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ABSTRACT

4 method is presented for estimating the effects of various para-
maters on the performance of a winged rocket. A program for studying
three specific parameters, l.¢., wing areas, reduced thrust cruising
programs, and trajectory climb angles, and their effect on the horizoatal
range of a winged rocket is presented. Complete calculations are carried
out for one combination of these parameters.

An analysis of the Lift, Drag and Stability characteristics of a
long, slender rocket with trapezolidal fins and wings is made, The stabi-
lizing effectiveness of delta and trapezoidal fins is compared.

Simplified approximate methods of integrating the trajectory equa-

tions by step-by-step method are presented.
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| I. INTRODUCTION

An anslysis of the general performsnce problem of a wimged rocket
must consider separately each of the many parsmesters which will effect
the horizontal range, speed and altitude of the rocket, Three of these
factors were investigated in this study. With other conditions fixed,
wing areas, reduced thrust crulsing periocds, and trajectory clizb angles
were varied; their effects on the horizontal range of a missile of the
type shown in Fig, 1 were considered.

The general flight problem of winged rockets is becoming of inecreasing
importance as more of the questions associated with the scunding rocket
performance are being answered (Cf. Ref. 1). The number of parameters of
interest increases manyfold when a vertical trajectory is changed into one
of the many possible types of inclined trajectories, and when a vehicle
which uses aerodynamic forces only for stability is changed into a vehicle
which uses aerodynamic forces to sustain flight.

One type of rocket is considered in this investigation (Cf. Plg. 1
and Table I). It has a lomg, slender, round body with a conical nose and
trapezoidal shaped fins and wings. It is assumed to have sufficlent con-
trol effectiveness to approximate the types of trajectories investigated.
Principle aerodynamic control is achieved th%ough changing of the wiag
angle of attack.

This investigation was resoclved into two parts. PFirst, an anélyeis
of the variables of rocket sercdypamics, rocket thrust and trajectory was
made., Second, these variables were used in step-by-step integrations over

trajectories to determine the effects of the variable parasmeters under



discussion. Accordingly, this report of the investigation is divided into
the individual asnalyses of trajectory, missile aercdynamic properties, and
trajectory calculation procedure, and finally the conclusions resached.
The following general assumptions were made in this study:
1) Aerodynamic properties at very high Mach numbers (4 to 8) may
either be calculated by lineariged theory, or may be obtained
by extrapolation of results obtained for lower Mach numbers.
2) Modifications to conventional supersonic theory due to rarified
gases may be neglected.
3) Atmospheric properties are as specified in the NACA Standard
Atmosphere (Cf. Refs. 2 and 3).
4) The problems assoclated with the aerodynamic heating of the
rocket will not be considered.
5) Possible limitations caused by structural or control problems
will not be considered.
Other specific assumptions and approximations are discussed in the sections

following.



II. TRAJECTORY CONSIDERATIONS

A rocket trajectory can be loglcally separated into three parts, i.e.,
the launching phase, the powered phase, and the gliding or ballistic phase
(Cf. Fig, 2). The launching phase has important problems in low speed
stability and in complexity of launching equipment requireé. The powered
portion of the flight must be oriented so as to convert as much as possible
of t he power plant energy iunto usable kinetic and potential emergy of the
rocket. The glide or ballistic part of the trajectory must be established
to convert rocket enmergy into the longest possible horizontal range.

The calculations of vertical vacuum trajectories give performance data
which are useful in the preliminary estimates of design conditioms. Values
af‘/L( , the ratio of gross weight to rocked crogss-sectional ares, indicate
how closely the vertical vacuum trajectory of a wingless rocket will corre-~
spond to an actual trajectory; for high values of £¢ , the drag effect in
an stmospheric trajectory 1s small, Sinee the values cf’/L( for these con-
figurations are apgroximately 3,000 (Cfe Table I),Vthe drag effect for a
wingless vehicle would be small. With wings, however, a vacumm trajectory
may vary appreciably from an actual trajectory.

