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» ABSTRACT

Studies on optimization of a single-stage rocket perform-
ance with and without the use of the Vacuum-Air Missile Boost
(VAMB) system are presented here., Optimization is defined as
maximizing the altitude to which a certain rocket of a given weight
and prcpellant can send a fixed payioad. Standard atmosphere has
been used for the analysis. Performance eséimation and optimiza-
tion of a hypoﬁhetiéél”i,ooo ib‘¥OE£é;m;ith and Qithoﬁt the VAMB
system have been done under the simplifying assumptions of con-
stant (neglecting the pressure thrust) for the powered flight and
'a cdnstént drag coefficient for the whole flight. Similar studies
have also been performed for eighteen real rockets without the
VAMB system. It was found that the optimum thrust-to-weight ratio
(T/W) for conventional rocket can be estimated roughly for prelim-
inary design of rockets under these assumptions. The maximum
altitude reachedﬁis, however, underestimated by this approach.

For launch of rockets utilizing the VAMB system, determination

of optimum T/W is also important. It becomes critical when the
loading density of the rocket is low (<10), its fuel ratio ap-
proaches unity and the initial velocity imparted is high (>500 fps).

Detailed performance and optimization studies have been presented
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on the Arcas rocket. These are based on measured data of :-hrust
and drag coefficient variations for a recent Arcas design, as ob-
tained from the White Sands Missile Range. It was found that the
optimum T/W for Arcas with and without VAMB syste% is approxi-
mately 2.4, which is almost half of the present design value {4i5L
The gain in maximum altitude of the optimized Rréés launéhed with

an initial velocity of 1,000 fps, over that of the preseht design

-

"Arcas without booster, was estimated to be nearly 93 per cent.

It is concluded that the VAMB system is a very helpfii adjunct

to small rockets of optimized design.

-~
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of the residual air above it, and the tuibe lenéth bey:nd the

b

HEDURERE R Rt

. muzzle chamber serves as-an atmospheric shock reducer. The

velocity imparted by this system can be up to the sonic veloc-

W
Al

ity. The VAMB system is considered suitable for upper-atmes-

pheric sounding rockets. Some of the advantages of the system

ik

whenr comparec to the usual surface-launching technigue are a

Wiyt R
i

= significaht fuel saving or an increase in pavlcad®, less sensi-

i *Ui

- - 77 tivity to surface gusts, and a shelter prior to firing. -

iU bR Y
RO
1}

: ‘Much work has been done on the optimum performance of

the usual surface-launcning rockets?r?*®,11,12  por cptimization

Ay &

‘of the performance of ‘a rocket launched by the VAMB system, the

- present study was initiated to investigate the effects of the

various rccket parameters. Variations of parameters, such as

- - .ipitial thrust-to-weight rasio and fuel ratio, on the perform-

(]

_ ok ance of sounding rockets have heen studied. Essentially, the

d f
eI ORI

- main problem considered hercin 4§ that ‘of determining rocket

= burning programs that use a given amount of fuel to propel a
= " given mass to a maximum altitudé. - Or putting it differently,

i

= the criterion of optimization, for this investigztion, is ¢

phikit

. maximize the altitude to which a given paylcacd can be sent by

fUIBA T A

N

a rocket of a specified weight.

Preliminary study was conducted with a hypothetical

e 4.4,
t

fod
n
(A
O
€
Q
|
o]
fu
H
&
ot
n

rozket of 1,000 1b. with characteristics simi

w2ight rockets. & wide variety of real rockets were then

AR T LA

investigated. Further refined study was made specially for

the single-stage Arcas rocket currently in uss. Finally,

forward stagnation temperatures and pressures ~f the Arcas

rocket during opiimum performal.ce were evajuata=gd.
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“val : at the sea-levél. Although it decreases wiin increasing

CHEPTER II -

s W

FORMULATION OF THE EQUATIONS OF MOTICH

2.1 Simpiified EBquations of Métion for
- Vertical Trajectory .

"

In developing the eguations of motion for the vertical
flight of a;single~st§§e rocket in an atmesphere nesar the N

earth's surface, the folleowing assumptions are made:

i) The earth's gravitational field is constant and
‘the gravitational -acceleration is taken toc be 3Z.2 ft/sec?, the

altitude, the error induced is about 10 per cent -at the alti-

<%

tude of 200 miles which is the extreme altituds within cur scope

of study.

ii} The dehsity and pressure:of the atmosphere vary
parabelically with the altitude up %o 355,000 £ft. and exponen-
tially above this altitude. The expressions for the variations

