -

M-AERO-D
Mr. Horn
Mr. Thomae
Mr. Callaway

M-AERO-F
Dr. Speer
Mr. Kurtz

M-AERO-P
Dr. Hoelker
Mr. Dearman

33

- “DISTRIBUTION - ™*°

SR, 5

- MMAERO1S.,..

FYes ..

Mr. de Fries

M-ASTR-DIR
Dr. Haeussermann

M-ASTR-A
Mr. Digesu

M-ASTR-M
Mr. Boehm
Mr. Pfaff

M-COMP-DIR
Dr. Hoelzer
Mr. Bradshaw

M-FPO
Mr. Koelle
Mr. Williams
Dr. Ruppe

M-HME-P
Mr. Knox

M-MS-H
Mr. Akens

M-MS-IP
Mr. Remer

M-MS-IPL
Miss Robertson (8)

M-P&VE-DIR
Dr. Mrazek
Mr. Weidner
Mr. Hellebrand



34

DISTRIBUTION (Concluded)

M-P&VE-V M-P&VE-SA
Mr. Palaoro Mrzr. Blumrich
Mr. Engler
M-P&VE-M
Dr. Lucas M-P&VE-E
Mr. Schulze
M-P&VE-F
Mr. Goerner M-P&VE-ADMP
Mr. Barker
Dr. Krause M-PAT
Mr. Swanson
Mr. Burns M-RP-DIR
Dr. Stuhlinger
M-P&VE-FN Mr. Heller
Mr. Jordan
Mr. Harris M-RP
Mr. Saxton Mr. Snoddy
Mr. Prescott
M-P&VE-FF Mr. Naumann
Mr. Galzerano Mr. Fields
Mr. Fellenz
Mr. Kromis (5) M-SAT-DIR
Mr. Russell Dr. Lange

Mr. Stafford (25)
Scientific and Technical Information

M-P&VE-FS ‘ Facility
Mr. Neighbors Attn: NASA Representatives (2)
Mr. Johns (S-AK/RKT)
Mr. Orillion P. O. Box 5700
Mr. Schwartz Bethesda, Maryland
Mr. Laue

M-P&VE-P
Mr. Paul
Mr. Head

M-P&VE-S
Mr. Kroll

Dr. Glaser