A vacuum trajectory for the sea level thrust conditions of Case I
{Cf, Table II) was computed. 1t approximates the conditions existing
during a vertical launching phase and indicates the order of magnitude of
the Mach numbers to be achieved at the end of propellant burning. The

following equations were used:
- VeT, [ A2
= —%—E—(PD—{%)/OQ(/'U—E;)—I- Vet —45%

o | - t
27‘%—:: —-—Ve/og (/"'2/'_&;) —gt



vertical coordinate

where ~£/
Ve

The following results were cbtained for Ve equal to 6,4L0 feet per second,

effective exhamst veloclity

1]

7/ equal tc 0.7 and 130 equal to 40 seconds:
After ten gseconds of flight:

Altitude 5,800 £%.

3

Velocity 900 ft./sec.

1}

Mach number 0.8

3]

After U0 geconds of flight:

Altitude = 121,700 ft.

§

Velocity a 6,440 £t./sec.

Mach number 6.1

1}

4t the sugmit of vacuum trajectory:

Time = 240 sgec.

Altitude = 766,000 ft.
This data differs from the actual trajectory data by the magnitude of the
drag term and the effect of increase of thrust with altitude.

4 vertical launching phase will be assumed for all trajectories.
Launching and eguipment required for rockets of the size of these configura-
tions is simple for vertical flight, but becomes complex for launching
angles tilted from the vertical. Vertical flight will be maintained until
sufficient velocity is attained to glve, first, adeguate stabllity and,
gsecond, the control effectiveness required for changing the flight path
angle and, third, sufficisnt aerodynamic lifting forces to hold the rocket

on & nomevertical flight path. Data from the vacuum trajectory indicates



that a flight time of 10 seconds will be sufficient for the boost phase
of all trajectories. The high burning rate of propellant of Case I will

be used during this initisl launching periled.
The second phase of the trajectory has its objective in positioning

the rocket for an optimum coasting path with a minimum expenditure of energy.
Energy is sbsorbed during the powered flight by drag forces, propellant
inértial forces and inertisl forces of the rodke! empty weight. The posi-
tion of the rocket for an optimum coasting trajectory is dependent om the
aerodynamic characteristics of the vehicle but generally must be within

the atmosphere (Cf. Ref. 5).

Bach of the sources of energy absorption during the powered trajectory
may be minimized by proper choice of thrust and flight program. The re-
gquirements are contradictory, however, and an optimum solution represehts &
balance of compensating effects. The drag forces are a minimum for the
shortest paths and lowest velocities in the atmosphere. The propellant
inertial forces are & minimum for the most rapid burning rate of the pro-
pellant; this results in highest velocities at relatively low altitudes.
Effectz of inertial forces due to rocket empty weight sre minimized in the
vecwam trajectory case for angles of the flight path inclined initiselly at
45 degrees to the horizontal. |

Three trajectory angles, © , of 20, ho, and 60 degrees relative to the
horizontal will establish the influence of this factor on rocket horizontal
range, The vehicle can be malntained on a constant climb angle trajectory
by appropriste coatrol of the aerodynamic surfaces.

The third portion of the trajectory is ildentified by zero thrust from

the rocket motor. 1If the rocket is sbove the atmosphere, the trajectory



is ballistic., If the rocket is in the atmosphere, the trajectory is scme
type of a free or controlled glide path. It is sssumed in this invéstiga~
tion that the vehicle glldee at mazximum 1ift-drag ratic for this portion of
the trajectory.

Ir. Walther (Cf, Ref., 5) discusses the oscillaticms which occur in a
neximum 1ift-drag ratic glide if the glide path is not begun at an sltituds
for which the‘aercdynaﬂic forces are in equilibrium st a constant glide
angle, If the rocket is too high at the begimning of the glide, 1t will
drop rapidly 1ﬁte denser alr and approach a constant glide angle in an
pscillatory menner, I% was concluded thet meximum range would be obisined
by controlling the vehlcle so that it begins the glide at maximum 1ift-drag
ratic after ssfew oscillations as possidble,

The following assumptions are mede with regard to the three phases of
the trajectery:

1) Ko energy loss cccurs in turning from the verticel launching

path to the inclined climb path.

2) The change from initial thrust to reduced thrust occurs in-
stantenecusly.

