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ABSTRACT

This thesis presents the theory necessary for the concep-
tual design of a tactical missile. The design process begins
with the well known linear aerodynamic theory for initial sizing
and later includes nonlinear effects to determine the final
design of the missile. Where theory does not apply, empirical
methods are presented which are known to give accurate results.
An air-to-air missile is designed for a specific threat as
an example which immediately follows the development of the
theory for each section. Several small digital computer pro-
grams are presented and used for analysis of specific areas

of the design. One large program (AEROl) is used for deter-

mining the aerodynamic coefficients of the final design.
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il cadhy i

I. INTRODUCTION

This study was made to present a method for the conceptual
design of tactical missiles. The starting point for the design
was a recently completed report by General Dynamics, Convair
Division entitled Rapid Approach to Missile Synthesis (RAMS). A
procedure was then developed more akin to aircraft design and
which bears little resemblance to RAMS and which uses basic
equations to size components rather than nomograms and table
look-up. The procedure starts with a threat description and
proceeds with the formulation of performance objectives and
a conceptual design of a tactical missile to counter the threat.
The design is not unique, but as will be shown, is a compromise
of parameters to give one possible solution to the design prob-
lem; therefore, the point design arrived at is not necessarily
the optimum design for the presented threat. An attempt is
made to find the optimum performance within specific areas of
the design process.

Throughout this study the theory involved is explained and
specific examples are worked. A complete design example is
worked out in detail., It is an air-to-air missile designed to
counter the new Soviet RAM-~-K fighter aircraft. This example
is worked in each section immediately following the develop-

ment of the theory for that specific area.

18
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II. PROBLEM DEFINITION

A. THREAT ANALYSIS

l. Operational Regquirements

The design of a new missile is usually in response to
an operational requirement which arises as the result of one
of the following: (1) A new technology provides the means to
design a more effective missile to meet a current threat. An
example of this might be an advance in material science, which
allows higher inlet turbine temperatures for a turbojet engine;
therefore, allowing higher missile flight speeds. (2) Intelli-
gence indicates a new threat for which existing missiles are
not effective. (3) Operational reports indicate a current mis-
sile is inadequate against a current threat.

Regardless of how the operational requirement is derived,
a statement of the threat is required before the design process
can proceed. Experience has proven that one missile cannot be
designed to me=st all types of threats without seriously com-
promising performance or effectiveness. This can be illustrated
with the design of the warhead. A contact fuze, shaped charge
warhead designed to penetrate and kill hard targets such as
tanks, would not be effective against a highly maneuverable
aircraft for which the expected miss distance is several feet.
For this reason the design of a missile must start with a de-
tailed analysis of the threat. The more detailed this analysis

is, the more effective the final design can be.
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2. Design Example (Operational Requirement)

A design example will be used as a continuous thread
throughout this thesis to demonstrate applications of the theory.
An air-to-air missile will be designed to counter the new class
of Soviet fighter, which is in the advanced development stage
at the Ramenskoye Experimentation Center. The fighter, as des-
cribed in Aviation Week [1,2lhas been designated the RAM-K. The
RAM-K is a twin engine fighter with wvariable geometry inlets and
i swing wings. The aircraft bears a resemblance to both the F-14

and F-15. It is expected to be the recipient of a new look
down, shoot down radar and the 40 km range AA-X-9 missile. The
following unclassified dimensions and performance data are avail-

able on the RAM-K:

Wing span 40 £t
Overall length 64 ft
Gross weight 69000 1lbs
Maximum speed M=2.5
Service ceiling 60000 ft

Figure (2-1) is a drawing of the RAM-K.

3. Scenario

The scenario within which the missile is expected to

operate should also be described. If the normal mode of operation
of the threat is not known, an attempt should be made to define
the most demanding scenario that can be expected. For a defen-
sive weapon the most challenging incoming threat will normally
be a head-on encounter. The threat profile may vary from a high

» level attack with a terminal dive to a low level attack with a

20




RAM-K

Figure (2-1).
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terminal pop-up maneuver. In the case of the AS~6 (Kingfish)
two modes of attack can be expected. 1In such a case both pro-
files must be evaluated to determine the most demanding in
terms of missile performance objectives. For an offensive sys-
tem, such as an air-to-air missile designed to intercept and
destroy an enemy fighter before it launches its weapons, the
scenarios analyzed should include all possible encounter
geometries.

4. Design Example (Scenario)

The scenario for the above threat would likely be an
intercept situation in defense of the fleet high value unit.
The scenario is taken to be a head-on encounter with the missile
and the target at the same altitude. Since the combat specifi-
cations of an aircraft are normally given at 10,000 £t., this is

taken as the scenario altitude.

B. HISTORICAL SURVEY

Missile design is an iterative process, and the first time
through the design loop many assumptions have to be made con-
cerning component sizes and weights. One method of approach
at the early stage is to employ historical data of existing mis-
sile sizes and weights; since justifications for these parameters
were made duirng their design processes. An example of the use
of historical data in determining the initial missile length
can be made with the length to diameter ratio. The length to

diameter ratios of existing missiles of the same class as that

22
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being designed are collected, and an average is computed. The

diameter of the design is fixed by one of three driving factors
(propulsion, warhead, or guidance). From the average length to
diameter ratio the initial missile length is then estimated.
From this historical data, initial choices based on the experi-
ence of others can be made for many of the missile parameters.
These parameters define a baseline missile, which is the initial
configuration from which design iterations and refinements can
be made.

Since missiles are designed for specific missions, speci-
fic parameters such as length and diameter are of little value
in comparing missiles. Dimensionless ratios such as length to
diameter, L/D, ratio and aspect ratio, AR, are more meaningful
when relating missiles. Some parameters which are useful in
defining the baseline missile are listed below:

L/D = Length to diameter ratio

Ln/D = Nose length to diameter ratio

ARw = Aspect ratio of the wing

ARt = Aspect ratio of the tail

W/S = Weight to lifting surface area ratio

Vt = Stlt/(srefdref) Tail volume coefficient

WG/Wwh = Gross weight to warhead weight ratio

The tail volume coefficient, Vt' is a dimensionless para-
meter used to initially size the tail. For a tail control mis- !
sile, it is a measure of the relative control effectiveness when
comparing missiles. For a wing control missile it is a relative

measure of stability.
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A complete historical survey should not be limited to

the parameters listed here. Any dimensionless parameter which
will add information about the proposed design should be inclu-
ded for completeness.

Table 2-I is an example of a collection of such para-
meters for existing air-to-air missiles[l,3]. In this table

the subscript, ¢, is used to indicate a canard control surface.

C. LAUNCH PLATFORMS AND PHYSICAL CONSTRAINTS

The problem definition must also include a description of
the intended launch platform for the missile. The aircraft or
shipboard launcher from which the missile will be launched will
fix many design features of the missile. For instance the most
important consideration in the problem definition phase is any
physical constraints imposed by the launcher. Since it is not
normally feasible, economically to design a launcher to fit the
missile, most new missiles must fit existing launchers. 1In the
case of shipboard launchers there will be a maximum length and
diameter and a maximum launch weight which can be accomodated.

For the case of an air launched missile, there will be a
maximum weight, and the dimensions may also be limited due to
the performance requirements of the aircraft.

For the air-to-air missile design example of this study,
the launch platforms will be the F-16 and F-18A. Figure (2-2),
which is from Interavia {4, 5]shows the pylon weight limitations
for these aircraft. From these figures it can be seen that the
maximum launch weight for this design is limited to 2500 pounds

by the pylon limitations of the F-18A.
25
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Load Carrying Capability of F-18A

\ 250/9.0
3500/5.5 250/9.0
2200/5.5 2500/5.5

Figure (2-2). Weight Limitations.
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D. MISSION PROFILES AND PERFORMANCE OBJECTIVES

The mission profile of a missile consists of dividing the
flight into fundamental segments which consist of a single func-
tion, such as boost to cruise speed and altitude, cruise to
the target, and terminal homing phases. The mission profile
will vary from missile to missile. For a cruise missile it
may consist of a series of pop-up maneuvers and low level cruises.
For a short range missile, the profile may be entirely terminal
homing. The Mach number and altitude are specified at the begin-
ning and end of each mission segment, as well as the range
covered by each segment. The range covered by a segment can be
considered in one of two ways. If the segment is short, such
as the terminal phase, the distance along the intended flight
path is considered. For longer range missiles, the distance over
the grour.d is of importance. The mission profile must be defined
during the problem definition phase in order to specify missile
performance objectives.

The mission profile of a missile normally consists of a
boost, cruise (mid-course) and terminal phase. The boost phase
accelerates the missile to its flight speed. This acceleration
may be large for a surface-to-air missile which must be acceler-
ated from rest to a high supersonic speed or it may be small for
an air launched missile which has the speed advantage of the air-
craft from which it is launched.

The cruise segment, or mid-course phase, primarily is used

to deliver the missile to a point in space where the seeker can
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acquire the target. The range and speed of the cruise segment
is then a function of the required stand~-off distance for the
target.

The terminal phase is somewhat more difficult to analyze.

If the target maintains constant heading and velocity the flight
path of the missile may be modeled by circular arc segments. This
method will give approximate values of range. If the target
maneuvers, the missile must follow and the range and speed require-
ments become more complicated.

In determining the range and speed requirements, all expected
encounter geometries should be analyzed. The most demanding
encounter will then fix the performance objectives. The most
demanding speed requirement, in terms of maintaining a minimum
stand-off distance, will normally be a head-on encounter. Al-
though the required missile speed and range are determined in
this section, the missile velocity may be varied later in the
design process due to guidance considerations.

1. Design Example (Mission Profile)

From the threat defined above, the ideal situation would
be to obtain a fire control solution and launch such that the
minimum separation distance between the launch aircraft and the
target is 40 km. This can be accomplished in one of two ways.
The launch aircraft can fire a semi-active homing missile at
such a range and speed that intercept occurs before the minimum
range is reached, or an active homing missile can be fired, and
once missile lock-on is achieved, the launch aircraft can maneu-~

ver to maintain the minimum separation distance.
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E The active radar homing missile would decrease the

[‘, , launch range and the range required of the missile, which will
lessen the constaints on the launch aircraft. The terminal por-
tion of the engagement is a functiamof the guidance law and will

' be determined in Chapter 3.

Two cases are investigated to determine the effect on
the range requirement of the missile when a minimum separation
distance from the target to the missile of 40 km is maintained.
The first case is a semi-active homing missile, for which the
launch aircraft must maintain a closing course until intercept.

The second case is an active homing missile which has a lock-on

range of 10 km. The launch aircraft may then maneuver to main-
tain a separation distance.

a. Case 1l: Semi-active homing missile

V4 A\ VT

L M

_é__-__é—-—:———.—_—é———
“— Rur

>
Rip ?

N

)
o
"

Range at which the missile is launched

1.5 = Launch Mach number

2.5 Missile Cruise Mach number

gl

= Speed of sound

VL = MLa = 1.5a = Launch speed
VT = MTa = 2.5a = Target speed
VM = MMa = 2.5a = Missile speed
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The instantaneous range from the missile to the target is

given by, Ry

RMT = Ro (VM + VT)t (1)

The instantaneous range from launch aircraft to the target

is given by, RLT

. RLT= Ro - (VL+VT)t (2)

If the target does not maneuver, intercept will occur at

tf, when RMT =0

0 = R0 - (VM + VT)tf

R R
= T_JL_. = =0
tf VM+VT) 5a

If the launch aircraft is at the minimum separation distance,

RLT = 40 km, when intercept occurs.

40 km = R, - (V.

0 L+ Vpltg

V. and t

substituting for VL' T £

R
40 km = Rg - (1.5 + 2.5)a(gh
Solving for R0

e R, = 200 km = Launch range
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The range required of the missile is then, Ry-

RM f VMtf = 100 km = 53.96 nmiles

If the missile speed is increased to MM = 3,0, then

0= 148.15 k and,

RM = 80.81 km = 43.61 nmiles.

b. Case 2: Active Homing Missile
The lock-on range is a function of the seeker in the
missile and will be covered later in this thesis. If it is
assumed that the launch aircraft must maintain its course until
lock-on occurs at a range of RLO' the problem can still be solved.
The geometry is the same as in Case 1. Instead of following a
constant course until intercept, the launch aircraft must now

only maintain a closing course until Ryr = Reoe Then from

equation (1)

Ryr = Rpo = Ry = (Vy + Vpltgy

Solving for tfl

e - oRo
£l (VM+VT5
If at the time of target lock-on, tfl’ the target

and launch aircraft are at the minimum separation distance,

RLT = Rmin' from equation (2),




Ryr = Rpin = Ro = (Vg + Vodte,

.

Inserting for tfl’

Riin = Rg - (VL+VT) (RO—RLO)/(VM+VT)

min

Solving for R_,

0
<VL+VT> RL
Roin Yy tVo o)

: . R = N -
- 0 [1 - (VL"'VT) 1 - <VL+‘§)]
: VitV VitV

first case, with MM = 3.0,

_ R Ro

te1 = 5T3a

[ A reasonable value of lock-on range is 10 km.
will be shown later in the guidance section of the study.

time to lock-on then becomes,

From equation (3), R

0 0

4 range to lock-on is then, Ry »

RMl = VMtfl = 59.19 km .

T
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(3)

For the same geometry and relative speeds of the

This

The

then becomes, R, = 118.52 km . The missile




If the target does not maneuver the time from lock-

on to intercept becomes, tese

t_p‘Lo
£2 - (V. +V.)

M T
and the missile range from lock-on to intercept becomes,

Rys = VMtf2 = 5.45 knm
The total missile range is then the sum of the two,

RM = RMl + RMZ = 64.64 km = 34.88 nmiles .

As can be seen from the above analysis, both the
detection range of the target and the required missile range are
decreased significantly when an active homing missile is used.

On the other hand, it must also be remembered that the complexity
and cost of the missile will be increased as a result of choosing
an active radar seeker. For the design example in this study,

an active radar seeker is chosen; therefore, the maximum range
requirement will be 35 nmiles at a speed of MM = 3.0, however,

this missile velocity is tentative until a guidance analysis

is complete.

From the preceding analysis the mission profile is
determined. It must be kept in mind that the mission profile
may be changed during the design process to meet other design

objectives. The following profile assumes both the target and

launch aircraft at the same altitude.
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BOOST CRUISE TERMINAL
HOMING
SEGMENT Mbegin hbegin Mend hend RANGE
(1) Boost 1.5 10,000 ft 3.0 10,000 ft
(2) Cruise 3.0 10,000 ft 3.0 10,000 ft 29.6 nmiles
(3) Terminal 3.0 10,000 ft 3.0 10,000 ft 5.4 nmiles
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IIT. GUIDANCE LAW SELECTION

Although the specifics of the guidance system is beyond the
scope of conceptual design, the selection of a guidance law is
necessary for initial calculations. The warhead design depends
on the expected miss distance between the missile and the target
and the lifting surface area depends on the maneuvering require-~
ments of the missile. Both the miss distance and maximum acceler-
ation required are functions of the missile guidance law,

The guidance law for a missile is the analytical formulation
used by the guidance system to convert sensed target information
into missile steering commands. Threegeneral guidance laws are
used. Most others can be forced to fit into one of these cate-
gories. These are:

1) Pursuit Guidance

2) Line-of-Sight Guidance

3) Proportional Guidance

A. PURSUIT GUIDANCE

A pursuit guidance law is illustrated in Figure (3-la) and
is one in which the missile velocity vector is always directed
toward the target. The target and the missile velocity vectors
must therefore be sensed; so this type of guidance normally
assumes an on-board tracker. The missile may have a separate
mid-course guidance package to increase range, but target lock-

on initiates the pursuit guidance for the terminal homing phase.
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Figure (3-la). Pursuit guidance.

~

/

Figure (3-1b). Beam rider guidance.

Figure (3-1lc). Proportional guidance.
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For this reason it has the advantage of launch-and-forget at
lock-on. Since the signal processing is limited to looking and
pointing, the avionics are relatively simple and usually on-
board the missile. An option for this type of guidance would

be to include a lead angle to accomodate faster moving targets.

B. LINE-OF-SIGHT GUIDANCE

Line-of-sight guidance is used in a beam rider missile. This
guidance scheme is illustrated in Figure (3-1b) and requires that
the missile remain on a line (beam) joining the target and a
control point. The target tracker is located at the control
point; therefore, avoiding the necessity of an on-board tracker.
Because of this, a dedicated fire control system is needed from
launch to intercept. The range of this type of guidance is
normally less than with the other types. A speed advantage is
required for line-of-sight guidance since no lead angle is incor-
porated. The main advantage of this type of guidance is the

simple avionics required to maintain the missile in the beam.

