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The effects of small changes in the design variables of a rocket onits flight performance—

o all:burnt velocity and height at all-burnt are deduced. Also - the effects en  all-burnt
’ height when all-burnt velocity is kept constant by changing either (i) payloa.d weight or (%)
propellant weight or (i4i) thrust separately have been found w1th changes in other desxgn.

parameters.

- The effects -of small perturbations of rocket. parameters, such as specific impulse,
" payload weight, propellant weight, structure weight and thrust, on all-burnt velocity and
burn-out altitude have been obtained analytically for a single stage rocket. For a rocket
already in existence or to be designed, a possible combination of design parameters, which
may give optimum all-burnt velocity, has sometimes to be found. Such combinations
have been obtained by finding the change required in a particular parameter ‘when another
parameter undergoes a small change and the velocity at all-burntis kept unaltered. The
velocity at all-burnt can be made constant by- changing either (¢) payload weight. or
_ (w) propellant weight or (¢it) thrust. The effects on altitude at all-burnt due to changes in

parameters have been calculated in all the three cases and_the three sets of results have

been compared numerically: -
" ~The primary factors that contnbute to the veloclty and Belght at all- burnt are: payload

weight, propellant weight, structure weight, specific impulse, thrust and duration of
burning. Analytical expressions for velocity and altitude at all-burnt in the case of negli-

gible earth’s atmosphere* are given by

Vs = gliy log r — gty r, A o
l
ks =gI,p 12 (1+ Ogr)—‘%gtg (2)
where . $ ' L
M + ]l/.[ -+ M L R an 3)
T T M " - ot
P My = propeHant weight, M; = structure weight, M L= pqyload weight, #,°= total
time of burnmg and I, = specific impulse.

CHANGES IN - PARAMETEB,S

V The effects of any possrble changes in design variables on the flight performance can be
_discussed qualitatively from first principles as well as quantltatwely from expressions (1)
and (2). , o :

*The true velocity and height obtained by taking atmosphere into account would differ from the one
given here, but it is expected that the effect of changes of rocket parameters on these qua.ntztles would be
‘much the same in both cases, R : :
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The time of burning in terms of rocket pafameters is given by

4 , o tb=,—Tp 9w N ()
where F is the thrust obtained in the rocket. - ek ) |
Thus from (1), (2) and (4) it is obvious that V3 and % are direct functions of specific impulse

I,, and thus an increase (or decrease) in I,, will result in an increase (or decrease) in
Vs and %y and these changes are given by '

Vs |2 — |

o, =Y ("’9’— Ty ) ©)
ohs W r—1 ‘ logry W . r=17

'57;—71’ ; I’p[2(1+fT—“)~‘_1T' —-—7——'] 6

W being the total weight of the rocket.

Therefore for a unit per cent change in I,, thechange in V; is unit per cent while the -
change in % is wo per cent. I

‘For a single stage rocket, changesin V5 and % due to equal changesin structure weight

and payload weight are equivalent. A change in payload weight or structure weight

~does not have any effect on the time of burning and the effects are dite only te the change in
r and are given by

27V, oV =1

oil; o, — 9 —ap, (M)
where M, is the initial mass of the rocket. ' -

ok  _.' ohy 9By r—1 rlogr\ . .

oMy ~ M, = F r (1+ 1__,.) | (8)

Since r > 1, an increase (or decrease) in payload weight or structure weight leads to a dec-
_rease (or increase) in velocity and height at all-burnt. Table 1 and Fig, 1 give the
- percentage change in k; due to.unit per cent change in My, or M, for different values of

r and F/W.

. Again any possible increase (or decrease)
in the propellant weight without other
changes will result in increase (or decrease)
in the time of burning as well as in the value
of r and the expression for change in V5 is

] given by »
! T als (1 T)
" oM, — M, L F o
b which is a positive quantity. o
b *"Also, since the burning time is increased (or
v R “decreased) with an increase (or decrease)
~ae J S in M, , the thrust willbe acting for a longer
e, — (or shorter) duration and hp will increase (or
T e decrease) according as )
Fro. 1—Percentage changes in b due ok P DPpr—1 ( ] E) (10)
to unit per cenp change in Mror M, oM, ~— F v - F-

for different values of r and F/W.  which otherwise is a positive quantity.