%)  The rocket maintains zerc angle of attack relative to the flight
path through proper controls. Variaticn of aercdynamic 1ift is
obtained by varying the incidence angle of the wing.

4y Wing engleg of atteck are limited to the values required for

peximum liftedrag ratioc at a Mach number of 8.0.



III. STABILITY ANALYSIS

The basic problem of aerodynamic stabilization of a rocket is to

maintain the rocket céhter of pressure behind the center of gravity for
all flight Mach numbers, The stabilizing moment is proportional to the
distsnce between the center of gravity and center of pressure locations.
In general it should be relatively small since the control apparatus must
overcome this moment for maneuvering.~ Accordingly, it is desirable to
have a center of pressure which remeing in a fixed position a short dis-
tance behind the center of gravity.

The atability analysis established a rocket configuration which was
stable up to the highest Mach numbe{ determined in the vacuum trajectories,
i.e., a Mach number of 6.0. The rocket center of gravity position was
assumed constant during the trajectory since a complete weight anaslysis
would be necessary for a more accurate determination of center of gravity
location. Wing and fin planforms were selected after comparing the
stabilizing effectiveness of delta and trapezoidal planforms, A finel
determination of center of pressure travel for all flight Mach numbers
was made for each of the wehicle configurations,

Selection of fin and wing planforms was based on the consideratione
of lift-drag ratio, weight of structure, center of pressure movement with
Mach number and areas reguired to give positive stability and design 1ift.
As-a first step in the selection of fin and wing planforms, a study was
made of the fin areas fequired to give positive stability of 0.5 caliber
for Mach numbers as high as 6.0. Two fin planforms were compared by writing

the stabllity equation for a rocket at a small angle of attack., The forces



acting on & rocket and ths planforms considered are shown im Figs. 3 and

4, The stability squation is
Puln+ Prly= (R +F)Xecp. (1)

or
(dCL Ngd%@ ( )Mgdz,g [d(}_ dC‘-)]GCQCIZ c.p.
simplifying

( ) j iL)T/é)T :[(?:J—,%“)N +<%%)7;]/éc/o. (2)

Rocket stebility is indicatsd by the relation betwsen jc_g_ and jc‘,a.
For positive stability, jc.,o_ must bs less than jc.q . Bquation (2)

may be expressed in terms of Mech numbsr and fin area in the following

manner :
dC¢, .
o)y = A (lisch) (Cf. Fig. 7)
(Z/Q - Z___ for planform 2
T YAy

(gl/g(—‘%‘ Fn (isch) (Cf. Fig, 6), for planform 1

85 feset assuming the nose lif't acts at the tip

3’—62’ for planform 1

NN

"

.55 CEZ for plenform 2

14,7 feet {(Cf. Table I)

.6%\ ,



Lep.

,éi;<5 - % ecaliver

= 13.4 feet

Z_ g
ng, 3.7 E;rl
Cef_ = 0.93 ST

Equation (2) becomss, aftsr substitution:

For Planform 1:

JC de ) .
IS (S + S e SHED), = 52y + @), T 37

Simplifying:
:ST)x/ES;::Z?CLQ'f;U 4‘c2C99'(§£%6&?égtl_ = Q (3)
dol /s

For Planform 2:

o < Y (L.
33 aa-<‘)~*1f——,7z‘:7;§x-55@z = [(azf‘ s Y/Tj‘if“ %%]134

Simplifying:
ST T — T 465 5 ——Eé = (4)
2 YS1e — 2353 STs +€3 5 YM2) = = O

Equetions (3) and (4) are plotted in Figure 4 as the fin area reguired
for stability with no body effects considered,
The sffectiveness of the delta wing is increased greatly if the

Yconsiderad, Spreiter has outlined s method

body lift effects are
(¢cf. Ref, 6) whersby body effect can bes included by use of an effective-
ness factor such that:

‘dCe _ /{,(2___)
do¢ JEp+ Booy T AXJFin AconeE
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where the projectsd areas of the fin plus body and fin alone are equsal.