- . PR - PO
S described in SeC. 3.4,

v

closely

f£it the experimental data fairl

iii) The rocket propéllant is consumed at a constant

rate. This is generally accepted by rocket dasigners.
iv) The exhaust velocity of the burned gases relative
to the rocket is constant. This is guite reazsonable for most

rockets.
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. By (Bgp. - Py, in addition to momentum thrust, Wig/g. The

D = aerodynamic drag =1 Cp pav? {2-3}

. - . W = Iift-off weight -

)
o
2
Pt
o
3
S
n
M
[}

¥ = propellant fiow rat
"t = time - ' -

g = gravitational acceleraticn :

- Vg = exhaust velocity;ofrejecteé gas .-

- ' Ag = effective area Of nozzle exit -

]

Pgi =-atmospheric pressure at sea-level
P, -= ambient pressure of atmosphere T
" Also by definition -

i
3
1
£
‘
i
1

T = thrust = W Ug/3 + Bg (Psy — Pg) {2-2)

whare - - :

“¥ =-altitudel in” fest.

- ~ In Eg. (2-2), the thrust includes pressuré thrust,

i
-

-

pressure -thrust, usually not so important. is only a few Ter

: cent of the riomentum “thrust and hence, is neglected in the

preliminary study. — - co-

Once burming is terminated, cnly aercdynamic drag and
gravity .affect the free flight {(coasting phass) of the rocket
and :the eguation of motion reduces to

av. - _Bg_ _g4 {2-5}

dat W -¥ 5 {

: P
where Wy is the weight of the propellant. i

.
ITEIRA ]
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In general, ¥ x w x £ is small compared tc © x @ X R,
and thus ﬁéy be neglected. This is based on the argument that-
§ is of the order of 200 miles or less while R is of the order
of 4,000 miles, Furthermore, one may, with little loss of
accuracy, assume that the external forces - thrust, drag and
graviiy -~ are acting in the direction of local vertical, i.e.,

along the y-axis. The equation of motion in the inertial coor-

dinate system is then written as

(T - D -mg)] = m[ﬁ x® x B+ 20 x ét + §! ] (2-10)
i

Introducing ¥ = wecos ¢ 1 + w sin ¢ 3, -
one obtains the scalar form of thekequations of motion in the

coordinate system xyz as follows:

x: 0= m[mz R sin $ cos & + 2 wz sin & + §] {2-11;
y : T-D-mg=m [-wz R cos?g - 2 wZ COS & + ?] {2-12)
z : 0=m[2w (y cos ¢ - % sin ) + % | (2-13)

The rocket is travelling nearly vertically upwards,

S0 X << y and 4 << y, and the products wX and w% are vanishingly
small because of the smillness of w(0.727 x 107" rad/sec). Thus,

the Egs. (2-11) thirough (2-13) reduce tc
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x = -G.0276¢7% (2-17;

Fcr various timés of flight, the deflectiong in the x-direction
for ¢ = 459 are indicated below (Table 2-1).

The deflection in the z~-direction vanishes as & = QGO,

~while it reaches its maximum as ¢ = 0% {(at the eguator}. It

can be estimated by taking an average velocity, V,.,during the
flight so that Eg. (2-16) may readily be integrated. By doing

so, one obtains -

z = ~ wyyy cosé t* {2-18)

The deflections in the z~direction for various times ci
flight and average velocities are presented irn Table 2-2.
The simplified analysis of th2 earth's rotaticnal effects,

which has so far been conducted, incicates that éhe earth's

contribution to Ypzx. The ¢ :flections of the missile in the x
and z directions, however, can be of considerable significance
for long time of flight in certain launc:.ing areas as indicated

in Tables 2~1 and 2-2.
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ratio is varied. Change cf =thrust-to-weight ratic is related

¢ a definite chaaae in burning time or £low rate, area of nezzle
exit, and curve for vqrratxars.s‘ drag coefficient "it§ ¥ach
nunber dnxiag'bu:n phase. ] 7

- with some specified t“:ns*-to weight ratio and roTket

¥

c%arqpter;stics, one can readily ccagute the weight of propei-

M propellant flow rate, and burning time. Having this
iﬁforﬁayién,~th§ gqg;:ioasrof aotia§_;a§ he integrated nu;eri—
:;Ily~£o~5htain,a yﬁiﬁe—fgr aaximua 3;titqée. - - - :

the new values ofvfloe:rate, bqrning tize, area of nozzle exit.

P

and Cp curve during burn phase. The ecuaticsas ¢f notion are

tegrated again t5 nroduce a new value of :akt*u: aitizude.

This procedure is repeatéd for a selecteld range of thrusi-to-
weight ratio§. A curve is thus plctied for maxioum alliitude

versus thrust-to-weight raric and the plax on the curve lccatses
the optimuxs thrust-to-weigh% ratic for the szecific rocket under
the specified launching conditicns.