N
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TasLE 1

PERCENTAGE CHANGE IN hb FOR CHANGES IN M/ I OF .Zl[8

F/W \" 2 4 ' 6 8 10
' 2 —2-123 —2:420 . —2651 —2:842  —3:016
4 —1-580 —1-909 —2:137 —2-319 —2-478
6 —1-456 L —1-784- . ~—2+:008 - —2-184 —2-339
8 —1-401° —1-727 —1-948 —2-123 —2:276
10 —1-370.. -—1-695 —1:915 —2-:088 —2-239
v . TaBLE 2 ' k
- PEROENTAGE CHANGE IN };j ‘FOR CHANGE IN M p
. . B e <
F/W\ P 2 4 - 6 8 S 10
2 , 1-374 1-070 0-961. - 0-904 7 0.868
4 1-534 1-266 1-163 1-106 1-069
8 1-571 1-315 1-213- 1-157 - . 1-122
8 - 1-587 1-337 - 1-237 1-181 1.146
" 10 “1-596 1-349 - - 1-250 1-195 1-160

Table 2 and Fig. 2 givé the values for pergéntage changes ?n by for unit percent change

" in M, for various values of r and F/W.

(]

N

F1a. 2—Percentage changes in hp for
unit per cent change in Mp for

[¥)

1o &,
tog-ty)

" X I

o

various values of » and F/W.

Finally, a change/in thrust without vany other

_ alterations in the physical parameters of the rocket

wilt only-affect the time of burning of the propellant.
Consequently an increase (or decrease) in # will dec-
rease (or increase) the time of burning and thereby in=

_crease (or decrease) -the all-burnt velocity but- dec-
rease (or increase) theall-burnt height., The two
changes are given by ' -

Vs Ip W r—1 _
oF T4 T F Ty )

ohy _ 12y w r —1

oF T "9 TF -

r
log r W r—1
)= ] (12)
Table 3 and Fig 3 give the percentage change in
hy for unit percent change in F' for given values of
rand F|W. .

TaBLE 3

 PERCENTAGE CHANGE IN hp FOR CHANGE IN F E

By 2 4 8 8 10
2 —~0-313  —0-465 —0+519 —0-548 —0-562
4 —0-744 —0-789 —0-806 —0-816 —0-802
6 —0-843 —0:869  —0-879 —0-884 —0-896
-8 —0-887 . —0.905 = —0-912 —0:916 —0-918 -
10 —0°911

—0+925 . —0:93L - —0:934 —0-936
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i Py Gbange& 3 all-lmmt height when the velocity at all- -
ol bwnt 18 kept constont— -

'To find an optimum combination of parameters itis
.» important from the point of view of~the designer to
disouss the benefit of a change in one parameter over,
‘L. a change in another. Seifert and Summerfield have
~discussed one particular case—that of fmdmg for zero
~gravitational field the changein I,, fora given change
instructure factor so that no change in . burnt-out
. velocity occurs. The velocity can be brought to its
' . . ., givervalue by making nevessary changes in (¢) pay-
e o o - “* . load weight or (i7) propellant. weight or (s¢¢) thrust. But
Sl —~ ~ in every case the height reached at all- burnt will be

‘ : affected. The required changes in parameteérs can be ob-

Fia. 3—Percentage change in h, tained and the effecton height reached in each -case
_for unit percent change in F for = can be calculated The changes can be represented by

dlfferen’c values of r and F/W.  subscripts (. ) vs, uz (- Vs up and () v, B
meaning thereby that velocity V3zhas been kept ﬁxed
by altering Mz Mp and F respectively. .