C. PROPORTIONAL GUIDANCE

A proportional guidance law is one in which the rate of change
of the missile heading is made proportional to the rate of change
of the line-of-sight between the missile and the target. This
is illustrated in Figure (3-1lc). Since the guidance law antici-
pates the target's future position, it can attain a higher degree

of responsiveness than other guidance laws. In proportional gui-

dance the rate of change of the line-of-sight must be sensed




on-board the missile. Because of this requirement, and the need

to provide anticipated steering commands, the avionics required

are the most complex of the three guidance systems.

D. COMPARISON OF GUIDANCE LAWS

In early design considerations two parameters of interest
are acceleration required of the missile and the miss distance
attainable. Of the three guidance laws only the proportional
law can respond to fast maneuvering targets. Since the missile
must stay in the line-of-sight for a beam rider system, any tar-
get maneuver will cause large excursions in the missile flight
path, resulting in large normal accelerations. The pursuit gui-
dance law causes similar large excursions near intercept due
to the velocity vector always pointing at the target.

Several system parameters affect the miss distance attain-
able with a particular guidance law. An excellent source on
the effects of these parameters is an article written by Dr.
Robert Goodstein(6]. The parameters studied for their effect on
miss distance were:

1) Sensor Bias Angle

2) Noise

3) Target Heading

4) Target Acceleration

5) Target Speed

6) Wind Gusts
The results have been reproduced and are included in Figures (3-2)

through (3-7). Table 3-I provides overall guidance in the selection
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! of a guidance law and is also reproduced from the above reference.
A first glance would indicate that proportional guidance is a
proper choice for all cases. It must be kept in mind, though,
} ' that cost and simplicity are also driving factors in the design
process. Furthermore, it can be seen that, while proportional
} ' guidance with a high gain has good performance against maneuvering
targets, any noise in the system will highly degrade this perfor-
] mance. For this reason another guidance law may be desired, or
a compromise in the gain selection may have to be made in which
some performance is given up in order to deal with a noisy system.
A reasonable range of proportionality constants that gives good
performance against both maneuvering targets and noisy systems
is k = 2 to k = 6.

Once a guidance law is selected, a more detailed analysis has

to be performed to determine if the maximum acceleration required

of that particular guidance system is within the attainable

i maneuverability limits for the missile. The maximum acceleration
F required, in turn, determines the lifting surface area needed.

E A good estimate of maximum acceleration, which keeps the miss
distance less than 50 feet, is to set it equal to three times

the target acceleration plus ten.

am = 3at + 10

Figure (3-8) shows the miss distance sensitivity to target

p acceleration.
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E. PURSUIT GUIDANCE (DETAILED ANALYSIS)

As stated previously, a pursuit guidance law requires the
missile velocity vector to always point at the target. For
this reason the missile always ends up in a tail chase situation,
with the maximum acceleration occurring at the end of the

encounter. From this description the maximum acceleration of the

missile can be determined.

. .
/A<;M Reference

Direction

Figure (3-9). Pursuit geometry.

From Figure (3-9) the time rate of change of the range, R, is

R = VTcos B -~ VM
also .

B = -VT sin B/R
or
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ds T

sin B R dt
dr
dt =
VT cos B - VM

Substituting equation (2) into equation (1) gives,

as _ Vo dr ,
sin B R TVT cos B - VM) '

Letting

(cos B - x) = -8R
sin B dé = -=x

Integrating equation (3) yields,

¢nR = k&n(tan %) - &n(sin B) + Rncl
c, taﬁk B/2
InR = In .
sin 8
By trigonometric identity,
. k
(tan 8/2)k (sin B)
(l+cos B)
Therefore,
¢, (sin 8)]("1
nR = 2n %
(l+cos B)
and
¢ (sin B)k-1
R = X
(1+cos B)
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From the initial condition 8 = BO when R = RO'

R (1+coseo)k

_ (e}
€1 < -1

1

(sinBo)

e s

k-1

k
l+cosg .
R = R ( 0\ (SlnB )

0 l+cosB/ sinBO

Substituting the above equation for R into the egquation for 8

8 = -V, sinB8/R k‘
o ot <l+cosB )k (sing) 27X
R chosBO (sinBO) -k

The missile acceleration can be expressed as a normal and a

tangential component,
a=VMBn+VMt

The normal component is an where,

a, = VM B

V.V k 2-k
a = - M'T l+cos g sing 1-x
m Ro I+cos % sirxs0 -

The terminal acceleration for a pursuit guidance law will occur

at the end of the encounter (B - 0). From the above expression
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the terminal acceleration can be evaluated

a =

o, for l <k < 2

(1
1

v.v 2
MT 2 . _
o R <l+coseo ) s:.nr.%0 for k = 2

]
]

© for k > 2

Since pursuit guidance always ends up ina tail chase situation,
the missile will never intercept if k < 1 . Thus, for pursuit
guidance operating againsta non-maneuvering target, the velocity
ratio should be between one and two. These results indicate
this guidance system would not be effective against air targets;

therefore, results for a maneuvering target were not pursued.

F. LINE-OF-SIGHT GUIDANCE (DETAILED ANALYSIS)

/ Reference
0 Direction

Figure (3-10). Line-of-sight geometry.
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Figure (3-10) illustrates the geometry used to derive
the beam rider equations of motion. The basic concept of beam
rider guidance is that the missile is maintained in the line-of-
sight of the target and a control point. This can be expressed

in an equation as follows:

. VT sin at VM sin am
¢ = = = = (1)
t m

where, r range from point 0 to the target

t

r

m range from point 0 to the missile

From equation (1)

rtVM sin a_ = rmVT sin oy (2)

As in the case of pursuit guidance, the missile and target acceler-
ations can be divided into normal and tangential components. If
the target is limited to contant g turns, and the normal component

of missile acceleration is of interest; then,
V.=V, =0
Differentiating equation (2) with respect to time yields,

L) . . = L) . + L ]
rtVM sin am + rt VM am cos am rm VT sin at VT

Solving for &

14

m

. - l . . M - *
am = WO_S?H: [rm VT sin at + rm VT at COSs at r
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From the original figure,

rt = VT coSs at
rm = VM cos am
Also
et = a, + ¢ —-—.et = a, + ¢
em = on + ¢ ————em = ap + ¢

b = a/Vy
$ = V, sin at/rt
. . [}
oy = et - ¢
rt = VT coSs at
rm = VM cos o
- 1 L . V [ ]
0N = EEV;EEEE; [rm VT sin a, + r V., a, cos Oy

t M

b =
-r, V. _sin a ]
m

em = am + ¢
am = VM em




The above equations are the equations of motion which describe

the target and missile trajectories. These equations cannot be
solved analytically except for highly specialized cases. The com-
plete set of equations can be solved using a numerical integra-
tion technique. 1If Euler's one step method is used, the algorithm

is as follows;

8, (i+1) = 6,_(i) + At 8 (i)
o(i+1) = ¢(i) + At ¢(d)
@, (i+1) = a (1) + At a (i)
r, (i+1) = r (i) + At r (i)
r (i+l) = r (i) + At £ (i)
a_(i+l) = a_(i) + At &_(i)
6 (i+1) = 8_(i) + At 6_(¢)

With initial conditions;

rt(O) = r,
rm(O) =0

¢(0) = ¢0
am(O) =0

8,(0) =9

t to

em(O) = emo
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The target and missile positions can be expressed as follows;

xm(i+l) = xm(i) + 0t V, cos em(i)

ym(i+l) = ym(i) + At vy, sin em(i)

x, (i+l) = x (i) + At Vv, cos 6 (i)

yt(i+l) = yt(i) + AtV sin et(i)
% ‘ Where

xm(O) = ym(O) =0

yt(O) = r, cos %

yt(O) I, sin 9%

The above equations have been programmed on the HP 9830 com-
puter. Table 3-II is a listing of this program. The program
asks the user for the initial conditions and the target acceler-
ation. It also asks for the integration step increment, At.

It should be kept in mind when using the program that the error
involved in integrating is of order At. The output is a plot of
missile and target trajectories as well as the missile maximum
acceleration and time of flight. Three examples follow which
demonstrate possible uses of the program. (Note: All angles

are input in radians.)
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TABLE 3-1I

FRINT “THIS PROGEAM DETERMIHES THE AROCELARATION OF
FEINT "A BEAM FIDER MISSILE AMD PLGTE THE TRAJECTORY™
FEINT
FRIMT “IHFUT TIME I[HMCREMEMT FOR IMTEGREATIONS

IHFUT T
OIn HC;Jnlan_?u] DC2SE WL 250 1R 250 s RE 250 3
FREINT "IHRUT IHIW[HL THREGET RAMGE

IHFUT R
FRINT "IMPUT THREGET =SFEED”

IHFUT u1

FRIMT "IMFUT MISSILE SPEED

IMPUT %2

FRIMT IHFIT THITIAL LIME OF SIGHT HHGLE
THRUT Pl

FREINT "IHPUT MISSILE ALFHA®

IHPUT H_

FRIMT "IHFUT TREGET ALPHA"

IHPUT A1l

FRIMT “IMFUT MISSILE THETA"

IMFUT T2

FEINT "IMFUT TARGET THETH"

THFUT T1

FRIWT "IHFUT TARGCET FRCCELERATION"

IHFUT G1

I=1

pringli N
oy R A TR U W

ity
L]

R A ]

S YR o o R et
T
X

RN
AN

ity
!

[ N v I Or R U0 RN ¢ [ SO S e

iy
DA XN

Foit Tolt Pl B0 T3l ol s 0=t 0 s et
0 L £ [ s 350 g 00 ) AT LI e 10D
AN R A

3 T o 0 1T I
V0 T T ) T S T T T
-

0 G 0 G0 00 0 P [0 P T Pl T ol o3 Tl 1

£@ RIZ=@

£S5 RL1I=R1

TE AL1 =0

b 28 =01 1=0

20 v[ [ 1=9

ga ULII=Ri*COSCFLs

18 W[ II=R1%SIHCFL S

20 AL 1=9

I8 FRIMT =M M =T o

35 PRINT “DO ¥0U MAHT A PRINT OF THE DUTFUT: @=7ESs1=HO®
5 IMPUT T3
7 IF Te=1 THEM 41@

FRIMT WIIXaY[IJaU0IdaWCI]
I=I+1

T3=G1-%1

FJ=V1*-IH Alx-R1

o Pud s SO 0
&

B 3 P 0 20 0T 50 050

IF R R O S N G R s e

Oy Ty 1Ty O Oy LN

n4 Pi*“‘+Lu'IH
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Ta=A4+F32
Ti=T1+D1*T3
Fl=F1+D1%P3
FHi=A1+D1*A/3
Ei=R1+D1*R32
HE=E2+D1*R4
Z=R2+01+R4
T2=TZ+D1*T4
RO I I=2#T4

1T
A

)
o

AR )

—
|

fM=AL I3
T2=RA2+F1
ELI I=f1

sl A B

— - o
U At I R

T T onon B b bbb

IR I CHIR B PRI o IR W N LY W e g I AR

Lt
-~
AR D

o
A
S -
e
—
e d L
'_'“ II {1 1]

i -
1
Ex)

T:
FRINT
INFUT =&
FRINMT
IHPUT
FRIMT
IMFUT TF
FRIMT
INFUT %7F

FRINT *
THPUT
IF Fl=

-, e T o
bAoA A AN AN AR RN

Lol
D
ITI
-
-

B W) B AU PSR o I SN SIS o RN IO Y R B SRR

FDR M=1 T0O I
FLOT
HEST W

FEHM

FOrR S=1 TO I
PLOT ULS1.Y
MEST S

FEH

FRINT

FRIMT

M=RLI-11]
FRIMT

Pt A0 A0 AL A A D A A D D D 00 OO 00 D0 00 00 000 0 OO 30— =g e ) = T T T T I T (a3

W 0T B D Pl e T T S R 0 00 T O ST

Ll YO L I D I I R T G T R

a8 STOF

Fd=CDe+D7V+00 0

IF ABSCRCT 10<RBESCALI-1 10

IHFUT MIHTHUM
IHFHT MAe
IHFHT MIHIMUR Y
"IHPUT MASTHIM Y

SCALE #BaHTave
Hw1s EEEM

AREIS Bs 71K
a |H LI5S BT oLE

SO M]
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TABLE 3-II (cont)

P

THEM

]+ﬂ1*”1+-14'r1'
B THEM
D1+-I 13

3597
WOVALLE”
THUM 3 YALLE"
YALUE"

WHLUE™

IF ACTIJ:ALI-11 THEH 354

“THE MAXIMUM RCCELERATION I3
FRIMT "THE TIME TO
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1. Example I (Non-maneuvyering Crossing Target)
o o
= wt
T:O VT
| VTR T T T T
\
\

VM
. d)n = em‘
9]

3 Figure (3-11l). Non-maneuvering crossing geometry.

r_ = 359 meters

0y = 109.57° = 1.9124 rad

6, = 17.57° = .3067 rad
0

8 = 109.57° = 1.9124 rad

Mo

a, = -91.0° = 01.5882 rad
0

at = 0

VM = 373 m/sec

VT = 221 m/sec

Table 3-III is the computer output. As indicated the missile

maximum acceleration is,

a = -459.25 m/sec/sec = -46.86 g's
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TABLE 3-III

INPUT
INFUT
IMPUT TRRGET ZFEED
IMFUT MISZILE SPEED
IMFUT IWITIAL LIME 0OF
IHPUT MIZSSILE ALFHA
IMFUT TARRGET HLFHA
[MFUT MIZSSILE THETH
IMPUT TRRGET THETH
IHFUT TRARGET ACCELERATION
i P

O WANT

TIME IHCREMEMT FOR

H

JEiN
i

0 0 e =)
3 g ®

D SR R a1 |

A ISR EN CU SR I S W O S SR
17l > - - § - -

A

FR PR LV R SRSy SR T I TN S n )
-

i

D PN S R I | a8 WX
s = w

T._41-4'j5 2
25,26133519 2
24.81774632 23,8
43,45951899 2O TS
53.53F€?559 EEET-EY

4.2841194 3le.74513
?5.41;15?8? 321 A5Eas
27 . 12134304 EE TS|
P 2EVVTISI IeR,3
111.8741571 374,

124, 24451992 a7,
122.1871393 404,
1521.3184337 413,232

INFUT MIMIMUM
THPUT MAXIMUM
IMPUT MIMIMUM T
THPUT MASTIMUM
HRS AXIS BEEM

THE MAXIMUM ACCELERRATION
THE TIME TO IMTERCEFT 1%

FEINT OF THE

IHTEGRAT IOH

INITIAL TAREGET RAMGE

SIGHT AMGLE

= =
[}

P X 1 It I u AN | IO CRE R I LR S S R o e LR O i
o GO T IS D a0 OO 00 T ] T e R HX!
-

0 o a0 —

[ i ol R A R R Y

[E SN AN T A R OO ST
— 0 = 0 L

CESEC
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The large acceleration is typical of line-of-sight due to the
missile requirement to stay in the beam. The trajectories are
plotted in Figure (3-12).

2. Example II (Effect of VM)

This example is presented to study the effect of missile

velocity on a crossing target (non-maneuvering).

Figure (3-13). Crossing target geometry.

