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ABSTRA

An dnvestigation of the effects of basic design
parameters on the performance of 2 single-gtage sounding

s

rocket was made. The tail sres required for static

stebility at various supersonic £iight Vach nmunbers
£

was determined, and the drag coefficient for various

configurations was caleulated, The genersl equations of

oo

2

moticn for f£light in vacuum were inbegrated for several

the @Sfe b of varying specific impulse

TR

cases to show
of fuel, propellant weight ratlo, and burning time.
in gpproximate solubion of the equations for trajecw

tories in alr was obteined by the method of stepwise

nunerical intesration.
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One of the most interssting peacetime applications

of rocket propulsion is the vertical sounding rocket, uged as 2

vehicle for carrying instruments and cameras to exbreme altitudes.
Recent developments, highlighted by the 251l-mile ascension
.

)

of an A=j Bumper Wac two stage rocket from White Sands, make the

e

study of sounding rocket performance an abbractive research projsect,

2

‘The purpose of the present invesbtigation was to evaluate in

4

ta 11 the influence of certain ign paremeters upon the vertical

Q,a
i
o
o
w

trajectory of a sounding rocket, end to consider not only the
presently attainable values of these parameters, bul also a few

cases illustrating what may be posgible in fubure develomment.
04 £

o

The analysig of sounding rocket trajectories has been carried

O

out by mmerous authors, in many instances with special reference

#

to the dimiding case of the "escape rocket! which departs from the

ety

gravitational field of the Earth., The papers of most lmmediate

2. 9

interest in the present iuvestigation were

those of Malins and

KZ'D_,

1 1

Smit

)
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Lot
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1 1), Tsien and Malina (Ref. 2), and Siefert, Mills, and

[

S

)

o

@

o

Sumerfield (Ref. 3). The latter gives, in addition to a discussion

5

of the equations.and parameters involved, a brief

biblicgraphy of high-altitude vockel development

In the analysig

'3
o
0
@
o

sed in this Thesls;, it was found

advigable to assume a basic configuration for the rocket, and

<

then to caleulate the size of the tail Ffins required to stabilize



the vehicle at the highest Mach number expec teé during flight,

s

1 these tail areas the overall drag coelficient was determined,

and finaliv uhe performence of the rocket was ascertained by

nume icaw step=by=-step integration of the equations of motion.

In this Thes

N
1o
w0

A
€3]
Cz)

cbion IIT 6eals zvth the aerodynamic caleula-
tatic stability an@ dyam coefficient, Section IV
discusses the equations of motion and the parameters to be studied,

and showe the influence of these parameters upon the performance
in vacwum. Section V is concerned with the numerical calculations
for the j ectory in the E;;p gtandard atmosphere, and Section VI

presents the conclusions,
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Croass sectlonsl area of rockeb b o0y

z
2
Dynsmic pressure = -‘i@\/

o 3 o,

Planform area of m@%ml fins

refers to body without fins

refers to tall fins

° o

Velocity of sound

fest

Hach number of f£light 5 /V

S

o
i

refers to conditions at Mach mmber M

refers bo incompressible case
Defined in FPlg, 2

Pitching moment ccefficient
refeTS’tG conditions on conieal nose
cone gemivertex angle, degrees

Local skin friction drag coefficient

Drag due to friction

Wetted area of body excepting aren of base



of ¥

ds

b d
List of Wotation {(eont.)
Overall body skin friction drag coefficlent

Base presgure coefficien

Pregsure scting over base

Section wave drag coefficient

Section skin friction drag coefficient

Total tail drag coefficient based on :ir

Thruet, 1b.
Drag, 1b,
Welght, 1b,
heceleration of
Tine, sec.
Welght of propellant
ropellant welght ratio) W,
refers Lo conditions at end of burning

Specific impulse of propsllant, 1b sec/1b

Altitude above Zarth's surface, f£t.

Altitude at summmit of trajector
i3
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List of Notation (cont.)