(@) Velocity us kept constant by varying payload weight—The required change in payload
or structure Welght due to a change inl, > in order that V, maintains a given value, is grven

by E
M M { log W or—1ii '~
’ ‘(”51}—)7 _ AW TR T f 113)
- & b= (r—1) Iy ’
whlch is & posmve quantlty and M 7 has to be mcreased with increase in I,,. The effect
of these two changes on % is given by :
ohs W 1 log r w logr( rlogr
(2t = 5 ot (1 +55) () TS (1) 0
Again an increase (or decrease) in structure weight M, will mean a correspondmg decrease
(or increase) in My for Vs to remain invariable and thus the net effect on the height reached
will be nil. Thus- -
o aMyg \ ' . : o
( 21, )Vb ==l o (15)-
and : ‘ , S
oh L , ; :
( )Vb, My~ 7 = 16)
Further, since for an increase (or decrease) in M, therei is an increase (or decrease) in
Vb it is clear from (7) that M1 must be mcreased by an amount given by
. - W B / o -
aM l— = ) P
b= g o ]_ . 2 - ., ‘. '

a.nd the net effect on all- burnt herght will be

o\ _ gl W r—1ri, 1 rlogr
(B Yoo, = o =M 1 )] g
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IR We have seen in ( 11) that for an increase (Or
_ decrease) in F, V3 is increased (or decreased) and
consequently it follows from (7 ) that to'bring it back
to its original value we must increase (or decrea,se)

" My, the requirement on M 7 is glven by

o BemaF) e

ﬂ:(lli‘,’_";_'. R and the overa.ll effect-on all bumt helght is
' . s — — - - .

e e I " .oy

Percentege change cu. ( akb ) - - . -
- \7oF )V, M,
Fra. 4—Percentage cha.nge in s for

different values of F/W due to unit _ _ J_lf__qz L, (1 + log r ) (17_— K ) (20)
percent changes in I, M, M, andF F? -7
keepmg 43 consta.nt by varying My, -

" Table 4 and Fig. 4 give the percentage change in hb for a glven va,Iue of r = 2 and ~for
different values of /W due to unit percent changes in the various parameters.

(b) Velocity is kept constamt by changing ‘propellant weighi—In this case we see from
(6) and (9) that in order that all- bumt veloclty may remain fixed due to a change in Iy,
M, should be changed according to - o - S

W r—1
(—_.aMP) - , {*l"“**ﬁ' — ”
8Iap Ve = P I (1 W) . (21)
EEEREE e d Gy 2

which is a negative quantity, and M, should decrease for a given mcrease in I, and
vice versa, the total change in helght reaehed willbe ¢ S

oh ’ wor—1 log r\ .
(3, =010 522 225) ]

. ‘ TABLE 4
PERCENTAGE CHANGE IN hb ronr = 2

2 4 8 8 10
AN
Tep | 1059 1-102 1-112 116 1118
o —1:000  —1:000  —1-000 —1-(5007 1000
) © 1687 - 1-258 1-157 1113  "1.089

'F o84 T 082 0964 . 0914. 0979
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Comparmg (14) and (22), we observe that the ehange in height in the ﬁrst case is more
than that in the second by an amount gWen by -

w 7 : r—1 W
- gIsp(l—{— gr) (logr—— = F)

- Next, when there is a change in M, or M,, thenin order that Vb remains undlsturbed the
requisite change in M, is e L
(aMp) : (aMp)~ Cor—1 . @)
oMLV \oM,)Vy, 1— w ‘
and is a positive quantity. F ’ .
The change in the all-burnt height will be

ok 8 iy it gIap( logr)‘ )
(6ML)Vb M, — (8M )Vb My~ F 1+ 1 (r—1)  (24)

If we compare (15) and (23), we notice that in the first case My, has to be decreased with
increase in M, for velocity to be uneffected, while in the second case, M, has to b&;ncreased
But a comparison of (16) and (24) shows that this increase of M; results in ngg more

vertical height. R
Again due to a change in F, in order that V5 may remain constant the reqmred change
in M, is obtained from S
(aMp) _ _lg(W)zrm-l 1 ”
NeF Jvo — g \F) » ' W @)
.and thus M, must be decreased for an increase in F. But these two changes are reflected in
s according as L - L
. ohs \ _ W g%, (.  logr\ ' X
()= 7 5 0 er) o)

Table b and Fig. b give percentage changes in all-burnt height due to unit per cent change in
various parameters for » = 2 and different values of F/W. o represents the ratio My /Mp.