For fin areas of from 10 to 15 square feet, and for the delta fin planform
showm, ths valués of the effectivensss factor, K, range from 0.35 to 0,88,
A& constant value of 0,86 was used in this analysis. After corrsctions are

made for refersnce areas, the sguation becomes:

(e - 086(95 « Aeen orF Fin+ Booy
Ik Jemnr o0y = OGS\ T )mm g2 .

cJCZ
= O.66(-055ST+ LST) (do( Fin dLoNVE (5)

This equation is applicable only to fin plus body configuretions which

lis well within the Mach cone. Accordingly, for the delta planform under

consideration, the results are not reliable bheyond & Mach number of 3,0,
The stability equation for planform 1, using the increment of lift

dus to the body, becomes:

JdCo

. 9y ! (6)
-20. /
ShVsh 7S +317 /FSSZ')J V5T + 05-5ST]

Solutions to Equation {6 ere plotted in Fig. 4.

The trapezoidal fin plenform was selected for the final configura-
tions because, firsit, the comparison indicatss thet & smaller fin ares
is required for stability at high Mach numbers, and second, the long root
chord required for a dslﬁa tail of sufficient area takes up the space on

ths body that must he used for a wing.,
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The location of the center of prasssure for each of the missile con-

figurations was determined from the stability equations as follows:

;DNIN-)'PW—QW':" '%"—QT'-‘ (PN-f- Pw+p7)aéc',,p. (1)
or
SN L +(GE A = [[SENHLSL) HES), ]
Substituting:

¥+ S et < S o2 =
~L - =T x 55Cp 4—=, 2 )97 + (a—xi-),vxj’f =

MET o= VrzT d°
S =4 Sw d<e
' "i‘—,]r/q?j d;“”' Varei d? ""(doc)N fc.p.
Simplifying:

St NST - 25 35T = -63.5YME/(SL) -2 FSw  (2)

Fquation (8) was first used to establish ths fin ersa requirsd for 0.5
caliber stability at a Mach number of 6,0 for sach of the wing aress.

Fin areas as shown in Tabls I were obtained, For these fin areas, the
stabllity equation was next used to determine the position of the center
of pressure at flight Mach numbsers, For each configuration, the stability

squation (8) becomes:

Configuration A
292 + 35 VM= g__da_) = |22 1/—'——/:/6?_ ?,

Configuration B

293 + 35y7E] (3S),, ——-E-? !+ VT (e N]Zc. P
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Configuration €
s92 + 357 (2%) = [ rapmr(e%) Wer

The solutions of these equations are shown in Fig. 5, where center of
pressure and center of gravity positions ars plotted for flight Mach num-
bers,

The problem of missile stabiiity for wing engles of sttack other than
zero is simplified by the fget thet the wing center of pressure is essumed
to be located at the missile center of gravity. The added 1ift due to
wing angle of atteck will movL the center of pressurse forward from the
position shown in Fig. 5. Thse center of pressurs will not move forward of
bthc center of gravity due to this added 1ift, however, since the 1ift is
acting at the cenisr of gravity. 4Hccordingly, the missile will be stabls
or unstable as shown by Fig. 5. The stebilizing or destabilizing moment

will be less than thet shown by an amount dependent upon wing angle of

attack.
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IV, DRAG AALYSIS
The drag for each of the rocket configurations was assumed to be made
up of the following components:
Body Drag:
&) DBase
b) Nose (Wave)
¢) Frietion
Wing Drag:
a) Friction
b) liave
¢) -Induced
Tail Drag:
a) Friction
b) TVave
Bach of the drag components was evaluated in the supersonlc case as
followss
I. Body Drag:
The base drag was obtained from the base pressure coefficient,
_g-e— , defined by
2
Base drag = -—;8—-)$ %d—
This coefficient was considered from the viewpoint of Refs. 8, 9,
end 10. A comparison of values obtained by each method is shown
in Fig. 8. Valueg directly from Ref, 9 were used in the range of
Mach numbers from 1.25 to 4,0. For higher Mach numbers, this
curve of the base drag coefficient versus Mach number was extra-
polated as shown in Fig, 8,
The values of wave drag coefficient were obtained from Ref,

11, in which tabulated values are given as functions of Mach num-

ber and cone half angle, 9_5. The cone half angle for this rocket
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configuration is 7.1 degrees and interpolation in the tables
between cone half angles of 5 degrees and 7.5 degrees estab-
lished the values of wave drag coefficient as plotted in Fig. 9.