EaR N

i

refers 1o conditions at Ferth's surlace

Rediug of the Earth

o
=
1._!.
o

efers to guantities corrected for v
of gravity with altitude

e gained due to cozsbing after burnout
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TIT. STATIC STABILITY AND DRAG ANALYSIS

r1

A, uete?gingﬁien of Tail Aves Required for Static
s %

It is known from experiment that the aervcdynemic center of

nestahilized rocket moves forward as ths

Ity

nressure on & slender

buds

Mach number of flight is increasged; therefore, the greater the
design Mach number, the larger the tail area required for static
longitudinal stability. In this study we havelcongidered a family

of rockets, all having the same body dimensions, with fing of

gimilar ghepe but varying size. (cz. Fige (1))
Lift of Body

The flow aboult bodies of revelution at both subsonic and
supersonic speeds has beon investigated by several suthors: Tsien
(Ref. 4) determines the 1ift coefficient for a conicsl body as a

funetion of Mzeh number L angle of gttack: laltone

(Ref. 5) o simple .expression

for ==Y hich shows some agreement with experiment, For a slen=-
der cone the slope of the 1if% curve for the body, based on linesr=
fzed theory, is

AC. _ 2

dot ’



nearized slope of the 1ift curve is
(5532 T - 15q
T g =

1,

For a long slender body at supersonic Mach numbers, however, it

and thus, the 1

- doy .

ig found that (Sﬂl ig comgiderably lsrger then thisg value; a
plot of estimated vgluﬁs versus Mach nmumber is given in Fig. (4).
&t subsonic speeds the 1ift of the body is so smell in comparison

determination of the htobal 1ifh coefficient.
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Tor our fing we assumed ( Tlr =1.4

airfoll may be calculated using Ackeret's small-perturbation theo

(Ref, 7).



For a gymmetrical biconvex circular arc airfoil, the section

1ifh coefficient ig given as

In Fige. (5), T is plotﬁ@d ag g Dnetion of Mach number.

It will be noted thet since the linesrized ﬁﬂe’ rieg 4o not ho

in the transonic range, it i1 necessary o estimate the values
near M= 1. O . The same condition will be found in the curves

of drag coefficient vs. Mach number, The errers in the estimation,
however, have 1ittle effect on performance, since in most cases

23

of interest the rocket accelerates repidly through the transonic

sonilc speeds to neglect finite span and interference effects in
determining the 1ift of rocket tail surfaces, If this is done, the

tail 1ift coefficient, C,

may be written as

Tt

-

us,

w

&

The curves of (S;:) for the complete rocket 2g a function of Ma ch

- number with various tall arvess are given in Fig. (&)



Tin Aves Reguired for Static Stability

The determinabion of the fin area required for stability

and ofthe eezréez‘

center of gravity; 1. e., we have a one-caliber Mmargin of
sefety’, At the limit of stability, =o' = 5H.3

r s s assumed to act ab 589
of the mean asrodynamlc chord, meagured from the trailing

edges This mokes Sl,.r: 0413 (,, where C, is the root

% = |A.Q. Tsien (Ref. 4) shows that the Lift distribu-
@l e B m 1A OO o o + lthant 117t veols near Lhe
plonfor & long body gives a resultant 1ift vechor near the

noge, The assumptlon thet the resulbtant vector is at the

D e L. _ i A iy
noge gives a slightly congervative result in most cases,

By taking the moments about the base of the rockelt, we obbtain

where | dc. /QT—
{é{“} | ( o B 3: +( >T &

(50 = (%’%3,“" (éﬁt



= 10 =

Introducing the guantity (fEEL,~ , We h@v@ ’

, ey < q

(&CL 9% &CL g
50 (5s « 13

: NS . Q. ,,
Inserting numerieal values for the limit of stability, -Q:Ti: E;-fs

By using the values of the c&@fficients from Fige.
equation can be solved for C. al any Mach number.

2 s
MRS

Fig. (7)
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as & fmetion of

3
N
3

of center of pressure ag a funchion of Maech nun

ver for various tall

B. Determination of Dreg Coefficient as a Function of Mach Muber

The drag of a slender body traveling at gupersonic speed hag been

ot

lnvestigated both experimentally and theoretically (Ref:

u’l
L
X
O
i
5]

g
=
[

t

I
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-
'

a2

and it is found thal the total drag can be conveniently broken down in-

ot
X . L3 1 L]
three parb: (1) the integrated pressure force due Lo Fformation
of shock waves at the nose, here referrved to ag the "nose pressure

& I'6 0 ) o -
entire body; and (3) the drag resulting from reduced pressure oper

abing over the base of the rocket, which we chall e2ll the "hase



1

k.

vigeous flou conditiong in the boundary layer aboul the body,

and consequently, their exact determination ig difficult, es-
pecially since no complete theory exists alb present for boundary
layers in supersonic £low.