The initial conditions are as follows;

4000 m

¢o = 45° = .7854 rad

8 = 45° = .7854 rad
Mo
a, = 135° = 2.3562 rad
0
8, = 180° = 3.1416 rad
0
VT = 200 m/sec
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TABLE 3-1IV

| THIS FPROGEAM DETERMIMES THE ACCELARATION OF

A BEAM RIDER MISSILE AMID FLOTS THE TRAJECTORY

; IMPUT TIME IMCREMEMT FOR IMTEGRATIOH
’ : IMPUT IMITIAL TAREGET RAMGE
IMFUT TRRGET =FEED
i IHFUT MISSILE SFEED = Y00 7”71/ S$€C
; IHPUT IMITIAL LIME OF SIGHT AHGLE
IMFUT MISSILE ALFHA
INPUT TREGET RALFHA
IMFPUT MISZILE THETH
IMPUT THRGET THETH
IHPUT THREGET ACCELERATION
. EAL M aT
‘ il .IHI MAMT A FF [MT OF THE OQUTPLTs ©=vEz. l=HD

—

IMPUT MIMIMUM X YALUE

THFUT MASTHIM H WALUE

, IMPUT MIMIMUM T YHLIUE
§ IMFUT MASIMUM % VALUE
1 HAS AXIS BEEN DrHHHn B=YESs 1=HO

THE MASIMUM RCCELERATION I3 2.l

A54a METERS - SECSEC
THE TIME T IHTERCEFT IS e :

THIS PROGEAM TETERMIMES THE RCCELARATION OF
A BEAM RIDER MISZILE AMD PLOTS THE TERIECTORY

N IHFUT TIME IMCREMEHWT FOR IMTEGRATIOH
IHFUT IMITIAL TRRGET RAHGE
IMFUT TRRGET SREELD
IHFIUT MISSILE SFEEL ¥ 600 m/S&cC
IHPUT IMITIAL LIME 0OF SIGHT AMGLE
IMFUT MISSILE ALFHA
IHFUT TRRGET ALFHA
IHFUUT MISSILE THETA
IHFUT TRARGET THETA
INFUT TRRGET ACCELERATION
i M =T
D0 YOU WAHT A FRINT OF THE OUTFUT, 8=7vES.1=HO
IHFUT MIMIMUM ¥ WALUE
ITHFUT MAXIMUM ¥ YALUE
IHFUT MIMIMUM % Y“ALUE
IHFUT MAXIMUM ¥ YALUE
HAS AX1S BEEM DRALHs A=YES,» 1=HO

THE MASIMUM ACCELERATION I3 S s S METERZ-SEC-SEC
=EC

THE TIME TO IHWTERCERT I= 5.8




TABLE 3-1V (cont)

THIS FPROGRAM DETEEMIHES THE ACCELARRATION OF

A EBEAM RILDER MISSILE AWD FLOTS THE TREAJECTORY

IMFUT TIME IMCREMEWT FOR IHTEGEATION
IMPUT INITIAL TARGET EAHGE
IMPUT THEGET ZFEED
IMFUT MISSILE SFEED = 800 m/sec
IMPUT IHITIAL LIME 0OF SIGHT AMGLE
INFUT MISSILE ALFHA
IMPUT TARARGET FELFHA
IMPUT MISSILE THETH
IHFUT TARGET THETH
IMFUT TAEGET ACCELERATION
M "M wT
D0 50U MANT A PRINT OF THE QUTRUT. d=4YES: 1=HOD
IMFUT MIMIMUM X WALUE
IMFUT MARSIMUM ¥ WALUE
ITHPUT MIMIMUM Y WHRLUE
IMFUT MA=IMUM Y YHRLUE
HAS AXI= BEEH DRHBHM

THE MASIMUM ACCELERATION [£ a7, 22E5AaET1
THE TIME T IMTERCEFT I% 4.4 ZEC
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The program was run three times for a missile velocities of

400, 600, and 800 m/sec. Table 3-IV contains the program out- ;
puts and Figure (3-14) is the plot of the tra jectories. As

can be seen from the output, the missile maximum acceleration

increases with increasing missile speed. For example, {
VM/VT = 2 gives the smallest acceleration, although the maximum
acceleration for VM/VT = 4 is not exceedingly large for this

scenario.

3. Example III (Maneuvering target)

In this example the effect of a target maneuver is inves-
tigated. If at the time of launch the target initiates a 7 g

(68.6 m/sec/sec) turn, the following encounter would result:

Figure (3-15). Maneuvering target.
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TABLE 3-V

THIS PEOGEAM DETERMIMES THE RACCELARATION OF
A EERAM RIDER MIZSILE AMD FLOTS THE TRAJECTORY

IHFUT TIME IHCEEMEMT FOR IMTEGEATION
IMPUT IMITIARL TRRGET RAMGE
IMFUT THRGET SFEED
IMPUT MISSILE SREED
IMFUT IMITIAL LIME OF SIGHT AHGLE
IHFUT MISZILE ALFHA
IHRUT TRREGET ALFPHA
IHFUT MISSILE THETH
IMPUT TRRGET THETH
IMFUT TARGET ACCELERATIOH
“i M AT T
DO YO WAMT A PRINT OF THE OQUTFUT. @=YEZ: 1=pHD
IMFUT MIMIMURM & YARLUE
IMPUT MASIMUM X YWALUE
IMFUT MIMIMUM % WALUE
INFUT MASIMUM ¥ YALUE

HAS AXIS BEEM DRAKHM. 8=YES. 1=H0
THE MASIMUM RCCELERATION -I& ~EET, 3215533 METERS. - SEL-SEL
THE TIME TO IHTERCERT IS 5L SEC
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The initial conditions are;

, }

rb = 10000 m VT = 821.436 m/sec

8 = 90° = 1.5708 rad Vy = 985.723 m/sec
E e“b =90° = 1.5708 rad
5 ato = -180°
- 8, = -90°

0

a, = 68.60 m/sec/sec

From the output (Table 3-V), notice the large missile acceler-

ation required (211.55 m/sec/sec) to intercept a maneuvering

? target. The trajectories are plotted in Figure (3-16).

G. PROPORTIONAL GUIDANCE (DETAILED ANALYSIS)

/ / Reference
/ Direction

Figure (3-17). Proportional guidance geometry.
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Proportional guidance automatically establishes a lead angle
and reacts to a changing line-of-sight. The basic guidance law i
used equates the rate of change of the missile heading to a
constant times the rate of change of the line-of-sight. From
the above figure this law can be expressed as,

8 =k o
m

From the figure, the rate of change of the line-of-sight, &, is
given by,

V. sin Bt -V

T M sin Bm

o= =
As in the case of pursuit and line-of-sight guidance, the para-
meter of interest here is the normal acceleration; therefore, the

missile and target tangential accelerations are assumed to be .

zero. In this case,

D

(]
<

e T ¢

From the guidance law,

and
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Since Vm =V,_ = 0, the time derivative of this equation is,

ra +ra =k Vi [(VtBt cos B, - V 8 cos Bm)l (1)

From the original figure,

8 = B 4+ O
m m
0

) - . A m
e A"
L] . l

Bm Gm { l-}-c_)

Also,
L ] A »
Bt = St -a

w™
"
D
!

~|s

Making these substitutions, equation (1) becomes,

8

l_- » '-m _ . -.l.
ra =-a r+ k iy [VT(et TT)COS Bt VMem(l k)cos Bm]
Since,
a, = VM Bm
ap = Vp 8
ra =-a r+kgV,a cos B =-kVya cos B
- ay (VT cos Bt - VM cos Bm)
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From Figure (3-17),

[ ]
r = VT cos Bt - VM cos Bm
| y = - r -
_ ra 2 a r+ k VM a, cos Bt k VM a, cos Bm
i
| k V. a, cosB a
‘ - Mt t _ °m .
a = = - [2r + k VMcosBm ]

Collecting equations;

r = V., cos Bt - V., cos Bm

; T M

Bt = Gt -0

Bm = em -0

‘- VTSlnBt - VM51an
t r

S oot

t VT

em =k o

The above equations are the equations of motion for a missile
using proportional navigation assuming constant missile and
target speeds. As with the line-of-sight equations, the motion
is quite complex. The equations cannot be solved analytically
except for special cases. One such case will be investigated

here. That is for a non-maneuvering crossing target.
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l. Example IV (Non-Maneuvering Crossing Target)

(at = 0)

Figure (3-18). Non~maneuvering target.

For this case, r = -VM cos Bm from equation (1)
. an v .
am = -—I_' (2r - kr]
a .
m_oX (k-
ta; T (k-2)

lnam (k-2) &nr + Ilncl

If

ay = a, at r=r,
k=2
r
a = a_ (=)
m Oro

From this equation,

if k > 2 am-—)o as r =20
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From the above example it can be realized that the pro-
portionality constant, k, must be greater than two. A more
general analysis of the equations of motion can be obtained by
solving the equations numerically. The same Euler's one step

method is used here with initial conditions, at t = 0,

am(O) = amo
r{0) = ro
B, (0) =B

t to
Bm(O) = Bmo
g(0) = 00
8,(0) = 8

t tO
8_(0) =6
m m,

The algorithm used is as follows:

r(i+l) = r(i) + At r(i)

a (i+l) = a (i) + At ém(i)
o (i+l) = a(i) + At o(i)
6 (i+1) = o (i) + At 6 (i)
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et(i+1)

Bm(i+1)

et(i) + At St(i)

B (1) + At ém(i)

Bt(i+1) = Bt(i) + At Bt(i)

The trajectory of the missile and target can be deter-
mined assuming the missile is at the origin at t = 0.

original figure the missile and target positions are given by,

xm(1+1) Xm(l) + At VM

ym(1+l) = ym(i) + At Vy

x, (1+1) = y (i) + 8t v,

yt(i+l) yt(i) + At Y,

With initial conditions,

xm(O) ym(O) =0

xt(O) = r, cos 0,

y.(0) = r, sin g,

Evaluating the missile initial acceleration can be more complicated.
One procedure which is both realistic and of interest is to have
the'missile and target on a constant bearing - decreasing range
course (at = 0) when the target initiates a constant g turn at

t = 0. In this case am(O) = 0 and the subsequent motion can be

found.

coOs

sin

cos

sin
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em(i)
6, (1)
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TABLE 3-VI

18 PRINT "THIS FROGRAM FIHDE THE MASIMUMA"
: 28 PRIMT "MISSILE ACCELERATION FOR A
j 2R PRIMT "FROFPORTIOMAL MAYIGATION SYSTER®
o 33 PRINT
F 36 DIM 2l2Sal.vlz23al- U025 1wl 25a]
i 35 DIM H[_JU] TL2S6 1. RE 256 ]
, 48 PRINT "IHFUT TIME IMCEEMEMT"
1 56 IWFUT Dt
] e8 PRIMT “IHFUT MAYICATION COMSTHEMT”
) 7 INFUT K
] 20 PRIWMT "IMPUT WMISSILE WELOCITY"
28 ITHFUT W
. 188 PRIWNT "IHPUT TARGET WELOQCITY™
118 IMPUT Y2
128 PRINT "IHMRUT TARGET ACCELERATIONT
128 IHPUT Al
148 PRINT "IHFUT IHITIAL MIZSILE ACCELERAT IOM”
198 INPUT ACL1]
168 FRINT "IMPUT IMHITIAL RAHGE"
178 IMPUT RL[11]
1838 PRINT "IHFUT BETA TARGET"
zZag IHMRUT Bl
218 FRIMT "IMFUT BETH MISSILE"
2z [HPUT B2
238 PRINT "IMPUT THETH TRREGET"
248 INFUT T1
258, PEIMT "INPUT THETH MISSILE®
Z2e@d IMPUT T2
278 PRIMNT "IHMFUT ZIGHMA”
2z IMPUT 21
294 I=1
295 PRIMT © MISSILE FOSIT THRGET POzITT
Z29¢ PRINT
2397 PRIHT " i P W W2
zaa ©lI1=a
319 YL I 1=
328 UL I=R{1 IxC0O50310
338 VIIX=RL[1I#ZIMIZL
348 PRIMT "DO YO WANT A FRIMT OF THE QUTPUT. @=YES. =MD"
245 IHPUT 011
, 258 IF @i=1 THEM ZE9
4 368 PRIMT WII1sWLIJaMLIZNLI]
‘ 285 I=1+1
' 378 ALII=HE0I-1 1+V1#C050T20+D1
x 229 YLI1=YLI-12+M1=D1+5IHeT2
: 338 UCII=UCI-1 1+¥EasD1C0sT1s
488 YLI1=WlI-11+D1#Y2#5IHOTL D
410 RE=VW24C0S(BL - 1*C0SCBE
420 AS=E*Y1#A1*C0SCBL v "ROI~1]




TABLE 3-VI (cont)

I# 0 2#R e M R0ORIBE 0 RL T2 ]

wxDl
MOBL D=4 e S IHIBED 2RO T-1 ]

[ R R S ¢ R R R )
O S O T

i)

[ IO R SR SR SR SR S S
RO IR ot R I X )

—

+D1#RZ

Py

—-l—'ll'.l'.ln_:u—i':"l_"'_-.:[l-""-t_nIIIl

T TR TR I T O T B T T

I e CRY L 30 S0 0 T L 0

e e 0 R Bl e i By REy Ry o Y 1]

I

T T D
o3
—
1]

e T Ty
DA A A IR I RN OO SV IR MU

CCRESCAL I-110 THEH 683

IOk R A I SN R EX R R v

86

Y
12,4

TR T R A e cnananann

&

0T 0 G PO S e P e S 5

i

PRINT "MISSILE TIME OF FLIGHT IS 22" sRCT
FRIMT “IHFUT MIMIMUPM WRLUE OF X"

IHPUT X

FEINT "IHFUT MASIMUM WRLUE OF w©

IHPUT E7F

FEINT “"IMFUT ®MIMIMUM YRLLE OF %"

THFUT Y&

FRINT "INFUT MAAIMUM WVARLUE OF 4"

IMPUT 7

SCALE MEs k¥ W& 7

PREINT "HAVE THE A<I13 EBEEH DREAMWH. G=YEZ.1=HD"
IHFUT F1

IF Fl=& THEM 238

FRIMT “MAXIMUM MISSILE ACC I5°Z1° METERZ-SECSS
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The above algorithm was programmed on the HP 9830 computer.

e
e 2

e iy

The listing is included in Table 3-VI. The inputs and output
of the program are the same as the line-of-sight guidance pro-
gram. Several examples follow which demonstrates the use of the
i program.

2. Example V (Crossing Maneuvering Target)

16.0 g's

Figure (3-19). Crossing maneuvering target.

vy = 373 m/sec 8, = 17.57° = 0.3067 rad
0

Vp = 221 m/sec B, = -91.0° = -1.5882 rad
0

a, = 156.8 m/sec/sec Bm = -38.0° = -0.6632 rad
0

' r, =359 m o, = 109.57° = 1.9124 rad
8 = 71.57° = 1.2491 rad
My

The output is listed in Table 3-VII. An important aspect of this

problem is the maximum acceleration required (202.92 m/sec/sec).
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TABLE 3-VII

THIS FROGEAM FIHDS THE MASIMLM
MISSILE ACCELERATION FOR 8
FROPORTIONAL MAMIGATION S9WSTEM

IMFUT TIME IMCEEMEHT
IMFUT MAVIGATION COHSTAMT
IMPUT MISSILE WELOCITY
IMFUT TARGET YELOQCITY
IMPUT TRREGET ACCELERATION
IMPUT IMITIAL MISSILE ACCELERATION
IMPUT IMITIAL RAHGE
IMFUT BETR THREGET
IMFUT BETH MISSILE
IMPUT THETA TAEGET
INFUT THETA MISSILE
IMPUT =SIGHA
MISSILE POSIT TEEGET POSIT

w1 !
Lo ) HWAMT R/ PE;HT 2F THE DUTPUTi
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TABLE

MARAIMUM MISSILE RACC I3
MISSILE TIME OF FLIGHT

IMPUT MIHIMUM YALLUE OF ¥

3-VII (cont)

2@2.9912389 _METEEEﬁEEEMEEE

SEC

IHFUT MAXIMUM YALLE OF X

IMFUT MIMIMUM WALUE OF o

IHPUT MAXIMUM YALUE OF

)
HAVE THE RHIS BEEN DREAMH
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The same problem was run for line-of-sight guidance with no
target acceleration in Example I. The maximum acceleration

was 459.25 m/sec/sec. This points out the advantage of pro-
portional navigation over line-of-sight guidance. Figure (3-20)
is a plot of the trajectories.

3. Example VI (Effect of k)

This example demonstrates the effect of varying the pro-

portidﬁélity constant, k. The scenario is as follows.

/
/ = 7 g turn
/ 2
~
/ //
/ _ -
Bmo _ -
g VM
Mo

Figure (3-21). 1Initial geometry.

V, = 208m/sec

t

Vm = 413 m/sec

a, = 68.60 m/sec/sec

B, = -106° = -1.85 rad
0

g = -29° = -.5061 rad

Mo

8l




TABLE 3-VIII

IMFUT TIME INCREMEMT
IHFUT HAVIGATION COMSTAMT = 3
IHFUT MISSILE WELOCITY
[HFUT TARGET WELOCITY
IMFUT TARGET ACCELERATION
IMFUT IMITIAL MISSILE ACCELERATLOH
INFUT IMITIAL RAMGE
INFUT BETA TRRGET
IMFUT BETA MISSILE
INFUT THETA TARGET
IHFUT THETA MISSILE
IMFUT SIGHA
MISSILE FPOSIT TRRGET FOSIT

w1 V1 ;
DI Y00 WAMT A FRIMT OF THE QUTPUT: G=YES 1=

llﬁ
P

MASIMUM MISSILE ACC IS 23.7A521471 METERS-SEC-SEC
MISSILE TIME OF FLIGHT I- 2.2 SEC

THPUT MIMIMUM MARLUE OF

IMFUT MASIMUM YALUE OF Zﬁ

TMFUT MIMIMUM “HLHE oF T

INFUT MAsIMUM VALUE OF

HAVYE THE AsISZ EEET DFHHHn G=9EZs 1=H

THIS PROGEAM FINDS THE MARIMURM
MISSILE RCCELERATION FOR A
FPROFORETIOHAL MAYIGATION SYSTEN

IHPUT TIME IWCEEMEMT

IHFUT HMAYIGATION COMITAWMT = 4
THFUT MISSILE WELOCITY

IMFUT TARGET WELOCITY

IMFUT THREGET RCCELERATIOH
ITHFUT IHMITIAL MISSILE RCCELERRARTIGONM
IHFUT IMITIAL RAHGE

IMPUT BETA THEGET

IMFUT BETH MISSILE

IHFUT THETAH THREGET

IMFUT THETAR MISSILE

IHFUT SIGHA

MIZSILE POSIT TARGET POSIT
Wl Y “a e
Do vouU WAMT A PRINT OF THE QUTRUT. a=YES, 1=HO

MAGIMUM MISSILE ACC IS V1.113331%7 METERSSEC/SED
MIZSILE TIME OF FLIGHT I= 3 SEC

-.'II—
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TABLE 3-VIII (cont)

e THIS PROGEAM FIMDS THE MASIMUM
‘ MISSILE ACCELERATION FOR H
FROPORETIOMAL HAWIGATION SYSTEM

IHPUT TIME IMCREMENMT
THFUT HMAVIGATION COHSTRMT = §
IMFUT MISSILE YELOCITY
IHFUT TREGET WELOCITY
IMFUT TREGET ACCELERATION
IMFUT IHITIAL MISSILE ACCELERATION
IHPUT IHITIAL RAMGE
INFUT BETA TARGET
IHFUT BETA MISSILE
IHFUT THETAE TARGET
IHFUT THETH MISSILE
IMFUT SIGHA
MISSILE FOSIT THRGET FOSIT

w1 71 o
Do v WAMT A FRINT OF THE QUTFUT. &

T
I

TES . I=H0

MRAIMUM MISSILE ACT I35 &5, 3RS7F7F24e METERS-SEC-SED
MISSILE TIME OF FLIGHT I= 3.2 SEC

IHPUT MIMIMUM YALUE OF ¥

THFUT MASIMUM MALUE OF &

IMFUT MIMIMUM YALLUE OF v

THFUT MASIMUM WRLDE OF Y

HAYE THE RA®IS EBEEM DRAWMMY @=YVES1=HD

e
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8 = 48.6° = .8483 4ag
m
0
8, = -28.4° = -.4956 rad
t
0
o, = 77.6° = 1.3544 rad

The problem was run for k = 3,4, and 5,

Table 3-VIII is the output. It can be seen that the
effect of increasing the proportionality constant is to decrease
the maximum acceleration required. Figure (3-22) is a plot of

the trajectories.