3efore numerical analiyses proceed, the Sefinitisa of

thrust~to-weight ratio should be identified. It is gefinsé as

the ratic of average sea-level thrust {assuming optimus aozzls

for sea-level operation) %o 1ift-off weight. Under this defi-

nition, the thrust only includes the momentum thrusi. Thus,




|
/_ @ in
i it . ]
l 4 ¢ 0
! (] B wl
I » rd 44 4] ] ’
, Q ] £ i 0 U4 IS
M el Y o M Q (§) ~
' 4 ! O # 4 g aqQ ’ b {
. A4 1} , 0 4] QL "] W m
b (o1} @ = VR ¥ o T o] o 0 amr
N o 0 0 Y4 W 4] mo e ()} £
" Q ] T m ) ]
: = 3] L T 1) 5 +w ns 05
g [ « ™ 0 o] M o) A
0 bl . o ) 4] e} (] ~
WM Y] QL | t) )] 0
i 1 > 0 v B
4 " ) h..“ 0 1] - (] ]
Y 0 W + -y ] 3 ] .
! o) L ) t U4 ) ﬂ 3
i 4 £ - o " O 0
* & el Ch & Q4 Ad ]
: i . 0 w308 4
: W e nw 4 O ke “ "y
] - © I ES 4] y, v Q L
T 5 o B " W S 2 %
I Lz ' " » - b 5
: 49 d) &) Yd £ vy n o e
i ord 13 9] 1) ny » ') wi 1] n "ed
' (] ot [ e 9 TR t ] i)
: “rd Y foa +) n W m o] K] 4
1 ™ il TN « ) 53 4 L
! Q) Le) Ve w LY Kb q) ' ™ 'R
L3 ot (o] P IR " et ]
! ) " i} o 0w L B [$]
o 4 o Wl R oo o
! oo " . e of
ved A * p_ b e o) b
4 i 6 0 P I Y] "
. 0 v d owoyg & s o
) 1w o0 el a: u [ I3 ] [ 8] [}
) £ YT I [ s " I
He (o] it ) [#] o] "y (] ¢ 'ty ] 4] 4] o4
e~ ol " ¥ mf 4 Y] |4 ] 4] ']
A -l £ x [tM A 4 TR -~ S BT I 1 "0 d ™
o &) K 11} 4 i :a n L) i wd [{ )
A e 9] bl tn 3 e B i g 4 e
FY ) b ™ [ o € B ua e M ooom ()
[ el " ' & » K4 [ sd [§) (] 0 1
i 4} 4] g} 4 o M N 1
i) s Wi .a.m . e 4 ¥
[N n o) @ W oy Y] ) L
t el ) J S 3 ved el LN ()
40 : W8Ny
Pl [} e rof by ]
n g 1 wd )
ool . t s ] ] i
il b weh 4]
, . " g 0] ]
13 : O A ) ) el
w , i ol o n %) a
o I S & !
TR i "3 . { . A\
oo o £ o T VI T C R 1 v £
V) N X i} " i 1Y (4 e I M of 4
’ i
\ n

o Jittobume b st A VLT b A i e i

et e




orm

for altitudes of 55,000 ft. or less, and an exponentizal

] o = o, ¥ (2-2)

=z
it )

for altitudes above 55,000 ft.

- The constants obtained from a least sguares curve £it

progran are

C; = G.757878 x 107}

= C, = - 0.203365 x 10°°
C; = 0.150855 x 1071°
p; = 0.129184
a= - 5.480263 x 107" 4 ’ L

' These constants will give the atmospheric demsity as a function

of altitude in lbp/ft’. R

Simiiar approach was applied to variations of the -

atmospheric pressure in 1b/ft® and the resulting expressions %
are = ) =
P=ag+ar ¥+ az Y? {3-3)
for ¥ < 55,000 ft, and
P =P, e'¥ ‘ {(3-4}

for Y > 55,600 ft.

The constants were found as follows:
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For 120,000 ft < ¥ < 164,000 ft,

T, = 450 + _229_6 (Y - 120,000)

14

For 164,000 £t < ¥ < 200,000 ft,

T = 630 °R
a

And, for 200,000 £t < Y < 250,000 ft,

- 180 -
T, = 450 + 80 (250,000 - ¥)

(3-6)

(3-7)

(3-8)

Since experimental data for temperature are not available for

altitudes higher than 250,000 ft, it was considered necessary

to resort tc the perfect gas law to estimate the temperature

above this altitude.

23
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ii) An estimated constant drag coefficient is assumed

throughout the vertical ascent ¢f the reccket,

Although these assumptions are not valid for the actual

performance of the rocket, results are yet considered heipful
in parametric studies.