Skin fricticn drag was obtained by use of a comstant skin
friction coefficient of .002 based on total surface area.
Therefore,

' Friction drag = .002 Jsurface x G

II. Wing and Ta:_il Drag:

Skin fricticn drag was evaluated by use of a skin friction
coefficient of .002.

Wave drag and induced drag were obtained from Ref. 12 which
gives the following formula for the-total drag (without friction)

for thin circular arc airfoils at angles of attack:

2 2
Cp,, = F&X /6 (fw
where, }
m=\MZ—1"
Applying this formula to a 6 percent thick airfoil

Cho = 272 L00122 L%
ow = Wr7E=T Vrz=1

for H{ 1in degrees. This formula for wing drag is based on

wing area. It applies to wing and tall surfaces, Fig. 10 shows
the total drag coefficient for the wing and tall surfaces.
In the subsonic region, induced drag was assumed zero since the pro-

posed trajectory called for zerec w.’u;g deflection during the initial verti-
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cal flight. The wave drag coefficient was assumed to be replaced by a
form drag coefficient which was arbitrarily set at .00 based on wing
prejected area. Base drag wes estimated from results available on the
German A-U4 and A-9 missiles (Cf. Ref. 13).

The total drag coefficlent for the rocket at various wirng angles
of attack and v;rious Mach numbers was obtained from the following equa-

tion;
Cp= Copgi*+ Do, Coopw * COcw

where each of the components were obtained as follows:
CDOB = CD‘F + CDN -+ —;ﬁ
_ (6 [€tw\2
Cpor = Cof + 35 ()
CDOW =CD—F + h

L0122 W2
Cocw = 72— 1

These values of drag coefflcient were converted tc a reference grea
equel to the square of the body diasmeter and were plotted in Figs. 11,
12, 13, and 14, -

This drag analysis does not congider the following factors:

a) Body-wing interferemce effects

b) Wing-tail interference effects

¢) Change of base drag for jet burning (Cf. Ref. 13)

d) Change of skin friction drag with Reynolds number

Since drag effects are comparatively unimportant for rockets with
high values of &« (Cf, Ref. 1), the assumptions mede in this analysis
will have less effect on rocket performance than any of the other

approximations mentioned in the infroduction,
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V. ANALYSIS OF LIFT AND LIFT-DRAG RATIO
It has been assumed that the rocket remains at zero angle of attack
throughout the flight and that the wing is rotated to give 1ift during
the inclined porticn of the trajectory. Since the rocket ig at supersonic
speeds throughout the inclined .trajectory, analysis of the lifting force
of the wing is necessary only for supersonic speeds.

The 1ift coefficient, C,\, for the wing is determined from :

=

where (¢\y is measured in degrees and the 1ift force is based on wing

CLW =

projected area. The curves of wing 1lift coefficient versus Mach number
of Fig. 15 were obtained from this equation.

The 1ift-drag ratioc of each configuration is of interest since this
ratio determined the angle of glide for the glide path portion of the
trajectory. Values of the liftuérag ratio as function of Mach number and
wing angle of attack are useful in the trajectory calculations.

The angles of attack for maximum lift-drag ratio for each configura-
tion were obtained by minimizing the equations for the ratio of drag co-

efficient to 1ift coefficient as follows;

Cp = CDoa"" Coor * Coow + COiw
= Cpo + Coiw
L0122 X2

VrMrz—/

2 <z =
" & (%f)w] Cow 78

CD‘-'-' CDO +



-1l] =

‘Substituting

Cp =.00305 YmZ=] Coy, +CDo

Cp _ 00305‘4/ 7 Cow +£_L
1"

Ciw

‘Differentiating
Co
= . 305 2z —
CL (CL.W 0030 N<—/ ———%CLW
Co

For minimum Q
Cpo= . 00305 A7y C, L,

or CDO= CD‘W

The curves of wing angle of attack for maximum lift-drsg ratio
(Cf. Fig. 16) were obtained by graphically solving the equation for
total parasite drag equal to wing induced drag at flight Mach number.
Values of the lift-drag ratio versus Mach number are shown in Figs.