H. DESIGN EXAMPLE (GUIDANCE LAW SELECTION)

From the examples given in this chapter, it can be seen that
a missile designed to encounter a highly maneuverable target,
such as a fighter, requires a proportional guidance law to limit
the maximum acceleration required of the missile. To select
the proportionality constant, it was assumed that the threat

could maintain a constant 7g turn at M_ = 1.5 and an altitude

t
of 10,000 feet.

Three cases were investigated, (1) A head-on encounter with
the target initiating a turn at 10,000 meters range, (2) A
crossing encounter in which the target turns into the missile at
10,000 meters range, and (3) An oblique, closing encounter in
which the target turns into the missile. The scenario and
computer outputs are shown in Figures (3-23), (3-24), and (3-25).
From this analysis the crossing encounter requires the largest

acceleration (263.2 m/sec/sec).

For the crossing scenario then, the missile speed was varied

and the results indicated that as the speed increased the maximum

85




<
I

821 m/sec (M

2.5) B =0

<
]

492 m/sec (M

1.5)

= 10,000 m ' 0

H
[

Q
]
o

=
"
>

= 180°

THI¢ FROGEARM FIHDS THE MA=TMUM
MISSILE ACCELERATION FOR A
FROFORTIGHAL HAVIGATION SYSTEM

IMPUT TIME IMHCEEMEMT
IMPUT HAMIGHTION COMSTAMT
IMFUT MIZSILE WELOCITY
[MPUT TARGET WELOCITY
IMFUT TARGET ACCELERATION
IHPUT IMITIAL MISZILE ACCELERATION
IMFUT IMITIAL RAMGE
IMFUT EETA THRGET
IMFUT BETA MISSILE
IMPUT THETHA THRREGET
IMPUT THETA MISSILE
IMPUT SIGHA
MISSILE POSIT TARGET FOZIT

w1 W1 “
Do ovoU WANT A FRINT OF THE QUTPUT: G=YES. 1=HD

L
T

MAAIMUM MISSILE ACC IS 128.191193%4 METERS-SEC-ZEC
MISSILE TIME OF FLIGHT I% g SEC
THFUT MIMIMUM YALLUE OF ¥

Figure (3-23). Head-on scenario.
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r. = 10,000 m 8 =0

v. = 492 m/secC ) 73.8

v = 821 m/sec 120°

=
Q
]

(o]
By = -120
g = -46.2°

THIS FROGERM FIMDS THE MAKIMUIM
MIZSILE ACCELERATION FOR A
FEOPORTIONAL HMANIGATIOW SYSTEM

IMFUT TIME IMCREEMEHWT
IMPUT NRAVIGATION CONSTAMT
IMFUT MISSILE YELOCITY
IMFUT TARGET “ELOCITY
[HFUT TRREGET ACCELERATION
IMPUT INITIAL MISSILE ACCELERATION
IMPUT IHWITIAL RAMGE
INFUT BETR THREGET
[MFUT BETA MISSILE
IMFUT THETAR TARGET
INPUT THETR MIZSILE
INPUT SIGHA
MISSILE FPOSIT THEGET FOSIT

w1 "1 i
DI v0U WAMT A FRIMT 0OF THE OUTPUT. o

T

TESy 1=H0

MARIMUKM MISSILE ACC IS 263, 1935227 METERS. - SECSED
MISSILE TIME OF FLIGHT I3 2.8 ZEC

IMPUT MIHIMUM WALUE OF

Figure (3-24). Crossing scenario.
87




b
- v
' t
i v 7 g turn
; m By
B =0 et — - 84—
oy e —™ —
6. = 135°
) £ = 492 m/sec to
V_ = 821 m/sec 6 = 53 9°
m o o .
B, =135 0
t
0 co = 0
B, = 53.9°
0 k = 4
ry = 10,000 m
THIZ PROGEAM FIMDZ THE MARITMUM
MISSILE ACCELERATION FOR A
PROFPORTIOMAL HMAYIGATION SYSTEM
INFUT TIME IMCREMEHMT
IHPUT MAVIGATION COHSTAMT
IMFUT MISSILE WELOCITY
IMFUT TRRGET YELOCITY
IMPUT TRARGET ACCELERATIOH
IMPUT IHITIAL MISSILE ACCELERATION
IMFUT IHITIAL RAHGE
IMFIUT BETH TREGET
IMPUT BETA MISSILE
IMFPUT THETR TRREGET
IHPUT THETAR MISSILE
IMFUT SIGMA '
MISSILE POSIT TARGET POSIT
» Ml Sl wa T
j OO vl WANT A FREIMT OF THE OUTPUTs B=YESZs 1=HU
I
pi MAXIMUM MISSILE RCC IS—lSE.???SéEE METERS-SEC/SEC
L | MISSILE TIME OF FLIGHT 1= 2.8 ZEC
'i IMPUT MIMIMUM YALUE 0OF =
E '
‘ Figure (3-25). Oblique scenario.
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TABLE 3-IX
£l
THFUT TIME IMCREMEWT
IHFUT HARYIGATION COMSTAMT
IMFUT MISSILE YELOQCITY — MM =2.0
IHFUT THRGET YELOQCITY
ITHFUT THRGET RACCELERATION
IMFUT IWITIAL MISSILE ACCELERATIONM
IMFUT IMITIAL RAMGE
IHFUT BETA THEGET
IMFUT BETH MISSILE
IHMFUT THETA TARRGET
IMFUT THETA MISSILE )
IHPUT =T1EMA
MISSILE POSIT TRESET FPOSIT
i Y1 we T
OO %) WAMT A FRINT OF THE QUTRUT. d@=s7vES. 1=HO
MA=TMUM MISSILE ACC IS 275.5734145 METERS~SEC-SEC
MISSILE TIME OF FLIGHT Is 18,3 SEC
THFUT MIMIMUR YRLUE OF ¥
THIS PROGEAM FIWMDS THE WMASIRUR ;
MISSILE RACCELERATION FOR A ’
PROPORTIOMAL MAMIGATION SYSTEM
IHPUT TIME INCREMEMT
IMFUT HAYIGATION COMSTAMT
IHFUT MISSILE WELOCITY —> Mpy= 3.0
IHFUT TREGET “ELOCITY
INFUT TARGET RCCELERATIONM
IMPUT IHITIAL MISSILE ACCELERATION
IHFUT IMITIAL RAHSE
IMFUT BETA THREGET
INPUT BETA MISSILE
INFUT THETHA TREGET
IMFUT THETH MISSILE
ITHFUT SIGHMA |
MISSILE POSIT TRARGET P2EIT 1
wl YW1 e e
Do w3l MAMT A PRIMT OF THE OWTPUT. 9=YEZ:1=HD
MASIMUM MISSILE ACC IS 248, 2335583 METERS-SEC-SEC
MISSILE TIME OF FLIGHT 15 T SEC
IHNFUT MIMIMUM YALUE 0OF
» .
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acceleration decreased. The results for MM = 2.0 and MM = 3.0
2 are shown in Table 3-IX. This result indicates the desirablity
4 of retaining the missile Mach number originally selected.
| _ For the crossing case and a missile speed of M, = 3.0, the
| proportionality constant was then varied from k = 2 to k = 6.
The results are plotted in Figure (3-26). If the maximum
acceleration is limited to 31 g's (3at + 10), the required pro-

portionality constant is k = 3.75. This is well within the

: desirable range of 2 - 6 indicated earlier.

From this analysis the required performance objectives are:

Moo= 3.0
k = 3,75
(a ) = 31 g's
max
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Iv. SIZING THE DIAMETER

The missile diameter is determined by one of three driving !
factors. For relatively short range missiles the diameter will
be fixed by either the warhead or the seeker requirements. As
might be expected, for longer range missiles the diameter will
more likely be fixed by either the warhead or the seeker require-

ments. As might be expected, for longer range missiles the

diameter will more likely be fixed by the propulsion regquire-
ments in order to prevent excessive propulsion system lengths.
An initial estimate of the missile diameter must be made at

this point in order to proceed with the design. The initial

seeker requirement can be determined from a knowledge of the
lock~on range reguirement found in Chapter 2. The warhead
necessary to inflict a "kill" can also be estimated from infor-
mation about the target and characteristic explosives. The
propulsion requirement cannot be determined because of the lack
of any aerodynamic drag or weight information at this point. For -
this reason the missile diameter will be now sized for seeker
or warhead requirements. The missile propulsion regquirements
will be determined later in the design process, and it may be

necessary at that time to resize the missile to meet these pro-

pulsion requirements.
Selection of the type of seeker depends upon the operational
arena of the missile. The seeker of a shoulder fired, battle-~

] field missile would not be the optimum seeker of a shipboard
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missile where antenna and component sizes are not limiting

factors. All types of guidance use some portion of the electro-

magnetic spectrum.

The three primary areas of use are the

electro-optical, infrared, and radio frequencies. The milli-

meter wave section of the spectrum is also of current interest

in the design of missiles due to small component size and will

also be discussed.

The following table lists some of the major

advantages and disadvantages of the three.

Optical

Infrared

RF

Advantages

Target resolution (de-
tail)

Real time information
Three dimension effect

Improved resolution
over RF

Longest range
Least absorption and
attenuation

A, THE RADAR RANGE EQUATION

Disadvantages

Bad weather degrades
Night use degrades

Attenuation due to
aerosols and atmosphere

Larger components

An omnidirectional antenna is one that radiates power in all

directions equally.

the power density at a distance R

Power density = Pt/(4n R

If the power radiated by an antenna is P

t

2
t )

= area of a sphere of radius R

tl

from the source is given by,

t

Since antennas are normally directive instead of omnidirectional,

most of the power is radiated in a particular direction. The
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gain, G

N is a measure of the increased power from a directive
antenna as compared to an omnidirectional antenna. Therefore the

power density from a directive antenna can be expressed as,

! P, G
Power density = Lt
| 4 Rt

This is the power density which arrives at the target. The tar-
get intercepts a portion of this energy and reradiates it in the
opposite direction. The radar cross section, ¢, is a measure of
the effective area of the target. The power radiated by the

target is P

echo’
o _ Pt Gt g .
echo 4 2
T Rt

This energy propagates as if it were radiated by an omni-
directional antenna. Therefore if the receiving antenna is a

distance, R away the power density at the receiver is

rl

Pt Gt o]

2
(4T Rt ) (4w Rr

(Power density)r = )

)

If the energy is intercepted by the receiving antenna, which has

an effective area as seen by the returned energy of Ar; then the

power received by the radar , Pr’ is

T




PG, oA
Pr = 2 2 (1)
(4m Ry ) (4m R, )

This is the simplest form of the radar equation and can be used

to determine the size of antenna reguired.

B. ACTIVE RADAR HOMING

Active homing is the method of missile guidance in which the
radar transmitter and receiver are located on-board the missile.
In this case the same antenna is used for both transmitting and

receiving. The radar equation then becomes,

_ Pt Gt (o] At
P, = 2, 2
(4m R™)
where, Rt = Rr = R and Ar = At .
The minimum power for which the target can be detected, Pmin' is

a function of many variables. A full development of this term

can be found in reference (8).

S
0
Bn F_ ()

P . =k T
n N0 min

min 0

23

Boltzmans constant is k = 1.38 x 10~ “> joule/°k. The value of

21

kTo at room temperature is 4 x 10° watt/cps of bandwidth. The

bandwidth, Bn' noise figure, Fn' and minimum signal to noise

ratio, (SO/NO) are all functions of the receiver. Typical

min
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values are listed below.

Bn = 1 MHz
F, = 7.5 db = 2.37 (for crystal mixer)
(SO/NO)min = 14.7 db = 5.43 (for probability of detection,
Py = 0.9 and probability of false alarm,
Pey = 1/15 minutes)
The above values give P . = 5.15 x 10~1% yatts. This is the

value which will be used throughout this section.

From antenna theory the gain is related to the effective

antenna area by,

1/4

£ t
R = (1)
max 4r >\2 P

min

Equation (1) for radar range does not include any system losses.
It also does not include the statistical nature of several of
the parameters. Because of these assumptions the actual range
of a radar may be as small as one-half of what the radar range
equation predicts for laboratory conditions. For this reason,

twice the required range should be used when using the above

equation.




1. Example
The AN/APQ-153 is the airborne attack radar system used

on the F-5E aircraft. The following parameters apply to this

radar.
f0 = 8-10 GHz
3 x 108 m/sec
A = c/f0 = 3 = ,0333 m
9 % 10" /sec
¢ = speed of electromagnetic propagation
= 3 X 108 m/sec
Pt = 80 kW
Antenna = Parabolic dish 30.5 x 40.6 cm

A, = 0.12383 m2

for a target of 1 square meter of radar cross-section,

Rmax = 36.16 km = 19.5 nmiles

For the case of an active homing radar, the size of the
transmitting and receiving antenna is the parameter of interest.

The antenna size may very well drive the design diameter of the

missile. The antenna diameter can be expressed as follows.

1/2
2 4
[4“ A Pmin Rmax ]

t Ptc
2 1/2
Let o - [Mr A Pmin]
P, O (2)
2
then ”dt 2
A_= —— =CR
t 4 max
2
4C R
2 max _ /g
dt = — therefore, dt = 2 Rmax =
97
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Equation (2) has been plotted in Figure (4-1) for various

values of the transmitter frequency. From this plot and a know-
ledge of the maximum lock-on range required, the antenna size
can be determined.

From equation (2) and Figure (4-1) there are two obvious
ways to decrease the antenna size required. (1) Increasing fre-
quency is the best way to reduce antenna and electronic component
sizes. The current trend is toward higher frequencies. (Milli-
meter waves.) One problem is that the equations developed in
this section do not include atmospheric attenuation. For fre-
quencies above about 30 GHz the absoprtion due to atmospheric
gases increases. This is shown on Figure (4-2). As indicated

on this figure there are "windows" where the attenuation is less.

These "windows" occur at frequencies of 34 GHz, 94 GHz, 140 GHz,

and 220 GHz. These are the frequencies where most of the cur-
rent research and development is going on. As the frequency in-
creases, the wavelength approaches the size of rain droplets.

For this reason, radar performance is greatly reduced in inclement
weather. (2) Increasing transmitter power will also decrease

the size of antenna necessary. The limiting factor in this area
is the lack of high power sources. In the millimeter range the
available power from current traveling wave tubes is 50-100
watts. Increasing power is obviously confined to size and weight

limitations of missile components.
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Figure (4-2). Atmospheric Absorption [8].
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C. SEMI-ACTIVE HOMING
The advantage of semi-active homing is obvious when the radar

range equation is investigated. From equation (1),

P, G_ oA
R 2R 2 _ t 't r

tr—(41r)P.
min

In the above equation the missile range from the target is R_.
The transmitting and receiving antennas are at different ranges

and have different characteristics in this case. As before,

47 A
G, = t
t 22
therefore,
2_ 2 _ Pt At Ar o
Rt R, = 2
47 AT P,
min

The main advantage is in the transmitter characteristics. Since
the transmitter is not located in the missile, it is not normally
limited in size and weight regquirements. In the above equation
if a transmitter power and standoff range, Rt’ is chosen the
receiving antenna can be sized for a maximum homing range, R

max’
of the missile.