{¢) Veloczty kept constans> by c(mtrollmg the thrus—Due to a change in Iap, the -
requirement on ¥ for a constant all-burnt velocity is given by -
, W Tr—1 } o
‘ 3[81, Vb . W =1 : . (27) -

F r
TABLE 5
PERCENTAGH CHANGES IN ALL-BURNT HEIGHT °

2 4 8 '8 10
1, —0-436 —0-324 —0-299 —0-287 —0-281
My or M, 1:687 12566 - 1.157a 1-1136 . 1-089¢

F ' 3-374 2-511 2:314 2.227 v 2177
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and thus thrust is required to be lowered for an increase in Iy, The overall effect on % _is

oh, W w 2
(az:p)m Isp[F = +logr(1———)+1 ’] (28)

Again the change required in F so that V5 is pnchanged. due to variation of M, is

oy n0-T)
5 Mo by, uy ( )V e e (29)
[ o b M, My g

T:T)T“— quired due to change in F when Vj is kept’
Hiop iy, 0y

@ invariable by changmg M, In this case the effect

‘wwv.,-. - which is the reciprocal of the change in Mp Te-
on by is

H’(ahb)'
oMy | Vs, p

- - : . ,:s 21’28? w logr .
X 0.9 X 0.8 e = W (1 - T) (1 + T:;) (30)

Percentage change in k),

Finally, as mentioned before, for a single stage
Fia. 5—Percentage changes ip hy due rocket the change in Mz, and M, have equivalent
to unit percent changesin I, My or effect when other parameters are unaffected and
M, and F for different values of F/W thus the requirement on # due to change in M,
keeping V; constant by varying M, or M, is

A (3F) _~(‘aF‘) _ Vi3 «;_’ (F 2 : ‘
: M)V ~ \ol, Vs = WL + Mz) Y 'W‘), @Y

which is a positive quantity.

The change in all-burnt height in this case is

(oM () r—DP By ( logr)( w
(aML)VbF _( )VbF - w 1+ I-__) (32)

Table 6 and Fig. 6 give the percentage changes in %, for unit per cent changesin parameters
for r=2 and different values of F/W.

TABLE 6 . .
PERCENTAGE CHANGES IN H p FOR UNIT PERCENT CHANGE IN PARAMETER FOR ¢ = 2

W -
Parameter \ 2 ¢ 6 8 10
I, 2-554 5383 8619 10-946 13-721
u, o pest 1286 - 1187 1-113 1:089

M, oM - —1-687¢ —1-2560 —1-157 —1:113¢ = —1-089¢
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Tasrw 7 -

" PERCENTAGE CHANGES IN h, FOR UNIT PEROENT CHANGE IN L

L e - NN . -, . .

Tp 0 Myl 2
2-000. , 0-941 . 2-436  —0-554

Effect on_all-burnt height due to variation in all-
" burnt velocity:

veghi)e e -
Y

S e amas Inthiscasethesubseripts( )y, ( My,

o v ()M, ~ )M and ( = )F represent the
variousch ges due to small errors in V3 which can
be oaused by small errorsin I, My, M, M, and F,

Wopmyn ,
ey

! - ~respectively. The changes in all-burnt altitude are
. M -given by the following expressions:
) ahs r—1W logr)
» O =
. ' ~ . —1

¢ l:o : DS ‘. Dy *..'1. Wor—1 - W r-;; 1 g
: A A : ’“F~i,}PW¢_“F_7*}(%y
- Porcentogs chaoge in by . : NS < : »
: . 0] . 3kb ,

Fre. 6—Percentage changes in %, for ( ) - - <_._,q)
unit per cent changes in I,, M, My or Nav, ) My 16 VVbV M, rlogr
M, for different values of F/W keepin cL - r 4 L

Wiewpg - . T L(1+ 72 ) ey

Vs constant by varying F. -

i

ohy r—1 W : . L .
(aVb )Mp = 7 : —FISP R s - . Tt A (35)

(@)l ()-8

Table 7 gives the: values of percentage changesin dlie’ to unit per cent changes in
Vs brought about by changesin I,,, My or M, M, and ¥ respectively, for r=2 and

hy increases due to an increase in Vb gb‘t;ajned by changing I, Mz or M, and
M), but decreases when ¥, changes due to an increase in #. An increase in F which brings
an increase in ¥V results in a decrease of all-burnt altitude, : *
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