18, 19, and 20. Meximum liftedrag ratios are shown in Mg, 17.
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VI. THRUST VARIATICON WITH ALTITUDE
For each of the three thrust programs under consideration, an
approximation to the change of thrust with altitude must be made.
Selection of sea level values for specific impulse and burning rate

specify the values of thrust at sea level, since

4 >

Fsea lovel® ]SP Wp

The decrease of atmospheric pressure with altitude, however, causes an
increase in thrust over the sea level values. The magnitude of this in-
crease is dependent upon nozzle configuration.

The variation of thrust with altitude may be computed from the

following formula
[~ = velocity thrust -+ pressure thrust

The values of velocity thrust are determined from specified sea level

values of total thrust and atmospheric pressure and from deslgn values
of exit pressure and exit ares. ﬁozzle design determines /2 and Fe
and thus, the value of pressure thrust at altitude.

It may be shown (Gf. Ref. ! ) that maximum thrust at any altitude
is obtained when the nozzle throat area to exit area ratio, € , is
establiched to give optimum expension, i,e., zero pressure thrust since

/3 and PQ areequal for optimum expansion. Therefore, selection of a
single design nozzle configu;ration gives maximum thrust at one altitude
only. If this design configuration is selected to give ma:;inmm thrust
near the midpoint of propellant burning time, the thrust decrement for

higher and lower altitudes will not be great.



Purther design conditions cn nozzle shape are the rocket motor chamber

pressure determined by

_ F
e = Cr ¢

and the missile outside diameter which limits the maximum size of the

2

nozzle exit area. Selection of an exit ares, fe , of 700 in.“ and a

throat area, -F_t , of 70 in2

gives rocket motor characteristics as shown
in Teble II.
Thrust variatiom with altitude as shown in Fig., 21 were obtained
from the following equations
Case I:
F = 58,000 + (6.3 - P,) 700
Case II:
F = 41,500 + (4.2 - B,) 700
Case III: |

F = 26,800 + (1.7 - Po) 700
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VII. EQUATICRS OF MOTICN AND TRAJECTORY CALCULATICN PROCEDURE
The following equations of motion were utilized in the trajectory
analyses (Cf. Ref, U4):

Along the flight path
W ng = F~D— Wsm6
Normal to the flight path

Jde _ _ £
vVig = gcos & + 159

On fixed coordinates

%/_)L = Vcos &

Y

= VS)NG

CL(Q_
e

These equations are general and were applied to the boost, powered and
glide phases of t he trajectory.

The rocket trajectories were computed by a step-by-step integration
of the equations of motion, The following relations were used to deter~

mine quantities appearing in these equations:

W= Wh— Wpi

I
&
9
0
<
N
Q
N

D
L = Co ——O:Z-?—i’-VZCI2

where (fi) and C?L, are found for the Mach numbers and wing angles of
4

attack.
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Two types of corrections must be applied to rockets which reach very
high altitudes or long ranges, The firast is due to the variation of

gravity with alti%ude. This correction is given by
=4 2

~9y=3(/€+3)
where fzy is the acceleration due to gravity at the altitude Yy . The
gsecond correction is due to the difference between the horlzontal range
and the range measured 2long the surface of the earth, This correction
is also a function of the altitude of the trajectory (Cf. Ref. 15). Since
the trajectories being investigated have summit altitudes of less than

1,000,000 feet these corrections are of small magnitude and are omitted

in the step~-by-step integrations.
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VIII. DISCUSSION OF RESULTS

Four vertical trajectorlies were computed by the step~by-step integration
ﬁethod. The results, i.e., altitude and velocity, are shown plotted against
time in Figs. 22 and 2% Configuration D achieves higher altitudes and velo-
cities than configuration A because of the decreased drag and weight of the
wingless rocket, Higher performance is achieved in Case III for either
rocket; in Case III, the'thrust phase is made up of a 10 second boost and
78 second cruise period. Increases of the summit altitude, Yg, of approxi-
mately G percent resulted for each configuration with the two stage thrust
period.