1. Example
Pt = 100 km
Rt = 100 nmiles
fo = 10 :Hz
At =4 m .
P. =5.15x 100
min
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Roax (nmiles) d. (in)
10 5.8
20 11.6
50 29.1

It can be seen from comparing these numbers to those of Figure
(4-1) that the required antenna size is less than one half of

that required for an active homing radar of the same frequency.

D. DESIGN EXAMPLE (ANTENNA SIZING)

An active radar was assumed in Chapter 2 to decrease the
required missile range. The lock-on range was 10,000 m or
5.4 nmiles. As stated earlier, twice this number should be used
for determining antenna size. From Figure (1) for a range of
10.8 nmiles, and a transmitter power of 10 kW at f0 = 20 GHz,

the required antenna size is d = 10 inches.

E. INFRARED SEEKERS

In the design of missile seekers two parameters of primary
importance are range and size. The idealized range for an infra-
red tracker relates these two factors. The idealized range is

the range at which the signal-to-noise ratio is unity and is

given by,
D*T T D 2 J 1/2
R. = a IR a ‘ (1)
0 4 /&£ Ay
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Typical value

| ' Specific detectivity D* 100

: Transmission through

‘ atmosphere Ta 0-1.0

|
Transmission through

| IR optics TIR 0-1.0
Aperture diameter Da
Radiant intensity J 103

. Receiver bandwidth Af 103
Sensitive area of -6 1 2

detector Ad 10 - 10 cm

The derivation of equation (1) and its use are the subjects of
this section. Some references (9) may give the above equation

in terms of the Noise Equivalent Intensity, NEI.

[
Ry = {NEI]

where Af A
NEI = =%
D Aa Ta TIR

1/2

1. Planck's Law

The radiant emittance of a body is a measure of the radiant

power per unit area emitted from the surface.
W= —% watt/cm2 (2)

The spectral radiant emittance is the radiant emittance per unit

wavelength interval,




_ oW 2
Wk = =% watt/cm” u

, p = micron = 10"% meters.

Planck's law gives the blackbody spectral radiant emittance as

a function of wavelength and temperature,

_2mThec 1
(W) g = 5 exp(hc/AKT) -1 (3)
‘ h = Planck's constant = 6.6238 x 10—34 Joule-sec

speed of light = 3 x 108 m/sec

(9]
"

= wavelength

23 Joule/oK

Absulute temperature, °k

A
k = Boltzmann's constant = 1.38 x 10
T

Figure (4-3) shows equation (3) for various absolute tempera-
tures. As can be seen the wavelength at which maximum radiant
emittance occurs varies with temperature. This maximum occurs

at a wavelength given by Wien's displacement law, xmax

- O
Amax T = 2897.8y 'K

2. Emissivity
Actual bodies do not emit radiation according to Planck's
law. A more typical plot of radiant emittance is shown in
Figure (4-4). Spectral emissivity, €y is defined as the ratio
of the actual spectral radiant emittance to the blackbody spectral
radiant emittance,
")

€, = F1—

S
*'B
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Figure (4-3).
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Figure (4-4). Actual spectral radiant emittance.

As shown in the above figure, €,¢ may vary with wavelength. A

grey body is defined as one which has constant spectral emissivity,
E =8, = constant

IR systems normally use filters to limit the accepted
radiation to a specific wavelength band. The radiant emittance
of a body between wavelengths Al and xz becomes,

AZ
W= f € (WA) dx
kl BB

In Figure (4-5) the surface at the orgin emits a total
energy WA into a hemisphere normal to A.

The radiance is defined as the radiant power per unit

solid angle per unit projected area,

3% 1 3 ap
cosBiAdIN ~ cosB 3N A

Radiance = N =
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Surface area
A, g, T

Figure (4-5). Radiant emittance of a body.

From equation (2)

1 oW
9]

o5 30 watts/steradian cm2

N =

The radiant intensity is defined as the radiant power per unit

solid angle from a point source.
Radiant intensity = J = watt/steradian

The following is a summary of the definitions of radiant energy

quantities,

radiant emittance, watts/cm2

radiant intensity, watts/steradian

radiance, watts/steradian-cm2
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From the definitions the relationship between W, J and N are,

=7 J/A

From the above definitions and Figure (4-5) the energy into solid

angle, Ql is, ]
NA @ os 6 = v 2y A cos 8

1€ R | 'i

The energy into solid angle Qz is given by,

2, A

NAQR., = 2

w
2 T

3. Energy into a Hemisphere

From the definition of radiance and the radiant emittance,

the radiance in terms of the radiant emittance can be found,

32p
cosH3A30

rde

e

Figure (4-6). Energy emitted into a hemisphere.
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From Figure (4~6) the incremental solid angle is

_rsin6d¢r dé

2
r

a

=sin0ded¢

If the above surface, A is considered a Lambertian surface,

tl
the radiance, N, is independent of the direction of radiation.

dW = cos 6 N d4dQ

dW = cos 8N sin6dodd¢

The total radiant emittance into a hemisphere above the surface

is then,
21 -mw/2
W= f f N cos9sin8dedd
o) o)
T/2
W= 27T N [% sin2 6]
0
i
W=1N
4. Targets

Infrared targets include a wide variety of radiation
sources. The radiance of most bodies can be divided into that
due to self-emission and that due to reflection of incident

radiation, |

The relative magnitude of these contributions depends on a number
of factors and varies from target to target and operating

environment.
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a. Self-emission.

Self-emission, also referred to as thermal emission,
depends primarily on the temperature of the body and the emis-
sivity. The most often used appraoch is to consider the body as
a grey body which emits radiation according to the Stefan-
Boltzmann law.

€0’T4 2
N = —_— watts/steradian-cm

where 5.67 x 1012 watts/cmz(oK)4

Q
"

This term is the total radiance (over all wavelengths) and is
not the same as used previously.
b. Reflection.

Radiance due to reflectance depends on the illumi-
nating source. This source may be the sun, active, or semi-
active sources. It is obvious that at night for a passive
infrared system, the radiance due to reflection is not a con-
tributing factor. For this reason only the radiance due to self-
emission is considered in this section.

5. Target Temperature

Since the self-emittance of a target depends on the
temperature of the target, a method for determining this tem-
perature is needed. The temperature of an aerial target varies
depending on the aspect of the target. The propulsion system
has hot surfaces such as the nozzle and exhaust plumes. There

may also be hot surfaces due to aerodynamic heating and/or

solar radiation.




vy

.

Air breathing engines normally have exhaust plumes

ranging from 600 to 1000°%. Rockets typically have much hotter
plumes. The flame temperatures for liquid propellants range
from 2500 to 7500°K. Solid propellants flame temperatures range
from 1700 to 3500°K. The plume temperature can be estimated

from the relation.

T T
flame _ 0 1+ 1;1 Mez

Tplume Te
where TO = stagnation temperature
Te = static temperature
Me = Mach number at the nozzle exit

a. Example I
For a flame temperature of 2700°K and an exit Mach
number of 3.0 the plume temperature can be found,

T
= flame . 1270.6%

T
plume l+x-1“
2 e
For many missile encounters the exhaust plume may
be shielded from the infrared sensor. For a head-on encounter
the temperature of interest is the skin temperature of the target.
This temperature is due to aerodynamic heating and is a function

of the target speed and the target material. One approach to

finding this temperature is through the use of the recovery




factor, which requires some knowledge of the material of the

target. The recovery factor, r, of a material is defined as

follows:

- Tsurface ~ Tambient

Tstagnation = Tambient

The skin temperature of the target then becomes,

Tsurface - Tambient )

+ r (T T

stag ~ ~“amb

The stagnation temperature is found from the relation,

= =1 u2
Tstag Tamb (L + 5— M )

The Mach number, M, is that of the target and the specific heat
ratio, v, is for air.
b. Example II
A target flying at M = 2.5 where the ambient temper-

ature is 300°K has a recovery factor of 0.75.

_ o
Tstag = 575°K

o)
Tsurface = 581°K

This is the temperature used, along with the emissivity of the

target, to find the radiant emittance of the target from

equation (4).
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6. Simple IR System

S Detector
l IR \Tr /
Target _ -~ filter z
A, e, T _~ chopper preamp
Lens
€ R >

Figure (4-7). Simple IR system.

Figure (4-7), above, shows a simple IR system and a

target at a range R. If the system is sensitive to radiation

in the 3 to 5 micron region the radiant emittance becomes,

x,=5
W = [ e (W,) dA
A,=3 BB
1
3 2
_ 2the 1
w=e f [ .5 exp(hc/ KT)-1 ] da
3

The above integral is best evaluated on the computer. If the
ambient temperature and target speed is known, the skin temper-

ature of the target can be determined.
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The radiance from the target then becomes,

A=

If Figure (4-7), the solid angle of the aperture as seen from

the target is,

The power seen at the detector surface is then,

IR Power = N Q At

The above formula assumes no attenuation by the atmosphere or
the IR system optics. This attenuation is significant in actual
IR systems. These factors are normally accounted for through

the use of atmospheric and IR optics transmission coefficients.

T

a transmission of the atmosphere

Tir

transmission of the IR optics
The total power at the detector then becomes,

T T AL, A W
P = a IR 2t a (5)

TR

7. Detectors
Detectors are devices which are radiation transducers.
It's purpose is to change the incoming radiant power to an
electrical signal, which can then be amplified. Detectors can
be divided into two main categories. (1) Thermal detectors -

The responsive element of a thermal detector is sensitive to
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temperature changes brought about by the incident radiation.
(2) Photodectectors - Responsive elements of photodetctors are
sensitive to the number of incident photons.

Detectors also are made up of windows, apertures and
Dewar flasks. The window restricts the bandwidth to which the
detector is sensitive. The aperture may limit the field of vie-
in order to limit photon noise. The Dewar flask cools the
detector which improves the detectivity.

Detectivity of a detector is defined as,

_ signal/noise _ S/N

~ Input power = P (6)

The specific detectivity is

D* 1/2

D [Af Ad] (7)

Af = Bandwidth

[

Ad Sensitive area of detector

For a tracking system the bandwidth is that of the preamplifier
in Figure (4-7). The input to the preamplifier is proportional
to the incoming IR energy, which has been modulated to give tar-
get resolution from the background and provide line-of-sight
information,

A simple chopper is shown in Figure (4-8). It consists
of an opaque material which has a wedge cut-out of angle a. The

rotation causes the input from a point source to be modulated,




L ) A o TP 2

Figure (4-8). Simple Chopper.

while that of the background is not. The input signal to the
preamplifier would look like Figure (4-9). The frequency content
of the signal in Figure (4-9) can be found from a Fourier Analysis.
If the pulses are assumed to be sinusoidal of period T, the

optimum bandwidth is, 3
Af = 0

W
w
Taw

Targetqz_\\

i Background

-— T -
w L
P >
«< ~7
T = 27
T w
s

Figure (4-9). Preamp input.
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The specific detectivity is characteristic of the
detector used. Reference [9] is an excellent source of infor-
mation on operational detectors.

8. Idealized Range

Equation (5) is,

Ta TIR At Aa w

ﬂRz

P =

From equations (6)and (7) this becomes,

D* S/N w R2

[Af Adll/2 T, Tir B 2 W

The idealized range, where the signal to noise ratio is unity, is

*
2 D*T TR A AW

(ag a,] +/%n

d]

To simplify this equation the radiant intensity is given by,

At 1}

m

J =

Since the parameter of interest in misiile design is the aperture
T
diameters A, it is replaced with 2 so that,

2 1l/2
*
D* T T&R m™ D J

o 4 /Af Ay
R,? 4 /BF Ay

D = ¥ T g
a D Ta TIR T J

1/2
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a. Example (Idealized Range)

From example II a target flying at M = 2.5 has a skin
temperature of 581°K. If this target has a presented area of
1 m2, the detector size needed to detect the target at a range
of 10,000 m can be determined. From Wien's displacement law the

maximum radiation occurs at,

xmax = 4,99 y
If the system is designed to accept radiation from 3 to 5 microns,
and the emissivity of the target is 0.7.

21he? 1

52 exp(hc/AkT)-1

di

If this equation is integrated on the computer, the radiant

emittance becomes,
W = 1410 watts/m

The radiant intensity becomes,
At W

= =448.82 watts

J =

Typical values of the parameters in the idealized range equation

are (9)

T =0.75
a

TIR = 0.95

Af = 1000 cps

2

A, =1 cm

d

p* = 1 x 1030

/2

(cps)1 cm/watt

118




vt A R A o IO Lo AR

Substituting these values into the idealized range eguation gives,
D, = 0.0355 m = 1.4 in. ' i

As can be seen the size of the IR seeker is relatively small
compared to other seekers. The above analysis is for the
"idealized"” range. Attenuation of IR radiation can be quite

high thereby increasing the seeker size required.

F. WARHEAD SIZING

The conditional kill probability of a missile is the prob-
ability that the target is destroyed given that the warhead is
delivered to a point in space ané the fuze detonates the war-

head at a miss distance r.

Figure (4-10). Encounter geometry.
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The fragment distribution, D(¢), is the number of fragments per

unit solid angle, Q. The total number of fragments within the

cone is,

N = D(¢)Q

The fragment density, p, is the number of fragments per unit of

area normal to the path.

_ N _D($)Q
P=R= "2
however,
A
Q=—2
r
and
D(s) _ D(¢)sin’s
p: 2= 2 (8)
T'm

1. Target Vulnerability

The vulnerability of aircraft or missile components is
normally determined experimentally. Fragments of a specified
size are fired at the component, and the damage is assessed to
determine if the fragment would cause a kill. If a large num-
ber of fragments are fired, the ratio of killing fragments to
hits can be determined. This ratio is defined as the probability
NK

PK/H = ﬁg . Assuming the

distribution of hits is uniform over the target,

that given a hit a kill will result,

A
P = 2

K/H A (9)
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b presented area of target

o ’ AV vulnerable area of target

As would be expected, P depends greatly upon the

K/H'
encounter geometry. It will be dependent upon the aspect of
the aircraft, and also depends upon the type of kill specified.
If the target is assumed to be a spherical target, the prob-

ability of kill given a hit can be assumed constant.

‘ 2. Conditional Kill Probability

The fragment density is given by eguation (8). From
this density expression, the average number of hits, a, on the ;
vulnerable area of the target is,

D(¢)sin2¢ A
—2 s R0

r
m

a =
v

It is customary to assume that the distribution of hits on the

presented area follows a Poisson distribution. The conditional

kill probability then becomes, s}
Po=1-¢"° (10)

D
—D(¢)sin2¢ A
P 1 - exp [ v ]

D

R et ey e

2
r
m

The above expression depends upon the fragment distribution,
D(¢). If the warhead casing is scored such that it produces N
fragments of uniform size and mass, m, the problem is simplified

by formulating an alternate expression for a.
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Figure (4-11l). Static encounter.

The warhead-target emncounter geometry is shown in
Figure (4-11). As shown the area of the fragment ring depends

on the miss distance, L The area of the ring is given by, Af.

Af = 27 rm(zw + 2rm tan RB)

If the N fragments are distributed evenly in Af, the number of

fragments per unit area 1is

N N
p=—-=
Ag 27 rﬁle + 2rm tan B)

The average number of hits on a vulnerable component is then,

a=pa, 122
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From equation (9), A

v o PK/H Ap
Therefore, a=2yp

Pe/u Bp

) N Py y AL
27 rm(zw + 2rm tan B)

If in Figure (4-11), the average target width into the paper is

given by W, the presented area is,

Ap = W(S?,w + 2rm tan B8)

The average number of hits is then,

N P W
a = K/H

I  2nr (11)
m

The distance at which the target just fills the fragment ring
is the critical miss distance, and the maximum distance for

which ar applies. This is found by setting

L = zw + 2rc tan B

From which

L -2
w

e © 2 tan 8

If the miss distance in Figure (4-11) is such that the entire

target is always presented to the fragment ring; i.e., ro > o

the presented area becomes,

A =WL
P




e e i At

The average number of hits then becomes, aII

N PK[E,W L

= (12)
II 2T rm(lw + Zrm tan B)

a

3. S8izing the Warhead Radius

The parameter of interest in this chapter is the diameter
of the warhead required to achieve a specified kill probability.
The development thus far is the conditional probability of kill,

P It has been assumed that the guidance system delivers the

D
warhead to the point of interest, and the fuze detonates the
warhead at this point. Since only the conditional probability
of kill is determined, the purpose of this section will be to
maximize PD or to find the warhead diameter which sets Py = 1.

From the threat to be encountered, the target presented
area, Ap, and the vulnerability, PK/H; can be determined. Also
from an alaysis of the threat, the siz e and impact velocity of
the fragments necessary to kill the target can be determined.
The initial velocity required to obtain the impact velocity is
a function of the explosive used and the charge to mass ratio,
C/M.