Numerical integration with time step of 0.5 seconds
has been conducted with the aid of a digital computer. First
ocf all, a hypothetical rocket of 1,000 ib is investigated, and

then a number of real rockets are studied.

4.2 Hypothetical rocket of 1,00” ik

The Aerobee rocket was the first rocket of its type
Geveloped specifically to investigate the upper atmosphere arnd
wag for a long time practically the only readily available
uéper—atmospheric sounding rocket in the United States. For
this reason, an imaginary rocket with characteristics compara-
tively similar to the Aercbee is adopted to lcok into the per-
formance of the scunding rocket. Some characteristics invelved

in the analysis of this hypothetical rocket are listed helow:

Lift-off weight, W= 1,000 1b

Diameter, 4 = 13.55 in.

Fuel ratio (ratio of weight of propellant to lifc-off
weight), Fg = 3.7

Specific impulse, Is; = 200 sec

Drag coefficient, Cp = 0.4.
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With a specified thrust-to-weight ratio and an initial
Veliceity, one can integrate numericélly the equations of motion
co determine the maximum altitude.reached by the rocket. Thrust-
teewelght ratios in the range of 1 through 12 and initial veloc-
_{L;és of 0, 500, and 1,000 fps were selected in the computations.
conputational results are plotted with thrust-to-weight ratios

a8 abscissas and maximum altitudes as ordinates, as shown in

Yig. 4-1. The time integral of the aerodynamic drag, defined as

[t

Q = “/ _(Drag) dt, (4-1)
0

and its relationship with the rocket performance, was also
studied.

Figure 4-1 shows that the optimum thrust-to-weight
ratio, (T/W)opt, is located around 2.7 irrespective of initial
velocities, and the altitude increases 56 per cent due to an
imparted initial velocity of 1,000 fps at this thrust-to-weight
ratio. The slopes of the Ymax versus T/W curves are much steeper
for values of T/W < (T/W)Opt in comparison with the case when
T o (T/W)opt. The pldtsrof Q, the inféétated drag, indicate
chat O o increasz=z with T/W as expected. However, it is interest-
ing to note that the Q plots for Vo, = 0 and V, = 500 fps are
practically iuentical for T/W < 5. This implies *hat the total
energy loss due to aerodynamic drag is not increased by impart-

ing initial velocities up to 500 fps or more.
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vl The purcentage increase in payload also increascs
}fnvarly with the initial velocity. Tt is miniwum whoen
(W) ot A2 per cent increasce is attained by impart-
piet oo oantial velocity of 1,000 f{ps at (T/w)opt°

vi)  Tho (T/N)Opt alters only slightly with the fuel

1oL However, as the T/W increases beyend (T/W)Opt, the

Tresponding Ypax varies more with T/W for highevr fuel ratio

thats for lower fuel ratio rockets. The closexr the fuel ratio

appmroaches unity, the steeper is the slope.

It is, thercfore, considered feasible to estimate
optimum T/W of real rockets under these simplifying assumptions,
for preliminary design}considerations. Final design parameters
will still have to be based on more detailed analyses and compu-
tations utilizing actual wind tunnel test data. This is attempted

as a sccond stage design analysis in the next chapter for one

particular rocket, the Arcas.

4.3 Real Rockets

A wide variety of real rockets'® listed in Table 4-1
were also investigated. The analyses were based on the simpii-
fying assumptions of.constant thrust (neglecting pressure thrust)
and a constant drag coefficient. The drag coefficient was assumed
Lo be 0.4, whichﬁis considered reasonable, for all rockets since
dotailed experimental data on these were not available. Compu-
cations were made with zero initial velocity and thrust-to-weight

ratios in the range of 1 to 8. Curves of Ym versus T/W for

ax
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Table 4-1. Characteristics »f Real Rockets.