The increase in altitude resulting from the two stage thrust period is
a net effect of three factors., The primary cause is an increase in total im-
pulse; the total impulse, i.e., integral of the thrust time curve, is approxi-
mately 15 percent higher for Case III than for Case I. Secondary factors are
the drag decrease and inertial force increase for the two stage case. Drag
forces are decreased slightly because the rocket has smaller velocities in
the low altitude portion of the trajectory. Inertial forces are increased
by the slower burning rate of the propellant. Since the altitude 1s not in-
creased proportionately with the increase in total impulse, it is evident
that the decrement due to increase of inertial force is of greater magnitude
than the increment due to decrease of drag force.

The meximum range of a vacuum trajectory is approximately twice the
summit sltitude of a vertical trajectory (Cf. Ref. 4). Accordingly, approxi-
mations to the maximum ballist;c ranges for the configurations would be as

follows:
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Configuration A;
Case 1 1,600,000 ft. (300 mi.)
Case III | 1,760,000 ft. (234 mi.)
Configuration D
Case I - 1,744,000 ft. (330 mi.)
Case III 1,910,000 ft. (360 mi.)

One horizontel tra.jeci:ory was computed for Configuration A with the
constant thrust program designated Case I. The altitude, velocity and
horizontal range for this trajectory are shown in Fig. 24. The range at
{mpact is 1,384,000 ft. or approximately 262 miles. The maximum velocity
reached is 6360 feet per second at the end of burning of the propellant.
This velocity-corresponds to a Mach number of 6.5.

This horizontel trajectory is of interest because it indicates the
general nature of the powered, ballistic and glide path trajectory of the
winged rocket of Configuration A. To obtailn the maximum horizontal range,
various values of the flight path sngle, © , must be used.

The effect on horizontal range of adding a wing to a rocket could be
obtained by comparison of the maximum ranges of Configurations A and D as
computed by step~by-step integration methods. The effect of wing area
could be evaluated similarly by comparison of the performance of Configura-

tions A, B and C.
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APPENDIX 1
SUMMARY OF GERMAR A-9 PROJECT

General

AThe German A-9 missile was a winged version of the A-4 long-distance
rocket (Cf, Ref. 13). Development was not completed due to the end of
the war, but congiderable data was collected on the aerodynamic character-
istics of various wing pIus tall configurations and on the theoretlcal per-
formance of the A~9 as a single stage missile or as the glider stage of a
two~stage missile. As a further development it was intended to convert
the A~9 into a crew carrying missile with manual steerihg, retractabdble
landing gear and special aerodynamic aids to reduce the landing speed to
approximately 160 kilometers per hour, This crewscarrying version was to
go 600 kilometers in approximately 17 minutes.

The single stage A~9 missile was developed in an effort to increase
the range of the A=l from 270 kilometers to U450 kilometers. Sixteen wing
and tail configurations on the standard A-l fuselage were tested in sud~
sonic and supersonic wind tunnels, and aerodynamic‘studies were continuing
at the end of the war. Several trajectories were computed in an effort
to ascertain the maximum range possible based on assumed aerodynamic
properties.

The twe~stage version of the A9 was considered because the range
of either the piloted or pilotless versions could be increased consider-
ably if the A-9 propulsion unit could be started after the rocket had
reached a certain initial veiocity. The first stage, a large assisted-
take-off rocket designated the A-10, was designed to give the A-9 an

initial velocity of 1200 meters per second.
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The A-9 separated at the end of the burning period of the A-10
booster, and continued in a combined power and glide path trajectory.
Under thesé circumstances, the A-9 would have a range of approximately
5000 kilometers, The proptsed design of the A~10 booster stage specified
development of 200 tons thrust and installation of air brakes and a para=
chute to permit reuse after water impact.

Development of the Single Stage Version

The firset step in the development of the A~ miesile was the deter-
mination, from wind tunnel test results, of the lift-drag ratio and the
center of pressure movement for each of sixteen wing plus tail configura-
tions at subsonic and supersonic veloclties and for an angle of attack
range of O to 8 degrees, The configuration finally selected was the
A4V12/c shown in Fig. 1. This model had the highest lift-drag ratio of
all models tested, but also had excessive shift of the center of pressure
in the transonic speed range.