C _ Mass of explosive/unit length
M Mass of warhead casing/unit length

The initial velocity is given by Gurney's equation,

1/2
- C/M
vy =V l 1+C/2M ] (13)

P
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Gurney's constant, 2E, for various explosives are given below {11].

Explosive
TNT
RDX
HMX
PETN

Tetryl

Composition B

Octol

From equation (13), the charge to mass ratio necessary to attain

Density, kg/m3
1590
1650
1840
1730
1620
1680
1800

JEET—-m/sec
2316.5
2834.6
3118.1
2834.6
2500.0
2682.2
2895.6

the specified initial velocity can be determined.

210

2
) v, “/2E

l'Vi /2 (ZE)

30

Figure (4-12). Warhead.
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explosive density

casing density

2
Te ‘e
(r +t)T- r 2 pc
e
r 2
_fe P
2r t + t pc
e
2
r o Pe To

— TR em— ——. EE w— c—

=10

1]

(14)

From equation (14) the casing thickness in terms of the war-

head radius can be determined.




With the casing thickness fixed as a function of warhead radius
the number of fragments, N, can be determined. In order to
achieve the desired velocities of fragments, it is essential

to have enough length for the diameter. An acceptable length

to diameter ratio for a cylindrical warhead is from two to three.
Most air-to-air missiles have a length to diameter ratio of 2.5.
For this analysis a value of 2.5 is used.

The warhead casing volume is then given by, Vc’

v

c 2nrwt£w

A 1l07tr 2
\

o}

The mass of the casing is, mc,

mc 101rtrw pc
The total number of fragments, N, is obtained by dividing the
case mass by the individual fragment mass.
m l0ntr 2
N = e "twPe
T om m

From the equation (l1l1l) or (12) the average number of hits can

be determined as a function of warhead radius

2
. Str,, pcPK/H
I mrm
str, %0 P, L
a = Tw KJ/4

II
m:m(2w+2rmtan8)
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The conditional probability of kill can be determined now for a

given warhead radius using equation (10).
a. Design Example (Effect of radius on PD)
If the above equations are programmed for the con-
ditions listed below, a plot of the conditional probability of
kill versus warhead radius can be obtained.

Threat: RAM-K

L=19.51m
W=6.10m
Fragments:

m = 105 grains = 0.0068 kg
V, = 2133.6 m/sec

p. = 7000 kg/m

w
"

20 degrees

Explosive: Composition B

Pa = 1680 kg/m

Miss distance: r, = 50 £t = 15.24 m

Figure (4-13) is a plot of the output. From this
figure it can be seen that a warhead radius of r, = .06 m is
required to achieve a conditional kill probability, PD = 1.0.
Therefore the missile diameter required for warhead considera-
tions is, 4 = 4.72 inches.

The warhead radius also varies with the required

initial velocity. From the equations for charge to mass ratio
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and casing thickness the radius required to achieve a specified

kill probability can be determined.

Since,
r
t = z
C "¢
2 ==+ 1
M pe
and
2
c_ Vi /2E
M

2
1 - Vi /2(2E)

the average number of hits becomes,

- 3
Spc PK/H 1 r,

1 v, %/2E 0
2 1 3 < 4 1 mrm
1 - v;°/2(2E) Pa

The above equation assumes T © r,

a

Letting

5 o Pg/H W
v.2/2E 0
2 1 1 £ 4 1 mrm
1 - v,%/2(2E) Pe

the probability of kill becomes,

P.=1-e ¥ (15)

If the conditional probability of kill is selected as PD = 0.999,

equation (15) can be solved for the warhead radius.
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1/3
- 6.9078
rw = <——b—> (1l6)

The initial velocity, Vi’ required to achieve a target kill is
a function of the miss distance, fragment size, expected en-
counter altitude and target characteristics. For this simple
analysis the effect of initial velocity on warhead radius will
be studied. The effect of varying the initial velocity in
equation (16) is plotted in Figure (4-14). The results were
determined for various explosives to show their effect on the
warhead radius. If an initial velocity of 7000 ft/sec is chosen
with Composition B as the explosive the required warhead radius
is 2.6 inches.

From this analysis the warhead weight can be found. The

casing thickness is given by,

t = ,115 T, {from required C/M)

zw = 5 rw

Therefore, the explosive weight is

2
We = TT(rw - t) Zw Pe

e

5.9530 kg

The casing weight becomes,

2 2
c (wrw - Trg ), Pe

W

W_ = 6.8651 kg
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The total warhead weight becomes,

WWH = 12,8181 kg = 28.26 b

The required diameter for the radar antenna was 10 inches
and exceeds that required for the warhead. 1If the warhead is
made hollow and kept at the same weight, equation (14) can be

reformulated to give

[

€.
M

(9]

(rw -

' 2
[érwt -t ] 0
The hollow portion of the warhead is then found from

W
e _ 2 _ 2
5; =7 (rw ri ) w

Figure (4-15) is the resulting warhead.

r, = 2.76 in
i

t = .12 in

m e v T T —CTYE WY S

Figure (4-15). Hollow warhead.
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V. BASELINE DEFINITION

A. CONTROL CONCEPTS
The lifting and control surfaces of a missile may be of
monowing, triwing or cruciform configuration. Figure (5-1) shows

these three arrangements.

Monowing Triwing Cruciform

Figure (5~1). Control configurations.

The monowing arrangement is typical of most cruise missiles,

which require long range and low drag. For this type of arrange-

ment the missile must bank to orient the lift wvector for a maneuver.

Because of this, the monowing missile is not as rapid in maneu-
vering as the cruciform configuration, which can produce lift

in any direction instantaneously. The cruciform control also
has identical pitch and yaw characteristics which results in

a simpler control system. The triwing configuration is used

very seldom for conventional missiles. It can be shown that
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the triwing missile requires larger wing size; therefore, there
is little drag savings even though there is one less wing

than with the cruciform missile [10]. From this discussion it
can be seen why the cruciform configuration is the most com-
monly used for tactical missiles of short or medium range.

The positions of the lifting surfaces on the missile body
depends on the method of control used for the missile. There
are three conventional metliods of control for tactical missiles.
These are; 1) Wing control; 2) Tail control; 3) Canard

control.

1. Wing Control

Wing control missiles normally have large movable wings
located slightly behind the missile center of gravity. Because
of the small moment arm the wing surface must be relatively
large to provide control effectiveness. As would be expected,
larger activators are required for moving the wings. A positive
deflection of the wings causes a positive normal force; there-
fore, the missile reacts almost instantaneously; thus making
wing control the fastest reacting method of control. Because ot
the smaller moment arm, the resulting smaller pitching moment
and instantaneous lift result in smaller angles of attack. This
feature makes wing control missiles attractive for applications
where theincidence angle must be kept small. Air breathing
applications often use wing control because‘of inlet perfor-

mance degradation at higher angles of attack. This type of

control is also good for fixed seekers.
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2. Canard Control

Canard control is normally the method of control where
the movable surfaces are placed as far éorward as péssible.
Because of the resulting larger moment arm, smaller surfaces are
required to provide control effectiveness. Lift on the missile
is still developed primarily by the aft (wing) lifting surface.

Response is slower than wing control because of the need to

pitch the missile to an angle of attack before lift is developed.
Higher angles of attack are needed to generate the required lift.

One advantage of this type of control is convenience of packaging.

Since the controls and avionics are forward of the propulsion
system, the need for connectors is elminated. For stability
reasons the wing of a canard control missile must be located
farther aft than a conventional wing-tail configuration. The
zero lift drag is normally lower than wing control missiles
due to smaller surfaces.,

3. Tail Control

Like the case of canard control, a tail control missile
has the movable surface as far from the center of gravity as
possible. This also results in a larger moment arm and there-
fore smaller surface required. Control deflection is the oppo-
site of that for canard or wing control since a negative control

deflection results in a pitching moment that pitches the nose

up and therefore a positive lift on the main lifting surface (wing).

Tail control is normally the slowest method of control. One

advantage is that the flight controls are at the end of the
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missile requiring the propulsion system to be located forward
of other types of control. This results in less center of gravity
movement as the propellant grain burns. This becomes a definite

advantage for longer range missiles.

B. GROSS WEIGHT AND CENTER OF GRAVITY
Since the component weights and their precise locations can-

not be determined at this point in the design process, some

method of estimating the total weight and center of gravity is
needed. There are two approaches commonly used to find the gross
weight of missiles in the conceptual design phase. One is through
the use of the historical data discussed in Chapter 2. Since

the warhead weight is known, an estimate of the gross weight

is now,

Another method, which is used extensively in the design of
aircraft, is the use of regression formulas to find gross weight
or component weights in terms of parameters that are known early
in the design. Keference (7) has derived such a formula for the

gross weight of a missile. It is,

_ 2,13 1.14

wG = KG(L) (D)

KG = Constant to be determined (1)
L = Total missile length (inches)
D = Missile diameter (inches)
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The constant K, in equation (1) is derived from a baseline

G
' (generic) missile. In this case
(WG)
K = baseline
G
(L)2‘l3 (0)1.14
baseline baseline

The accuracy of a regression formula such as egquation (1) depends
upon how close the synthesized missile is to the baseline for
which KG was determined. If the parameters used vary more than
20 percent, the accuracy of the regression equation decreases
rapidly; therefore, if the parameters length and diameter vary
significantly from those of the baseline, equation (1) may give
an erroneous estimate of the gross weight. As an aid in deter-
mining the gross weight, the following values of KG were derived
from data given in reference [7].

Missile Figure KG
SRAAM (5-2) .00128
MRAAM (5-3) .00118
LRAAM (5-4) .00093

SAM (5-5) .00108

Figures (5-2), (5-3), (5-4), and (5-5) show the generic missiles
from which these values were derived.

The center of gravity of the baseline missile for this section
is taken to be 60 percent of the total length. At this point
sufficient information has been developed to define the baseline

missile from which design iterations will be made. The lifting
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surface planform for the baseline is taken as a delta planform.

As will be shown later, this wing planform will be very close to

an optimum wing.

C. DESIGN EXAMPLE (BASELINE DEFINITION)

The threat for which this missile is designed is a highly
maneuverable fighter. For this threat a canard control, cruci-
form configuration is chosen. The rationale is that this configur-
ation will provide the fast response necessary at minimum drag.

The diameter was fixed at 10 inches due to antenna considerations

in Chapter 3. PFrom historical data in Chapter 2,

L = (%) D = (15.89) 10 = 158.9 inches
LN
LN = (—5) D = 22.3 inches

The MRAAM of Figure (5-3) is used as a generic missile for

selecting K Inserting length and diameter into equation (1),

G
the first estimate of gross weight becomes,

3 4

w. = .00118 (158.9)2-13 (10)1-1% = 794.83 1

G

The total lifting surface required is then, from historical

average,

_ ¢S _ 1
S = (W)AVG (WG) = (§§75§)(794'83)

9.02 ft2

wn
[}
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Since the canard to wing area ratio is known from historical

data,
D /Sy = 0.20

1
; S, = 7.52 £e2
S =5 -8 =1.50 £t>
(o4 w °
. Lifting surfaces (delta planform). From historical data,
ARW = 1.61
1 AR_ = 3.74
c
2
/2 AR =2
r
Figure (5-6). Lifting surface.
Wing: (b)w =\/ARW Sy = 3.48 ft
(C) =258./b=4.32 ft
w
Canard:
(b)c = ARc sc = 2.37 ft.
(C.) = 1.27 f¢t.
e
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The baseline missile is now defined. The canards are placed

- -

as far forward as possible. The wings are placed as far aft
as possible to ensure the center of pressure is behind the
center of gravity. The exact location of the wings will be
modified in the next chapter. Figure (5-7) is a drawing of

the baseline missile.
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VI. LINEAR AERODYNAMICS

The total drag on the missile is used to size the propul-
sion needed for the cruise segment of flight. The wing size
depends upon the maximum lift required by the missile. The
wing and tail are normally placed to provide minimum drag during
cruise or a certain stability margin at launch. To make any
of the above calculations, values of the aerodynamic coefficients
are needed. This chapter presents the background aerodynamic
theory necessary for these initial calculations. The theory
used is linear aerodynamic theory and slender body theory, from
which simple calculations can be made. Where linear theory did
not apply, an attempt was made to £ind existing empirical expre-
sions, which yield results accurate enough for initial calcula-
tions. The full nonlinear theory will be presented in Chapter 9.
The reference area for all coefficients in this report is the
missile maximum cross sectional area. The reference length is

the maximum missile diameter.

A. MISSILE DRAG

The total drag of a missile consists of zero lift drag, CD '
0

and induced drag, CD .

C.=2¢C + C _ (1)

The zero lift drag can be found from a component build up method
in which the contributions due to the nose, body and lifting

surfaces are added together to obtain the total zero lift drag.
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Care must be taken to reference the appropriate areas when
using this method. The total is then multiplied by 1.25 to
account for interference effects and variations in skin roughness

[12].

Cp, = 1-28 [(cDO) + (cDO) + (cDo) * (cDO) ] (2)
N B W T

The method used to find the components drag depends upon the

speed regime in which the missile is operating. Since this

report is concerned primarily with supersonic tactical missiles,

supersonic zero lift drag will be discussed here. The component

supersonic zero lift drag can be divided into skin friction,

CDf' and wave drag, CD

1. Supersonic Skin Friction

The flow over a body traveling at supersonic speeds is
likely to be turbulent; so the incompressible skin friction co-~

efficient is given by,

e = .455 (3)

£ (log,, R )?+>8

The Reynolds number in equation (3) is based upon the cruise

altitude and speed and upon the characteristic length for the
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component being determined. The Reynolds number is given by.

X

; where X = LN’ the length of the nose

the length of the body without the nose

Lew?

(c), the mean aerodynamic chord

The compressibility correction to equation (3) is,

2 -0.58

M)

C. =C (L + 0.15 M (4)

£

£

i

From equation (4) the skin friction drag coefficient for each

component can be found when referenced to the appropriate area.

(s )

- wetted
) (Cf) -——?;—-———N

£ N

(s )

wetted
[

B

ref

The lifting surface skin friction drag is determined in a similar

manner. Care must be taken to include all surfaces in the

wetted area calculation for the lifting surfaces.

2. Supersonic Wave Drag

The supersonic wave dragconsists of components contri-

Nose wave drag depends

buted by the nose and lifting surface.

on the shape of the nose, and the most common nose shapes are




i e e e e e e e e AT A ALYt B - e

conical, ogival and hemispherical. Reference [10] lists
empirical formulas for finding the form(wave) drag of various

nose shapes at zero angle of attack.

(1) Conical; C (0.083 + 0.097/MMZ)(cr/].o)l'69

Dy

o = tan 7%— = Nose semi-vertex angle (Degs)
N

The center of pressure for a conical nose is at the centroid of

the nose planform or two thirds the length of the nose.

(2) ogival; Cj

{ 2[196(LN/D)2 - 16) }
PS¢ 1 -
W

28 (M + lS)(LN/D)z

o
]

(C. ) for conical nose
DW

The center of pressure for an ogive noise is,

Cp _1[som + 18) + 7M%p (5M - 18)
Ly 2s0m + 18) + 7M%p (4M - 3)

The semi-vertix angle for an ogive is twice the equivalent cone

angle.

(3) Hemispherical; The drag on a hemispherical nose is extremely
high compared to other nose shapes, and is difficult to
estimate. An initial estimate of the wave drag can be

found from Figure (6-1).
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1
'
4
i

The wave drag due to the lifting surfaces can be found

using the methods of reference [12]. For a double wedge air-

foil with sharp leading edges as shown in Figure (6-2), the

wave drag is given by the following formulas:

(1) Supersonic leading edge, 7

t
(E)

Q
]
™ |w

(2) Subsonic leading edge,

2 SW
S

ref ;

2 s
t W :
C. =B cot & (=)
Dy LE ¢ §__
;
t f
B
Pra— 2>

Figure (6-2).

where B = t

Double wedge wing [12].

>
|

LE = leading edge sweep

2]
"

planform area
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3. Base Pressure Drag

The drag contribution of the blunt base for non-boattailed

bodies is given in reference [4] as,

2YM ( -1)

o = o _ 2 ( 2 )l.l4 1 2.8 M -1
AB PB YMMZ Y+1 MM y+1

This term assumes no jet thrust from the base of the missile,

or that the missile is operating in the power off condition.
This term is not included in equation (2), which is not a bad
assumption for powered flight where the nozzle exit area is
approximately equal to the base area of the missile. For the
case where the nozzle exit area is much less than the base

area as in Figure (3), the base pressure contribution should be

included.

N
/\

Figure (6-3). Base pressure areas [l10].
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In this case the base drag is,

Sy

ref

= '
Cap = Cap' B

Sb = shaded area of Figure (6-3)

4. Induced Drag

The induced drag on a missile is the drag due to lift.
This drag is caused by the component of the 1lift vector in the

drag direction. For supersonic flow the induced drag is given

by,
1 2
C = — C
Dl CNa L
where;
c. = -4
L q Sref

The lift curve slope, C. , will be developed later in this chapter.