It will be shown, hovwever, thel small errors in determination

of the drag coefficient do not appreciably affect the ultimate

performance. 1n the case of the glkin friction 1t is jJustifiabls

to sssune a constant average value conglstent will ghm experimental
data. The base pressure drag may be evaluated experimentally; the

the portions due to nose pressure and skin frictlon

errors. Dean Chapman {Ref. 10) has presented an approximate theory

for the determinetion of base pressure which gives satisfactory
agreement with experiment; however, application of the theory to

R

hig case would be an mnjustified refinement in view of the order
of our approximation to the skin friction.

In accordance with these considerations, the base

o

drag coefficient used in this study was c&lsulat@d'f%&m base pressur

cogfficient values egbimated wilth the aid of Fig. 1, Ref. 10, which

compares expE?imenﬁal res ults with the values predicted by varlous

theories. The ex b*&ﬁ@lwulﬂﬂ of base pressurse coefficient to high

28 ®

Mach numbers is nobt ecritlecal, since even at the relatively low



%

supersonic Mach number of 4.0 the base pressure drag is only

ol

sbout one tenth of the drag for the complete rocket., (Cf. Fige.

1

oY - - : ¥ ) 8 o T "

G and Q1) ). By the same ressoning we can gay that the influence
on total drag of the propulsive jeb ilssuing from the base of the
rockel ds small, even ‘though the drag as we have determined it is

strietly correct only for the case when the jet ig absent,

The nose pressure drag coefflcient, CDN’ s msy be
expressed as _ DN r (?N —?W
0T e T 2 vt
where the quantities are as defined in Fig. (3).
Using the tables of values of ;‘?9 given by Z. Kopal
(Ref, 11} for a cone semivertex angle, 95 ;L of 7.5%, we

obtained CpN as a functlon of Mach number,

P

The Iocal gkin friction drag coefficient, CF ;s asg defined
by Kermesn and Moore (Ref, 8), is

Y

where DF is the total drag due friction and S is the webbed

ares of the body exceplting that of the base. The skin friction

drag cosffic iea%,C'D‘cﬁ is expressed as R
c Ce S
Pe %I&
In this investigation we assumed Cg to be equal to 0,002, a

reagonable value at high Reynolds numbers, and thus CDF:‘: 0.076,
conghant,

Fige 1 of Ref.10 gives the base pressure coefficient, /P@ ,
defined as /P _ ?8 -

BT %

obtained from various theories and from experiment,
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o8 assumed to be aswwo%am tely equal to 0,08 for Mach

numbers less than 1,0

The btotal body drag cosfficlent, C%a s is glven by
A

for the tail fiﬁs is
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fing) and S is the

m.}

The drag of a thin airfoll at supersonic speed may be con-

sidered as being composed of two parts; (1) the pressure or wave

' - 5 , . e e .
drag, and (2) the skin friction. The wave drag may be caloulabed

using Ackeret's small=perturbation theory, and the skin friction

estimated from experience with flat plates. Ref,
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2 , .
D = Eg— ‘ : y where

gives the sechtion

-3
U”

ag coe fi@l%ﬂtgcj)Tnvg for o symmetrical blconvex clireoulsr are

\,é' _ 1 t
h=27

ficieﬁ' CERVFZ wae sspumed constant and

0,006, a value in good agreement with thal predicted and

Tor £lat plates at large Reynolds numbers,
obtain the totel teil drag coefficient, CELF’

ecegsary to apply the relation
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D THE EFFECT OF ROCKET PARAMETHRS
RAJTECTORY TN VACUUM
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The general equation of mobion for a rocket in verticel

[

If we assume thal during powered flight the thrust and
the rate of fuel consumptlon of the rocket motor are consbant,
the weight, W s ab any instant of timesf: s can be expressed as
= \4 "—'\7-:) [:4,’]
W=Ww, ( 2
where de ig the initial gross weight, 1) ig the propellant
S 1.t . ¢ p . - 11 . 2 S LI ] 1 R . . .i o b
welight ratio {KT- ;  and Ul dis the time at which the propellant
0
.

will have been exhausted.