W a T/ I O v/
Rocket ’ “sp R w/e
4 1b. in. sec 1b/in,?
3 . Aerobee 1,070 15 2.43 .85 0.59* 4.76
1 ) Aerobee Hi 1,309 15 3.0 200 6.77% 5.78
herobee 100 1,455 i5 1.8 200 6.36% 6.42
g Aerobee 150 . 2,093 15 1.96 198 0.5 * 9.3
'? Arcas** 70 4.45 4.5 315 9.43 3.5
3 Arcas (old)** 76.4 4.45 4.1 211 0.56 3.86
4 Aspan 1,500 16.5 2.9 210* G.4 * 5.52
E Exos 5,821 22.88  6.47 200* .4 * 11.1
g Iris 1,128 12,13 4.0  230% 0.8 *  7.66
| , Meteo 1,500 17.3 2,01 173*  §.7 * 5.02
3 Nike=Cajun 1,550 16.5 6.2 200% 0.4 % 5.7
;E Pol 2 26,000 25 3.46  200% 0.7 1.6
3 Skylark 2,560 17.6 4.5 192% 0.7« 8.27
E Veronique AG-1 3,040 21,7 2.9 215 6.72% 6.46
E Viking No. 1 9,650 22 2,12 165+ .71 9.37
3 Viking No. 11 15,605 45 1.43  184% 0,8 7.41
5 V-2 27,376 €5 2,65 205 0.69  6.47
E Wac Corporal 665 i2 2,23 195 0,52 4,62
J: * Estimated by the author, since data nov avalliable.
E ** npata f{rom White Sands Missile Range, New Mexico.
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2000} ' -
: . 2 _ :
RIS w/dc = 1.7
1000— -
. = POL ° 4.6
- \wxme No.ll 7.4 |
500} VERONIQUE AG-l 65 -
AEROBEE HI 5.8
= SKYLARK 8.3 -
v-2 6.5
— _
T T VIKING Ne.| 9.4
METEO 5.0
<X AEROBEE 150 9.3
. ARCAS 3.5
. AEROBEE 4.8
- WAC-CORPORAL 4.6 __
100 N EXOS 1% B
o ° — ASPAN 55
- \  NIKE CAJUN 5.7
R X AEROBEE 100 6.4 _
ARCAS (OLD} 3.9
50t ’ =
- LEGEND -
e ACTUAL T/W
20} -
0 I T T T
0 2 4 © 8 10
THRUST-TO-WEIGK S RATIO ' -
g. 4-5. Variations of maximum a.iitude with thrust-to-weight
ratio for real rockets, under simplifying asswiprtions
{pressure thrust negiected, €, = 0.4, and vV =" 0},
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These plots for Arcas were made for most simplified
conditiens. A much more accurate analysis of its realistic

performance is presented in the next chapter.
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present design T/W
of the Arcas seems to be higher than its optimum valuve., Since,

with an initial launching velocity, the selection «f the opti

=

T/ becomes critical, it is considered nacessary to investigate

its performance in more Getail.
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In this optimization study, the th
is varied by changing the propellant flow rate in the nozzle,
This is controlled by modifying the nozzle size and the exposed

urning surface of the grain. The geometrical configuration

of the nozzle, however, is maintained unchanged., Gther para-
meters such -as spvecific impulse, fuel ratic, lift-cff weight,
dimaeter anrd chamber pressure are alsc assumed to remain the

same,

The effects of the pressure thrust due to variations
of atmospheric pressure with altitude, and variable drag coeffi-
cient as a function of Mach number may have been included in
this study. Thus, this analysis provides a reasonably good

analytical simuiation of the estimated real performance of Arcas.
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Fig. 5-3. ~Non-dimeénsionalized sea-level thrust history -

" for the Arcas, based on the preSent
. ) - Arcas data. _ T
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This non~d_mensionalized sea-level thrust history is considered

"=
Yeed X

-
th

ol
s

fur other thrust-to-weight ratios and is expressed in the

following simple equations:

A

j
3
I

or = Top (0.953 + 1,03 t/t )

3 ] for - 8 < t/g, < 0.2, -

1 g = Ty (1.265 - 0.53 t/t,) :
3 for 0.2 < t/t < 0.5, ~ :

; L Eg = Ty (100543 - 0.1086 t/ty)

for - 0.5 <'t/t, < 0.933, and

To, = Tgp (12.059 - 11,9 t/t,)

8L © TSL

L

i 4
e

ko

for 0933 < t/tp < 1,

it

Tt

in which,
the product of propellant flow rate (in 1b /sec) and specific

is the average sea~level thrust and is given by

impulse. _°
The CB ‘
based on the data obtained from White Sands, are closely approx-—

curves during burn phase and during power-off,

; imated by a number of straight lines as shown in Fig. 5-2 and

given by simple equation as follows: ;

- . - ’ - » 434
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C
i CB = 0,215 + 8.053 {5.53 = ¥} for 3.3
CQ = G.g}: R : for ¥ >

0.2 + 0.1417 ¥ for

Cn = 4 M <

- C, = 0.305 + 0.1075 (2.5 - ¥} for 1:5
€y = 0.25 + 0.0366 (4 - M) for 2.3

= Cy = 0:25 - : ‘ for M >

It is obvious that the C

p Surve during burn

with the propellant flow rate, -Since the experimental ¢y curve
is known only for the present Arcas {T/W = 4.5), it is assumed

that the -increment of Cs due to burning is linsarly proportional

I'a (A

W
»

A e
L]
<4

“A

5

phase changes

[¥1]