No

B. DESIGN EXAMPLE (ZERO-LIFT DRAG CALCULATION)

The thickness to chord ratio of the wing and tail have not
yet been determined; however, it is desirable to construct the
lifting surface as thin as structurally possible to minimize the
wave drag. Since structures have not been covered the minimum
thickness to chord ratio is estimated at 3 percent. The flight

andgeometric conditions determined thus far are;
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From these conditions the following table can be constructed.

10,000 ft

3.0
0.5454
(t/C)C‘0.03

7.52 £t

1.50 ft

L, =1

(E)W =

@), =

.8583

11.3833
2.8816
0.8467

Nose Afterbody Wings Canards

X 1.8583 11.3833 2.8816 0.8467

' Swetted 3.3394 29.8014 15.0400 3.0000

Re 2.984 18.282 4,6280 1.360

Cfi 0.0025 0.0020 0.0024 0.0029

Cf 0.0015 0.0012 0.0015 0.0017

CD 0.0095 0.0652 0.0827 0.0187
f

< 0.1545 ——— 0.0400 0.0050
W

CD 0.1640 0.0652 0.1227 0.0237
0

The zero lift drag for the wings and canards in the above table
take into account that there are two sets of wings (4 panels).

The total missile zero lift drag then becomes,

+ (S ) + (cDo) ]
C

+ (C. )
0 D

0 0

N

cDo = 1.25 | (Cy )
AB

C. = 0.4695
Dy
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' C. MISSILE LIFT CURVE SLOPE

\/dﬂ /6
">

A
. \
L
. < ey - " Lp(T)
»‘ W(B) w

\
4
-~

Figure (6-4). Wing-body-tail 1lift [13].

For the purposes of this section lift on a wing-body-tail
combination can be taken as the sum of the components in Figure

(6-4). These consist of,

LN = 1lift on the nose

Lw = 1lift on the wing in the presence of the body
(B)

Ly = additional lift on the body due to the presence
(W) of the wing

LT = lift on the tail in the presence of the body
(B)

LB = additional lift on the body due to the presence
(T) of the tail

The lift of only the wing-body combination can be defined as, LC'

where,
L, =K.L (5) ﬂ
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The lift of the wing alone, LW’ is that obtained from thin
airfoil theory or experiment considering the exposed area only.

The constant Ka in equation (5) is defined as
K, = K +
S T I

From this equation, K is the ratio of the additional

B
(W)
body lift in the presence of the wing to the wing alone lift for

zero control deflection, § = 0.

(C. )

L Lo
_ Bwy B (w) -
ey~ Lo - o o+ 8=0
(W) W Lo
W
L (CLa)W .
_ (B) _ (B) 5= 0 ]
Ky - I (R N N .
(B) L Lo’ ]
The interference factors, K and Kw have been deter-
B(w) (B)
mined from slender body theory for wing-body combinations. 1

Figure (6-5) isa plot of these values. The wing alone lift

curve slope, (CLa) is determined from thin airfoil theory or
W

experiment. The lift curve slope of delta wings with super-

sonic leading edges is given by,

CLa = % where B = \/MMZ-I k < ¢

For subsonic leading edges this becomes.

c - 2rtane/tanu kK > ¢

La EB




2.0
1.8

1.6 ' /
14

) - / BW
4 1.0

‘ K'wpORK’;g /
0.8

” /

0.4
/ K gy OR K'gy

QR e e sy

0.0 0.2 0.4 0.6 0.8 1.0
(e/b)y, OR (l‘/b)-r

Figure (6-5). 1Interference factors [12].
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Where E is the elliptic integral of the second kind for

§ Vi1 - (tane/tanu) ,

Figure (6) shows the Mach angle u and sweep angle, €.

i g s

|

Supersonic LE Subsonic LE

Figure (6-6). Wing leading edge.

] The lift of the nose is that obtained from slender body

theory. For small angles of attack

E (C = 2/rad.

Na)N

The tail-body combination lift is determined in the same
manner as the wing. The above equations are defined for the case

where the incidence angle is zero and the angle of attack, (a),
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,4“,,_,,_‘,..,,_'.

is varied. Analogous terms can be defined for the case where

the angle of attack is zero and the incidence angle (§) is varied,

L (Cr¢) ‘
B B 4
- () _ (T) -
kg =% ©. ) ; @ =0
(T) T La’
1
L “Ls)
k = —{B) (B) @ =0
T(B) Ly (CLajT
The interference factors k and k were also found
B(m) T(8)

from siender body theory and are plotted in Figure (6.5).
From the above defnitions the total missile lift curve slope
can be found. If the analysis is for small angles of attack

so that L=N.

(N) = (N),. + (N) + (N) + (N)
cm N W5 B (W) Ty * (N)B(T)
in coefficient form,
Cn 9 Speg = (CN)N q Spee® (CN)W q Sy + (CN)B q Sy
(B) (W)
+ (CN)T dp Sp * (CN)B Ap Sq
(B) (T)

If the downwash is neglected so that 9y = 9» and the above

equation is differentiated with respect to angle of attack,
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(C, ) = (Cu) + (C.) W_ 4 (c.) L
Na Na Na S Na S
cM N W(B) ref B(w) ref
/
(Cy, ) Ty (e °1
+ (C + (C E
Na T(B) Sref NJB(T) Sref

From the definition of the interference factors.

S
(c = (c.) + (C ( + K ) W
NCQCM Na Ne) KW(B) Biwy Sres
(c. ) )ST
+ (C K + K (6)
Na'n " Tipy Bipy Sret

If the tail is the control surface, a similar development for

the control effectiveness, CNG yields.

(Cu ) (X + k. ) =

(Cys? =
NS’y No'T T (g B(r)

D. MISSILE PITCHING MOMENT

From Figure (6-7) the moment about the center of gravity
can be found. The centroid of the wing is the location of the
center of pressure of a wing alone in supersonic flow. The
effect of the wing-body combination is to move the center of
pressure aft and as can be seen in Figure (6-7) the center of
pressure for the additional lift on the body due to the presence

of the wing is aft of this location. Reference [13] has an
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N
W(B)
7 Np (B)
N 'r
N N N
| 4B #VB(T)
M
[ < s
|(—'—>
- ::XW(B)
)LN X
[ *B(w) N
X (B) -
[ >
. %B(T)

Figure (6-7). Forces Acting on the Missile.

excellent discussion on how to find these centers of pressure.

For the purpose of this chapter, which is initial sizing and

placement of the lifting surfaces, the center of pressure for

both of these forces, N and N is taken as the centroid
e:) B (w)
of the wing planform. With this assumption, the moment about

the center of gravity is,

(M) = N. x.. + (N + N ) + (N + N ) x
cM NN W(B) By W T () By T

Following the same development as for C

N
*N N, 5w
C = (C, ) —+ (C,) (K + K ) (=) (/)
Ma Na'\ D Na’ (o W) By D Speg
+ (c.) (K + K. (D) (—S-T-) (1)
Na T T(B) B(T) D Sref




Also if the tail is the control surface.

X S
C.. = (C.) Ik +k ) (—Z) (o—im)

(B) Bipy D' Speg

Ome must be careful in defining the moment arms in the

above equations. If a nose up pitching moment is developed in

Figure (6-7), the moment arm is positive. Conversely, a nega-

tive moment arm means a nose down pitching moment is developed.

E. WEIGHT AND CENTER OF GRAVITY VARIATIONS

From the preceding sections of this chapter, it can be seen

that the analysis is normally for one point in the flight pro-

file. Since the launch condition has been defined, the tail

sizing can be accomplished for this initial condition. The

variation of missile weight and center of gravity is due to

propellant burning. For a solid propellant this variation can

Since no information is available on the pro-

be quite large.

pellant at this point in the design, the following guidelines

will serve for initial calculations. For air-to-air missiles

the propellant is approximately 35 percent of the launch weight.

The center of gravity travel is 5 percent of the length. For

surface-to-air missiles which must be boosted to flight speed,

the propellant weight can be taken to be 48 percent of the

launch weight with a corresponding center of gravity travel of

These are initial approxi-

approximately 8 percent of the length.

mations taken from historical data and can be refined later in

the design process.




VII. LIFTING SURFACE DESIGN

From the analysis of wing lift and drag in Chapter 6, it can
be seen that the performance of a wing will vary with planform.
Up to this point the lifting surfaces have been considered delta
planforms with zero taper ratio. This is not necessarily the
optimum planform since it was taken from a historical average
and does not apply to a specific missile. This chapter deals with

the sizing, placement and planform definition of themissile.

A. WING PLACEMENT

The wing placement on the missile depends upon the type of
control used. For canard contrcl the wing (aft surface) is nor-
mally fixed as far aft as possible for stability purposes. For
a wing control or tail control missile, where the wing is near
the center of gravity, the wing placement becomes more critical
and depends upon the stability margin required. Since the drag
during the cruise segment includes the drag due to lift, one
method to minimize drag would be to place the wing such that
zero lift is produced on the tail during cruise. The moment about

the center of gravity is zero for trimmed flight, thus equation

(7) yields, for (CN) = 0.
T
X, = (CNCt)N *N sref )
- "{c. ) 8 (X X
Ne'yg W Wig Biw




B. MANEUVER LOAD FACTOR

Regardless of the type of missile being designed, it will be

required to maneuver in order to intercept its intended target.

For an air-to-air or surface-to-air missile the level of this

maneuver may be quite large. The maneuver load factor required

was found in Chapter 3. The maximum maneuver the missile can

sustain depends upon the maximum trimmed normal force the missile

can develop.

Figure (7-1). Sustained maneuver of a missile.

From Figure (7-1) the force developed by a missile in a con-

stant acceleration turn is

L = nW

n maneuver load factor

165
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Small angles of attack are assumed for which the lift and
’ normal force are approximately equal. This approximation is
good for angles of attack of up to 10 degrees, and above this
, value of maximum trimmed angle of attack the linear theory
becomes inaccurate. With this assumption for now, equation (1)

becomes,

L=N-=nW
. (CNa)a g Sref = nW (2)
W
(Cy.) = 2
No required (a)max 9 Sref

Equation (2) gives the lift-curve slope required to develop

the required normal force at a trimmed angle of attack, (a)max'

The lift curve slope developed is given by equation (6) in Chapter

6.
SW
(C,,.) = (C..) + (c..) ( + K )
N oy No'y No“w Kw(B) Biwy Sref
(3)
s
+ (. ) (K + K ) N
Na' " T (p) Bip)y Sref

As discussed earlier the values of the interference factors

depend upon the wing planform. Typical values of (Kw + K )
(8  B(w
and (K + K ) are from 1.5 to 2.0. As a conservative
Tmy B

estimate a value of 1.5 is assumed. Equation (3) then becomes,

S S

W T
) = (C,,) + 1.5 (C.) + 1.5 (C_)
cM Na'y No'w S ef Na'q Spag

(C

Na (4)
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Selecting supersonic leading edges,

(C.,,.) = (C, ) = 4/8
Na W Na T
Therefore
(Cya) = (Cyo) 3 g (S * Sqp)
CM N ref

If the complete missile lift-curve slope is set equal to the
required lift-curve slope, the lifting surface area required to

maintain the maneuver load factor can be found, using equation (4).

(.. +S.) = [(C..) -(C)lssif
W T req Na req Na N 6

Let
+
(SW ST)
K= r)

(Sw + S

req

T baseline

If the same ratio of wing to control surface area is kept to

minimize stability perturbations, the new wing and tail area are,

W K(SW)

[2]
]

baseline

n
1]

K(s_.,)
T T baseline

The above analysis assumes a linear variation of cNa which is
good for small angles of attack. A more precise analysis will
be performed in Chapter 9. The above analysis should be performed

at the expected encounter conditions.
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l. Design Example (Maneuver Load Factor)

Since a canard control was chosen for the design example
the canard and wing position are fixed as fqr forward and aft
as possible. The analysis is done for a conservative Mach number
of 2.5 after the missile has slowed from its cruise velocity due

to the maneuver. From previous results,

n=314dg5s
2
(Sw + SC) = 9,02 ft
baseline
WG = 794.83 lbs

If the missile is required to maneuver at one-half its powered
range, and the propellant weight is 35 percent of the launch

weight, the maneuver weight becomes
W = 655.73 lbs

The dynamic pressure for MM = 2.5 and at 10,000 feet altitude is

1]
N
©
<

q

6369.84 1bs ft2

q

The required lift-curve slope becomes for (amax) = 10 degrees

= ,1745 rad.

(C\y) = 33.5311 per rad.

No eg

The required lifting surface area is;

(S.. + 8.) = [33.5311-2] —Xef = .57 £t
w ' Sc 6
req
168
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Therefore K= 0.7284 .
The required wing and canard sizes to achieve the maneuver are;

5.48 £t2

1.09 f£t2

S,, = (7.52) (.7284)

S~ = (1.50) (.7284)

C. TAIL SIZING

For a wing-tail combination, the primary concern in the
sizing of the tail is the static stability of the missile. The
missile becomes more stable as the mission proceeds, since the
center of gravity moves forward as the propellant burns. As
the missile becomes more stable, control of the missile becomes
sensitive. If the tail is sized for zero static stability at
launch, the missile control will remain more effective during
flight. This is the best condition possible without the use of
some form of stability augmentation system at launch. Therefore,

at launch CNa = 0.

S
W
0= (C,.) + (C.) { + K )
No N N Na W W Sref Kw(B) B(W)
(5)
S o
+ (C., ) x (K + K
Na'p T S, Tp) B(r)

With the lifting surface area fixed due to the maneuver load
factor, the tail can be sized to satisfy equation (5). As can
be seen the position depends highly on the moment arms that the
lift forces act through. Since the missile length has not been
fixed at this point in the design and may vary due to propulsion
requirements, this analysis will be completed later.
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D. WING PLANFORM

The wing planform is specified by the leading edge sweep,

ALE’ taper ratio, A, aspect ratio, AR and planform area S The

W.

planform area was fixed due to maneuvering requirements in a
previous section. This section is concerned with defining the
remaining planform parameters. Figure (7-2) is the wing plan-

form and the equations used to define these parameters.

AR = b2/s
- - \ A= ct/cr
c LE o = 2.5
r b{l+2)
2
s_2, Al
Ic C—jcr(l+)\)
t
b
c == tan A
LE
« b > 2

Figure (7-2). Planform geometry.

The value of the lift-curve slope used previously was derived
from linear theory and is applicable only to simple planforms.
For the purpose of this section, which will include low aspect
ratio wings with supersonic and subsonic leading edges, Figures
(7-3) and (7-4) are used. These figures have been corrected for
3-D effects.

1. Effect of Taper Ratio and Leading Edge Sweep

The lift and drag characteristics of the wing are the

primary parameters of interest. The objective inwing design is

’
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is to obtain maximum lift with minimum drag. It will be shown

that these objectives are usually conflicting; therefore, some
compromise,.or optimum, planform must be found. From Chapter 6
the equations for the drag of a wing in supersonic flow are found.
The skin friction drag depends upon the mean geometric chord.
Equation (3) in Chapter 6 indicates a larger mean geometric

chord would result in less skin friction drag for a fixed area.
The mean geometric chord can be expressed in terms of taper

ratio as follows,

2.2 2s (10202
3 b(1+A) 1+A

2.4 [ [1?
3VAR (12

This equation leads to a zero taper ratio to maximize ¢ énd
reduce skin friction if the surface area and aspect ratio were
fixed. The wave drag is constant for supersonic leading edges,
and decreases when the leading edge goes subsonic or the leading
edge is behind the mach line. The lift capabilities also de-
crease as the leading edge goes subsonic.

As stated earlier this leads to conflicting performance since
the objective is to minimize drag while maximizing lift. At
this point an example best illustrates the results of varying
taper ratio and leading edge sweep. The lift -curve slope is
derived using the methods of reference (1). Figures (7-3) and
(7-4) are from reference (12] and are used to find the supersonic
linear 1lift corrected for 3-D flow effects. The drag methods

of Chapter 5 are used to determine the drag characteristics.
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2. Example

For a fixed wing area of 4 ft“ and an aspect ratio of

2

2 the 1lift curve slope and drag were determined for a flight
Mach number of M= 2. This Mach number corresponds to a sonic
leading edge sweep of 60°. The wing leading edge sweep was
varied from zero to 75° for taper ratios of 0, 1/2 and 1. The
results are plotted in Figures (7-5) and (7-6).

From this example certain generalizations can be made,
From Figure (7-5) it can be seen that the drag is relatively
insensitive to taper ratio. There is a reduction in drag for
increased leading edge sweep. For this example there is approxi-
mately a 6 percent drag reduction for every five degree increase
beyond the sonic value. Figure (7-6) indicates that the effect
of decreasing the taper ratio is to delay the drop in the 1lift
curve slope of the wing. From this example a general guideline
would be to fix the leading edge sweep 5 degrees beyond the sonic
value and the taper ratio.at zero. This would provide a 6 per-
cent reduction of wave drag while maintaining the maximum lifting
capabilities of the wing.