After selection of the basic configuration, studies were continued
in an effort to reduce movement of the center of pressure during transi-
tion from subsonic to supersonic speeds, Data on effeéts of span of
swept wings, wing position and airfoil section were being obtained at the
end of the war.

Several trajectories were computed for the single stage version., In
the first, the missile was launched vertically to propellant cut-off and
continued to a maximum height of 80 kilometers. At this height, the air
density was too low to support gliding of the a4Vi2/c and the missile fell

in a ballistic trajectory and oscillated after entry into the lower
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atmosphere. Load factors and control requirements were excessive for this
trajectory. A flat-path trajectory with a summit altitude of approximately
40 kllometers was c;lcnlated to give the maximum range of 450 kilometers
for the AWV12/c. y

Development of the Two-Stage Version

work on the two—stage version of the A~9 was limited to basic design
and trajectory studies based on aerodynamic data being collected on the
glider A4V12/c. Basic assumptions for the trajectory studles were as
follows;

First Stages A 10 Booster Rocket

Combustion time: 60 seconds

Weight: Payload 16,260 Kg
Frame 17,000
Fuel 48,156

Caliber: U4.15 meters

Second Stage: A-9 (Glider A4V12/¢)

Combustion times 103.8 seconds

Weight: Payload 1,000 kg
Frame 3,000
Fuel 11,575

Calibder: 1.65 meters
]
Tour investigations were made in an effort to determine which tra-
jectory would give the longest range wit?@ermissible wing loadings.

The first two investigations assumed the second stage combustion to follow
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immediately after the first and that the missile would traverse a skip
trajectory after reentering the lower atmosphere. As a result of fhe
first two analyses, it was determined that the whole trajectory should
be made at the lower levels of the atmosphere. The third investigation
assumed)therefore,tha; the second combustion stage would begin after the
vertex was reached and that the thrust would be utilized for the pull-out
and for orienting the missile for gliding, The fourth investigation de-
layed the second-stage combustion for 16 seconds after the end of burning
of the booster stage. The glider was then turned uniformly S0 degrees
during the second tombustion period in order to have it at the proper

stage.
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TABLE I

DESIGN CHARAOTERISTICS OF ROCKET CONFIGURATIONS

Charscteristic - Config. Config. Config, Config,.
A B c D
Body length (ft.) 35 35 35 35
Body diameter (ftn) 2.5 2.5 2.5 2.5
Length/diameter 14 1k 14 14
Nose éone length (ft.) 10 10 10 10
Nose cone half angle 7.1° 7.1° 7.1° 7.1°
Tail area (ft.) g2 98.6 1044 g5
Tail span (ft.) 4.3 k.5 4.6 4.2
Tail root chord (ft.) 6.5 6.7 6.9 6.3
Wing area (f£%2) 20 40 60 -
¥Wing span (ft.) 3.3 4 4,6 -
Wing root chord (ft.) 5 7 9,2 ——
Maximum angle of attack of wing 14° 12° 10° _—
Sweep back of tail & wing L.E. 60° 60° 60° 60°
Wing & tail percent thickness 6 6 6 6
Payload weight (1b.) 500 500 500 500
Structure Weight (1b.) 4000 4200 - 4400 3800
Propellant weight (1b.) 10,500 | 10,500 | 10,500 | 10,500
Gross weight (1b.) 15,000 15,200 15,400 14,800
centefff f;?;igisi‘)’cati“ 14,7 14,7 14,7 14,7
Propellant-gross weight ratio 0.7 0.69 0.68 0.71
e orgoyetie e | ue | om | woo




- 30 -

TABLE II
ROCKET POWER PLANT CHARACTERISTICS

Characteristic Case Case Case

| 1 11 111
Specific impulse.at sea level (sec.) 200 190 180
Burning rate (1bs./sec.) 262.5 180 100
Burning time (sec.) 4o h3,7 78.7
Sea level thrust (1bs.) 52,000 34,000 | 18,000
Chamber pressure (psi) 570 375 200
Nozzle throat erea (in.?) 70 70 70
Nozzle exit area (in.Z) 700 700 700
Expansion ratio, 10 10 10
Altitude for optimum expansion (ft.) 22,000 32,000 | 145,000
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