"

thrust-to-weight ratios during burning may be estimated as

tc the propellant flow rate. Therefore, on the basis of the Cy

* curve available for thc present Arcas, the C, curve for other

follows:
(cy) - {Cy) 1
burn phase * power-off;
(cy) = (cp) + , < Thd =
T/W power—-off P

T/W = 4.5

R W ergam




portiona. to ths propellant flow rate. BaseG on these consider-

50

The approximate expressions for smon-dimensionalized

i 3 b - - o % 33 - - ¥ ~
1 gnrust history and C, curves as discussed above have -

i
oz E e B e = e
ived Tor computationsl simplicity. -
= 3 e i T e 5 2 b i = = s P -
A chancs of thrust-to-weight ratio Ior z rocket may .
x = = S wae - X P 3 X o s . -~ el g ——2
mplished by several metheds, One of the simple ways of

3 m ATy S = % - -] 3 s
g T/W for a rocket of the same weight is by merely chang-

-

ncly, if is assumed nece that T/ is altered by @ change .
ozzle size. Furzher. another reasconanle arsumption that

here is tnat the are« ¢f the nozzle exit is linearly pro-

-

for the present Arcas with w =1 lbmjsec and A, = 2.55

[

if T/¥ is changed, one can readily determine the 2_ . - T
T - - » )
- for any T/W {o5r a corresponding w). \ . .

5.3 ¢Optimization of-the Arcas Rocket .

To maximize the obtainable altitu’e reached by Arcas,
rhrust-to-weight ratioc is altered by changing its nozzle -

é pro

4]

ellant flow rate. This. in turn, changes the sea-

5 curve c¢uring buyn phase. On

thrust history and the C
sis of the information on the present Arcas {T/W = {.5}, :
areé of nozzle exit, séa-leiél thrust history and C9 Qurve
burn phase are estimated for any other T/W as described
Secticn 5.2. For optimization studies, these estimates will”

here. Furthermore, since- the thrust of the rockei not

rozzle size and achieving a corresponGing burn rate. -

. L




Lt
[

S only inciudes the Zosentusz  hrust due to-rockei propulsion but
2lsc the prsgscore thrust Sue o 7ariations of alritugde, this

g

] analysis. The total tnrust was thus caiculatsd by the previsusly
= - mentioned reletion - - -
- ~ - p ~ = - - -
T =3 + 4 {p__ -7
T otsn T fe sz T Y@’

Numerical integratiocons of the eguations of rition,;

including the variations of the thrust sné the drag ccefficient, -

nere car;ie& out to sclve the maximum altizudes for T7%W in the

raage of 1 to & with initial velccities of 0, 266, 400, 6u0, 890

3 - and 1,000 fps respectively. ;?;cts of Y__ _ versus T/¥ for differ=
. -~ ent initial velocities are pre3erted in Fig. 5-4. T 7
E R The following -observations may be feade from Fig. 5-4:
i - i} The optimuk thrust-to-weicht ratios ars practically
- identical for different initial velccities, = =i
: ') = 2.4, :
: (T:Kfopt 2
ii} For T/W < 2, the performance of Arcas, in terms of
: Yﬁax’ is degraded guite steeply. _ .
- - iii) ror T/W > {T/W) Y decreases nearly linearly -

) cpt’ "max
with increasing 7/W. Its slope increases only slightly with

increasing initial velocity.
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MAXIMUM ALTITUDE -- 10 FT

120

- got

ratio for the Arcas {estimated realistic performance). -

"o
THRUST - TC-WEIGHT RATIO

3

variations of maximum altitude with thrust-to-weight
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lant design (e.g., chemical characters cf the propellant, burning
tlons and nozzle variations) should alsc be in-

- TE - = myT ~catini e : - P : 3 2
s+ LT W35S n0T possipie bto incorporate these considerabion

(ﬂ

cr.at the aerodynamic
nere is an important

<

ptimized design.

The perfovmance analysis computations made for Fig. 5~4

sirable to evolve a so mewhat simpler though less acca-

rate method of performance estimation., Such a nme }od would be

cZ help in a preliminary design study. When the final design,

which includes the structural and p‘opu151yn consider-tions, has

besn fizmed up, the more accurate analysis developed above mav

oe used- for real performance estimation. With. this in mind,

iifferent simplifying assumptions, to see which one is the clos-

est to the rea* performance case. These three simplifying cases.

@

:
ft

a) Thrust constant throughout burn phase and C_ varied.