The thrust, F: is gilven by

3

F=x W (&3]
where 5= 1s the rate of propellant consumption and I is the
specific impulge, which is a property of the propellant.

The drag, V) , has been defined as

\ 2 0 A
D=tV .
The variation of the density, CD s with altitunde in the sbandard

atmosphere is given by the relation ::-CDO a s where &

by ratio, is a funetion of the altituds onlv,
5

It is found convenient in the study of rockets of various
shapes to introduce the loading fect&r;/ﬁ;.:Z 9 ., In the
S
discuseion of Section V, we chose a single value of p which gave

- ap, 1

an initlal gross weight compatible with the dimensions of our



rocket, and did nob investigate the effects of varying /L& e
. terns of RE 5 ’l) s and ’E?f the equation of notlon

for povered flight becomes

In coasting flight, after the propellant is consumed, the thrust

21

is mero and the welght is constanh, \/\) = \)\)0 (\-‘1))
The equabtion of motion for the unpowered condition becomes
\ 2. \
v (BSTOVTRe  Na {4.5)
& — -7 |

In the sounding rocket performance analysis, we ars most

2

intersgted in determining

c“}'

g

he maximum sltitude, "A_S s that the

rocket can reach, To obtain tqz,s it is wnecessary to inltegrate

the Fgs. @ 4] and ‘:‘4 5] using the initial conditlons %:0)
V=V, ath ”t:; O - ({ \,/o:'- Q for 2ll cages considered here).

These equations sre nobt directly integrable in the general case, bub
various approximate methods of evaluabion are avail&‘b}.e (Refs. 1

and 14)e In Section V the method of stepwise numerical inbegration

In the speclal case vhere the drag berm is neglected and the

scoelevation of gravity, %_ s is consl ﬁ red constant, Eg. [4—2\1

o ) ..,1) ostet, (g

-7t
7
and can be dirscbly integrated to give

Y =Gt ( wzf—;“f Yo (- %) Tyt ~ggt et



it the end of burning, € = o |

Vo = - T n ) FEEN G

3% = ‘1; Sty (!‘-1)>/QA«(\*1))+I§C? &}P k.¢]

i

The additional altitude coined in coasgbing flight in
: 3 cy &
el

Vaguo, may be obtained by equating the kinetic energy at end of

burning to the increase in potential energy in consting to

zero veloclty: L \/?
The summit altitude iz then

gs=yrrae = HOEEEIRN Bl B3] Bdl
Using Egs. @‘ﬂ s %@ s and E}w] > we caleulated Vp,
Vé?’ and ‘«AS for various I, ), and '\:‘? . The values
hosen for this study were:

, LB Sec

I:‘SO) ?\OO,BOO) 4o0 e
7= 0.5,0.7,0-%
tp =15, 30, 45, 6o SEc

e
e
m

ults of these ealeulations are plobtted in Figs. (12) through

{ ) i
\23}e It is seen that the greatest summit altitude is attained when

HiLg

bhe burning time is zero; 1. e., when the rocket i1s shot as a free

CD
el
n

;"f'
-
ot
o
&)

vrojectile Lrom \é_:_ Q s This is of course nobt th

actual alr trajectory, since the sbisinnent of hich veloeities early
o o 5 : o

in flight regulbe in tremendous losses due to drag in the dense

2,
o
ot
=
el
foet
fomed
“
&

Jower alr, and reduces the maximum altitude reache
obgerved in Sectlon V that there is in general an opbimum -E,P for
each combination of _[[ and 7) which gives the maximum swanit

sititude,



A

A word may be seid sboub the values of ¥ and - in-

vestigated: good preser v fuels give specific impulses of

the order of 200 1b gacfl&; ‘9 of 0.7 ig e fairly high

value compared with pres ent. practice. Thus, it can be seen that
the investigation extends into s range of values whoge atbaine

ment is not probable in the immediate future, Further conclusions

on this subject are drawn in Section V after efamlﬁﬁclﬁﬁ of the

-

air trajectories, One criterion for determining the range of

03

values szzgazyzi *ﬁ:thah may be used in design is

acceleration at take-off, — « The acceleration ghould in
]
- general be greater than 2g, but excessively high values are to be

<

e
o

avolded for structural reascons. Values of the initisl acesleration
as a function of burning time for various T and 4/ are prasented

in Figs. (24) through (27), as caleulated from the relatio:
5 4:i>
An additional and most 1w nportant consideration is as follows:

the assumption of congbant gravitationsal acceleration, under which

gravity follovs the inverse squsre 1&w

= - e
whers %}ojﬁ the acceleration of gravity at the gurface of the Tayth,
R is the radius of the Rarth, and‘%}is the altitude above the surface.