LK)

b} Thrust constant throughout

o

A - .
~p D

In cases (a} and (b), tl.z pressure thrust is estimated-

early-with time during burn phase, the pressure th J~t,

A, {%p; =- P)), thus also increases linearily with time approxunately.
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Once the burnout altitude is known, the ambient atmospheric

pressure at this altitude is determired. And the average pres-
sure thrust can then be estimated. Plots of Ymax versus T/W

for cases (a), (b), (¢) along with the actual performance as

presented in Fig. 5-4, are given in Fig. 5~6 for comparative

pAYposes. . ; B

In case (a), (T/W)opt = 2,6, In case (b}, (T/W)opt % 2.8..

value is interestingly

in case (c), Zfr/w;.op ‘= 2.8, The (T/W}

t rt
not altered much for any of these ¢ases. Thu:, for preliminary

" design considerations, to-select the most desirable T/W, it is

considered feasible to- achieve this by the -simplest of these .
methods, represented by gasé {c); i.e., when both thrust and-

drag coéfficients are constant and .the pressure thrust is also
. heglécted. “This apprgg@hﬂwas used to détérmine the oﬁtimng‘i/w =

‘for over -a dozen different rotkets discussed earlier (Fig. 4=5).
Results of that analysis regarding optimum T/W_are therefore
considered valid. o 7 -

For estimation of L AN however, case (c) is not suitable.

For Arcas, the error in ymax in this case is approxiﬁately 14

per cent., This error is primarily dué to tlie neglect -cf the

It

pressure thrust. It seems, therefore, that the contribution of

pressure thrust to Y. is quite significant ever though the

x
pressure thrust itself is only a few per cent of the momentum

thrust.

Therefore, for reascnably close estimations ¢f both

(T/W)opt and Ymax' case (b) is considered suitable. It does

require, however, t.iat the designer choose the constant <y and

constant thrust gquite intéliigentlyu Estimation of the pressure
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59
thrust contribution can be made readily for rockets which havé
a burnout altitude of 60,000 ft or more. Since, above this
altitude the ambient atmospheric piressure is less than -7 per

cent of the atmospheric pressure at sea-level, the pressure

“]

thrust term can be estimated or the assumption that the ambient

)
by

atmospheric pressure at burnocut is zero. As discussed before,

- Pa). is nearly

- SL
linear with timer So, a gocd approximation for including the

the variation of pressure thrust term, AéA{E

pressure thrust contribution for case (b} will-be to include

the»term*Ao (PSL/

thrust for the whole duration of the. powersd flight.

2} along with thé assuméd-donstant -momentum

ﬁissile<or-azrcraft fllghts at hzgh speeds a;&.higﬁ*

v

ititudes igtro&u”e/many—new pxoblems to the qeszgaerrr

he morg important problens that ar i

U]:
Jqy
'tﬁ

ié' auseé by-t

¢t

-u ¢

J‘
ﬂ.
[
0!
[
(D
N
rP
rt,
W
\"‘
m
Y

tempgratures {aerodynamlc heatxng)

o

et

ditions cad e céé&’teégézatufé'lihit ions of

’als-conmonly used 1n _the manufacture of such missiies, Although -

the_maxlmum ve;ocygy ‘of the Arcas is not greater than 4,000 fps,

it is 5till considered necassary to havevthe informa-z concern-

ing ths stagnatioa temperatures. E :
The stagnation temperature, defined as the total temper-

ature of §he gaszat rest, is:
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The stagnation pressure, defined as the sum of the

ambient and the dynamic srassures, is given by

. = A2 /3 B ) -
P Pa + pV</2

v}
'
]

stagnation pressure,

P = ambient pressure, ) . ST
¢ = ambient density,. )

<
I

free stream velocity.

‘variations in stagnation pressure during powcred flight for the

present Arcas and for the proposed optimized Axcas are presented

in Fig. 5~8, It-can be Seen that the maximum stagnation prassurxe

is reducad from 25 psi to: 16 psi when the T/W is,qlieréd.frém its

present design value to the proposed optimum value. Even with an

imparted initial velocity of 1,560 fps, the maximum stagnation

pfussure (23 psi) for the optimum case is still lower than for

the present Arcas. This is well within the existing design 1imits

and thus represents no prohlems.

b,
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CHAFTER VI

CONCLUSIONS AND SUGGESTIO'S

FOR FUTURE "WORK

Significant gains in performance ¢f singleestage rcckets

are considered possible by Gtilizing the VAMB system. The gain
ir maximum altitude of an optimized Arcas when launched with an
initial velocity of 1,000 fps is expected to be 93 ger cent above

the estimated maximum altitude of ‘the present design Arcas with-

cut boostér. Comparable gains fAr other single-stage rockets

.are also expectéd. It seems: that single-Stage rockets designed

ih an optimum fashion for conventional launch will continue to

perform near optimium even with the VAMB syst-m. This was found.