Fig. (28) is a plot of ﬁquﬁdéj;fer altitudes of interest in thisg in-
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V. PERFORMANCE OF SOUNDING ROCKET IN THE STANDARD ATMOSPHERE

Approximate solubions of the equations of mo obion for

3

numerical in tei‘"‘*a'ﬁieﬂ, zgh.;ch was used in the present analysis, le

i f 4 s o < B e
relatively simple and rapid and gives f%&b‘ﬁli&hl} acourate resulls .

The results of the

e
(‘J

onn the WACA standard atmosphere as given in Refg. 7 and 15, are
presented in Table I, The cases cslculated were one each for
four values of burning time in two configurations of the rocketl,
and & comparigson tmjéc"%;f}z’y to illustrate the effect of errors in
the estimation of drag. The two configurations chosen weret
(1) Design Mach number = 8 = RO00 ’1) 0 7 w,= 138,000
T=200 "SSQC/L —t—,‘,._ 1S, 3o, 45 AND. é,o s€C.

L8

)

(2) Degign Mach number = 1 ,jA—=XOOO ; 'D ::O .7‘s W, =18,000 8 ,

S tBsgL,/, | e A
T =400 E/S ke = 15,3045 awp 6p sec.
The édmparison trajectory wase ealeulated for Configuration (2),
q’,'—"- 60s€c, but the drag coefficient corvesponding to a design

-

Mach number of 8 was uvsed. The comparison of the corrécted summith

It may be geen from Teble T that in all cases for L= 400
the design -ﬁch number is exceeded, Therefore longitudinal ingtabllity

will occur, unless lavger fins or auxiliary mesns of achileving

w0
&,
o
ot
et
fts
ot
e
&
H
(]
b
e}
o
)
=
o
Iute

g also noted that the meximum acceleration,



which cccurs at the instant before hurnoub, is in seversl

cases of such magnitude as to eresate seveve structursl or

In Figs. (29), (30), and (31} is presented a compariso
~of veloclity at end of burning,vﬁ35 altitude at end of burning,
%?%ks and Smaﬁi.altitaéesgs s 88 cale&latéd by numerical
integration, with the corresponding quantities V%>3 %¥?3 and

%%E: as determined in Section IV under the assumptions of
congtant grevity and no drag. It will be noted fronm Fig. (31)

< s

that in the region of burning time corresponding to opbimum

ﬁ%

performance, 1, @.; %ﬁsik}uxéiﬁ?zﬁﬁ there is 1ittle difference

.

A = WME

betwsen the swmlt altitudes as caleulated by the two methode.

The conclusion ig that the error due to neglecting variation

o

B g S o [ D 4 PR BN " P [ J
in gravity tends to cancel the error due to negle ecting drag.

Thus, vacuum trajectory caleulations made under the assumpbion

supposed.



VI, CONCLUSIONS

The conclusicons resched in the @@u&glﬁg roclket performance

N

analysis presented in this Thesis are as follows:

by

1o It is apperently practical to Fin-stabilize a vockel
designed to resch a flight Mach number of 10, but at higher

Mech numbers the fing required become excessi ively large.,

°

Re Errors in the estimation of irag coefficient do not

e

greatly influence the ultimate performance,

o

be 1n-

3s I the specific impulse of the propellant can
creaged from 200 to 400 1b see/lb, the swmdt altitude will be
of the order of six times its previous value,

Le Tor the configurations of the rockel which were in-
vestigated, there is apperently an opbimum burning time of

approximately 35 sec., bub il use may be limited in the cage of

nunber

s
ey

high specific impulse by the aceelerstion or by the Mac

attained, In the case where X = 400 5 here is a falrly
wide range of burning times which may be used withoubt much lose
of performance,

os The vacuum trejectory caleulated asguning congbant

.y
&
]

gravity gives in this case a close approximation te the actu

trejectory corrected for air resistance snd the variation of g

of this correspondence ls warranhed,
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