- t6 b- the case- for Arcas. For other rockets, however, a similar

optimiZation study should be performed. It is felt that beyond

nted in this thesis, an

(43

by

the aerodynamic optimization as prese
for the individual rocket,

wit

includ-

[N

“integrated optimization study,

ing the structural and propulsion design variations, should be

- performed to evolve the final optimum design.

It is feasible, for preliminary optimization study, tc

assume that both thrust and coefficient of drag are coastant znd
the pressure thrust-is negligr.le. The estimation of optimunm
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. $DATA

SUMY=SUMY+Y{])
SUMZ=SUMZ+2¢(1}

SUMYZ=SUMYZ+Y11)%2(1)

SUMY2=SUMY24Y (] ) 4%

D=FLOAT(9)*SUNY2#SUHY**2
ODA=SUMZXSUMYR~SUMY*SUMYZ

DC=FLOAT (91 %SUMYZ-SUMY=SUMZ
P=10.%¥ (DA/D)
C=DC/D/ALGGIO0(2.718)

DO 25 I=12.K

RHOC{ T3 =PXEXP (LY (1))
WRITE(3,26} Y{I}oRHO(TJLRHDC(T)

FORMATIBXsF104198X4E1648

WRITE(3,27) p,C

FORMAT{1X,2HP=,E16.8

$Too
END.
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S1=DERY{2}¥*DT
IN=T+0T/2. B
YN{l)=Y{1)+Ri/2,
YN{2)=Y{2)+S51/¢2.
TF{YNE1) oL Toe0u<AND.Y(2}.GTo0.3 GO TQ 21
CALL FCTUTN,YN,DERY) -
R2=DERY(13*DT -
SZ=DERY{2)*DT ; - ' )
THNNILI=Y{1)+R2/2, - )
YAN{21=Y(2)452/2. .
TF(YNNE LYo LTeQue ANDSY{Z )65 ) GO TO 21 -
CALL FthIw,YNN,DERY) ;
R3=DERY{1)=DT
$3=DERY (2)*DT
- THN=T+DT : ) '
YNNN{I) Y{1}+R3 B ;
YHNN(2 }=Y(2)+53 - -
) lpthhN(ii.Lr.ﬁ..AMa.Vt¢3.5?.0.3 Go- 10 21 - - -
- CALL FCT(TNN YNNN,DERY): . - -
_ RA=DERY(1)*DT . o -
S&=DERY(2)=DT . ) . : n )
©DY1=(R142.%R2+42, *R3+R4116. ] T ] _
- BYz= t51+?.#52+2.*53454)/a. . -
T OYET)sYELI+DYY - L S .. - .
- ¥{2)= (2)+D¥2 ) o S - - : . )
T=INN . - : - : : ' . :

C L IR(ABSET=3TI=1.1 80,80,81” S
B0 ACCE=DY1/DT/6 :

’~RRITE(?yll} TNRYYL1) 4 ¥(2)s CQ;DR&GFo ACCE:

: 11 FQRPAT(‘VU,‘XQFBs ,4X.2£SX.F14.7),BX,F}Q 4§8X1r14. vF10¢3l
'BI IF(T.GT ,3T.ANP.Y(I)QLEcO.) GO 71021 ’ -

- GO TN &

21 WRITE(3,22). T+¥i1:,Y(21,DRAGF
- 22 EORMAT(IHO4HTIMEF 7.2 o THSECONDS 25X o BHVELOCITY ,E14. 7y

IbFFT/S‘C-SX;EHALTITUD‘:QEI"&.TQZHFT,SX,&{QR&GF ,F]ﬁ.?)
- TH-:H+0.5
50 CONTINUE = -
VZERO=VZERD+200.
40 CONTINUE

19; STOP

Eﬁﬁ

SUBROUT INE FCT{T,Y DERY} -
DIMENSION Y{Z);DERY(2) ¢ YNIZ2),¥YNNI2),YNNNiZ}
COMMON AREA,CDoRHO19ALPHA, WFRsWFoBRATE,5T4GyA,B,C,ANUM, RHO
1 Aﬁﬁﬁﬂg?lNF,ﬁltSi'ﬂlcpivALPHAl THAV, P
IF{Y{2)eLELS0000.) RHO=A4BEY(2)4CxY(2}5%2 -
IF{Y{2).5T.50000.) RHO=RHOI*EXP(ALPHA*Y({2)} ;
IFEY (21 4LEL50000.) P=AL+BI*Y{2)4L1I%Y({2)t*2 S ' )
IF{Y{2).57.50000,) P=P1sEXP(ALPHALIFY(2))
TF{Y{2).6E4120000. <ANDe Y{2).LE.1640004) TINF=450,+(Y{(23-120000.)
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