3. Effect of Varying Aspect Ratio

The result of increasing aspect ratio is an increase in
the lift-curve slope of the wing [12]. The aspect ratio is

given by,

AR = b2/s

For a zero taper ratio wing this becomes;

AR = 2b/cr
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From equation (6) it can be seen that increasing aspect ratio
results in a corresponding increase in wing span for a given
root chord. Missiles are normally span limited, due to launcher
constraints; therefore, there is a maximum span which can be
accomodated. The drag of the wing again is in conflict with

the lift since increasing aspect ratio decreases the mean geo-
metric chord for a given spanand therefore increases skin fric-
tion drag. A compromise wing AR must be found which considers
both the 1lift and the drag characteristics. For a discussion

of optimum aspect ratio, the following functions are defined

for convenience:

F = Fl + F2 = Lift-drag function (7)
where ' CD
Fl = YET—§L———¢Normalized drag function
0 max
- l/cNa . . .
Fz 27 (cNa) T Normalized lift function
min

From equation (7) if F is plotted over the allowable
range of aspect ratio, a minimum value of the lift-drag function
fixes the desired aspect ratio. This aspect ratio corresponds
to minimizing the drag function, Fl’ while maximizing the lift

function, F For convenience the abscissa is plotted as c/c

2°
as shown in Figure (7-7).

(max)

From Figure (7-7) the optimum mean geometric chord cor-

responds to point A.
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Figure (7-7). Lift-drag function.

c = ( ) c
max
max/ A

The aspect ratio is then given by

Qo

- 3=

€, =3¢
b = Zs/cr

AR = bz/s

As mentioned earlier a missile is normally span limited. The
plot of the lift-drag function F is normally fairly flat on the

left, or for c/c approaching zero. For this reason point

(max)
B may be chosen as the optimum since F varies very little up
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to this region. Point B corresponds to increased chord and

’ decreased span.

: 4. Design Example (Wing Planform)

From the previous analysis the following parameters were

defined.

MM = 3.0

5.48 £t2

é Sw

If the leading edge sweep is fixed 5 degrees behind the mach

line.
u = sin~1 % = 19.5°
e - . = o
Mg = 95 - u = 75.5
A =0

The planform table becomes

AR b °r e i (8) XB (w)
2.0 3.31 3.31 2.21 1.17 .26
1.5 2.87 3.82 2.55 1.19 .30
1.0 2.34 4.68 3.12 1.22 .35
.75 2.03 5.40 3.60 1.24 .40
.50 1.66 6.62 4.41 1.29 .48
.25 1.17 9.36 6.24 1.36 .62

The wave drag is constant and is given by,

2 S
t W
Dw LE ¢ Sref
C = ,0094
Dy
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i

AR c

D¢
2.0 .0303
1.5 .0296
1.0 .0288

.75 .0282
.50 .0274
.25 .0260

AR

2.0

1.5

1.0
.75
.50

.25

“0q AR tan frp EaﬁgAEE (CNa)W(Kw(B)+KB(W)
.0397 7.73 .73 2.1137
.0390 5.80 .73 1.9845
.0382 3.87 .53 1.8271
.0376 2.90 .73 1.7813
.0368 1.93 .73 1.4809
.0354 .97 .73 .7937
E/Emax Fl FZ F

.35 1.0000 .3755 1.3755
.41 .9824 .3999 1.3823
.50 .9622 .4344 1.3966
.58 .9471 .4456 1.3927
.70 .9270 .5360 1.4630

1.00 .8917  1.0000 1.8917

From Figure (7-8) it can be seen that the lift-drag

function remains relatively constant up to E/Ema = .58.

X

Since

the objest is to make the span as small as possible this point

is taken.
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C=.58c ., = 3.62ft=43.44 in
c,. = 5.43 ft = 65.16 in
b= 2.02 ft = 24.24 in
c = 3.90 ft = 46.80 in
AR = 0.74
5. Design Example (For Canard Planform)

From prévious analysis and development, the following

parameters have been defined:

M
S
c

('c/c)c

If the leading

= 3.0

1.09 ft2

]

0.03

edge sweep is set 5 degrees behind the sonic

value and the taper ratio is set to zero, the following planform

table results.

A

AR b

LE

|
~l
wn
L]
wn

A=0

c c KW(B) KB(W)
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2.7900

! _ 1.5 .0067 .0085 5.80 .73 3.6339
| 1.0 .0064 .0082 '3.87 .73 2.5952
| .5 .0061 .0079 1.93 .73 2.0880 |
.25 .0058 .0076 .97 .73 1.0124 |
?
| AR /% ax Fy F, F
2.0 .35 1.0000 .3628 1.3628
1.5 .41 1.000 .3844 1.3844
1.0 .50 .9647 .3901 1.3557
.5 .70 .9294 .4849 1.4143
.25 1.00 .8941 1.0000 1.8941

From Figure (7-9) it is seen that there is a minimum of

the lift-drag function at c/Emax = 0,5. The optimum canard is

then,

(o]}
i

= 0.5 ¢ = 1,40 ft = 16.80 in
max

; c, = 2.09 ft = 25.08 in

| b=1.04 £t = 12.48 in
|

| AR = 0.99

= 2,01 £t 24.12 in
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DESIGN EXAMPLE (REVISION OF ZERO LIFT-DRAG AND LIFT-CURVE
SLOPE)
Wing: = 3.62 ft

= .0014

= .0750

= 1.40 £t
= .0016
= .0166

Body: (C. ) .2292

Do'm

The complete missile CD including the interference factor

0
of 1.25, is now 0.4010. From the previous calculation of the

baseline zero lift-drag coefficient, the drag has been reduced

by 14.6 percent.

From equation (6) in Chapter 6 the lift-curve slope is now

CNQ = 25.17/rad

Figure (7-10) is the missile design to this point.
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VIII. PROPULSION REQUIREMENTS

The following discussion presents a method for preliminary
sizing of a solid rocket motor for a boost-sustain trajectory
of an air launched or a surface launched tactical missile. The
analysis consists of sizing the booster from incremental velo-
city considerations and sizing, the sustainer for the maximum
range required at the operational altitude. The method assumes

a constant acceleration boost and a constant altitude cruise.

A. BOOSTER INITIAL SIZING
Since the control system cannot respond properly while in
the boost phase of flight, it becomes impocrtant to make the boost
time as short as possible. The limiting factor for boost time
is the maximum axial acceleration the airframe and components
can withstand. This maximum acceleration is normally around

30 g%. The boost time then becomes,

2 1._B (1)

The incremental velocity during boost, AVB, can be derived

from the equations of motion.




Figure (8-1). Forces acting on the missile.

If during the boost phase the thrust, drag and launch angle are
considered constant, the axial acceleration of the missile is

constant and may be written as:

av _ _ _ . '
m a - T D W sin YL
_ T-D - :
dav = g(—ﬁ—)dt g sin v, dt

If the launch velocity is Vl and the velocity at the end of

boost is V2,

\' t

2 b %
f av = / g(T—"WE)dt - g sin y_ 4t (2)

Vl 0 0
,T The vehicle weight in equation (2) is a function of time. If the
| propellant weight is given by wp, and the propellant grain burn

& is linear with time, the missile weight can be expressed as,
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= - W (&
W=wW Wp(t )

L b

where WL = Launch weight.

Equation (2) then becomes,

t
P otat

AV = Vy =V = 9(T = D) Tt wgy 9 sin v %y

g Lb 'p
Integrating the first term yields,
g(T - D)t ﬂi - W)t
= b P b .
AV, = ——————— n ~ g sin vy, t
B wp Wt L b

Since the empty weight is given by

The incremental velocity can be written as

g(T - D)tb WI
AVB = —_—_W;__—— n WE - g sin v, tb (3)

A first estimate of propellant weight can be made if the drag is

assumed zero in equation (3), and Isp = Ttb/wp
WL
AVp = g Isp n ﬁ; - g sin v t (4)

is charac-
sp’

teristic of the propellant chosen and can be found from histori-

In the above expression the specific impulse, I

cal data, or a specific propellant value may be used.
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D el

W
Equation (4) can then be solved for WE and the first esti-
‘ E
_ ’ mate of propellant weight, Wp, can be found as follows,
W
= - _E
; | Wp = WL(l WL)

; With the propellant weight and specific impulse known, the

total impulse and average thrust required for boost can be found.

. IT = ISP P
_Ip
T—E—
b

With the thrust known and an average value of drag assumed,
equation (3) canbe iterated for an improved estimate of the pro-
pellant weight needed.

The final result is used to calculate the booster combustor

volume and length.

V., = W
B
p/ opnp

where np = volumetric packing factor

LB = 4VB/WDC2

The combustor diameter is limited by the missile maximum

P
and volumetric packing factor, np, are determined from histori-

g diameter and is a design choice. The propellant density, o _,

cal data or given for a specific propellant.
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B. SUSTAINER INITIAL SIZING

The sustainer thrust required to maintain cruise is the
driving factor in the sustainer motor sizing. For initial sizing
purposes, a level, constant velocity cruise segment is assumed.
In this analysis the thrust required is equal to the aerodynamic
drag developed by the missile. The performance regquirements
determine the maximum range, operating altitude, and velocity of
the missile. From these requirements the sustainer burn time,

é ts’ can be determined.

where SB = distance traveled during boost.

Since sustainer thrust is equal to drag, T, = D, the total

S
impulse required becomes,

The sustainer nozzle is sized for the operational altitude

of the missile. The thrust coefficient, CFd’ can be expressed as;
2 y+1 Y-
= 2y (2, v1 -9
CFd CdA =1 (Y+1) 1 (pc)

The constant, Cd, is the nozzle efficiency and has been

determined from historical data to be 0.96. The nozzle half

angle correction, A, is given by;
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X = (1 + cos a)/2

o

__..,.f’_’:ﬁ{{’_.

t I
T oTs=or

where « is the nozzle half angle. A nominal value used in many

P

. designs 1is 15°. Larger values of a give significant non-axial
flow components in the nozzle. Values less than 15° give large
nozzle lengths and therefore contribute to excessive missile

weights. The combustion chamber pressure is also a design choice.

A lower usable value of Pc is 200 psia for sustainers and 500 psi
for boosters. The chamber pressure cannot exceed the maximum
expected operating pressure of the missile (MEOP).

The thrust of the sustainer can be expressed as a function
of the thrust coefficient, chamber pressure, Pc’ and throat area,

A The throat area required to deliver the required sustainer

t.
] thrust can be determined from

Ts = CFd Pc At

The nozzle area ratio is a function of the pressure ratio

PO/Pc' where P, is the ambient pressure if the nozzle expands

0
the flow fully.

v+l
52 =1 ) 2 [14+ (1L u 2] 2{y=1)
A M Y+1 2 e
t e
- _lT
where P Y-
0 - y-1 2]
B_ [l + (=7) M,
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From the previous equation the exit area can be determined.

From the throat and exit diameters, the nozzle length is found

by

L = De " Dt

n 2 tan a
At this point in the design the nozzle exit area and length
should be checked to see if they exceed any specifications on
the missile; i.e., the nozzle exit area must be less than the
base area of the missile.
Finally, the delivered specific impulse is typical of the
propellant chosen for the sustainer. The propellant weight is

then,

The sustainer combustor volume and length are then determined
in the same manner as the booster. The equations concerning
the sustainer nozzle also apply to the booster nozzle with the

appropriate booster areas, pressures and thrust substituted.

C. ROCKET MOTOR CHAMBER PRESSURE

As indicated earlier the delivered thrust increases with
increasing chamber pressure, Pc; however, the wall thickness
in the rocket motor depends upon the expected operating pressure
within the chamber. If the wall thickness is t inches, and the
yield stress of the casing material is Gy' it can be shown that

the thickness required of the motor casing is given by,
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- .

t = (5)

where r is the chamber radius, and Pmax is the maximum chamber
pressure, which is taken to be 1.2 Pc to allow for variations
within the propellant. From equation (5) the weight of the motor
casing can be determined if the casing is cylindrical and

t < <r

Substituting for t

2
2.41x lcpc Pc

wc = = (6)

Yy

The specific impulse of the rocket motor is given by.

Ip

0
P

=1 X )
3 2% G R |- ) (7

From equations (6) and (7), it can be seen that a compromise
must be made in selecting the chamber pressure; since increasing
Pc increases the specific impulse but also increases the casing
weight. An attempt must be made to find an optimum operating
pressure.

If the rocket motor weight consists of the nozzle, propellant

and casing,

W, =W_+ WP + WC (8)




and the total impulse, which is constant is given by,

I Tt

b I

sp

W
p

The optimum chamber pressure can be found by minimizing the

weight and maximizing the impulse.

d M d M
— (=) = 74— |( ) =0
dpc I dpc Isp wp
differentiating yields,
1 a Wy Wy 4(1/I_)) _
o
sp c P P c
S (fﬂ) - "y e ISP =0
I dp W 2 dp
sp c P WpIsp c
From equation (8)
WM = Wc + WN + 1
W_ T W W_
P P P

Substituting equation (10) into equation (9),

Wp dpc sz dpc Wp dpc wp ISp dpc
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Substituting equations (12) and (13) into equation (11)

y-1
2.4p_ W W_RT
Pe P P %;, (EQ)
9. I

] . 0]
E DPY

Substituting for 9o Isp2 in the above equationyields,

f = 2 - 2288 = (14)
(po)(l-v)/v L P Y
: Pe | Pe
i If a propellant and casing material are chosen, equation (14)

can be solved for the chamber pressures, Por which minimizes
¥' WM/I . One interesting feature of equation (14) is that there

o
is a minimum yield strength to density ration Bx-that will yield
c

a usable chamber pressure, furthermore this optimization yields
a very shallow minimum. Therefore, if the thrust or exit dia-
meter requires an increase in Pe the penalty paid in additional

casing weight will be small.

D. TYPICAL PROPELLANTS

] From the preceding discussion it can be seen that some know-
ledge of propellants to be used in the rocket motor is needed.
The thrust developed by a rocket motor depends directly upon the

T pressure in the chamber.

T = Cp Ap Pg
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f Substituting for Wc + W

dw W dar
=S - 2 SR =0
Pe Isp dp

From equation (6)

aw 2.41r lcpc

Since

W = wrzl o}
P cp

dwc _ 2.4npc Wp
dp

g
c °p %y

from equation (3)

y-1
Pe gcpcIsp Pe
197
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c P sp “Pe

(1)

(12)

(13)




Because of this relationship, high pressures are needed for the
boost phase, and relatively low pressure are needed for the sus-
tain phase of flight. The pressure developed in a rocket motor
chamber is a function of the burn rate and burn surface area of
the propellant. 1In order to provide more burn area for the boost
phase, the grain normally has an internal star perforation; while
a sustain motor is normally an end burning grain of solid cross-
section. The volumetric loading of a rocket motor is defined as
the ratio of the propellant volume to the rocket motor chamber
volume.

= Grain volume
P Chamber volume

n

Due to erosive burning effects the volumetric loading of a booster
is normally limited to less than 0.9. For efficient packing

the ratio varies from 0.7 to 0.9. The volumetric loading of an
end burning sustainer engine is normally 1.0. The range of

propellant characteristics is shown in Table (8-I).

TABLE (8-I). Typical Propellant Properties [14,15].

Sustainer Booster
I (sec)  180-210 210-260
sSp
pp (lbm/in3) .059-.062 .062-.065
Y 1.24 - 1.27 1.22 - 1.26

n 1.00 0.85




E. DESIGN EXAMPLE (BOOSTER)

From the previous analysis the launch speed is M = 1.5, and
the cruise speed is M = 3.0 at an altitude of 10,000 feet. The

boost incremental velocity is then,

AVB = 1616.10 ft/sec

If the maximum acceleration during boost is a constant 30 gg

(assume sea level gc), the time of burn is,

AVB/amax ~ 1616.10 ft/sec2
30(32.2 ft/sec”)

%

1.67 sec

ct
n

From equation (4) with Yy, = 0

Assume Isp = 250 sec from Table (I)

W
g = = 0.2008
n Wp
W
- - _E
wp = wL (1 WL)
For =
W, = 794.83
W, = 144.57 tbm
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The thrust provided is

] I W

(1), = —S%b—P- = 21,642 %b

b

Since the missile flies essentially at zero angle of

attack during boost, the drag at the end of boost is,

o
0

(CDO) d sref

2006 b

o
]

f

Therefore if an average drag of 1000 lbs is assumed, equation (3)

can be used to find a new WL/WE

. WL AVB 1)

= _ﬁf___E___
n Wg g(T - D)tb

W
WB = .2270

E

W, = 161.40 %by

This gives a thrust of 24,162 lbs. One more iteration of

equation (4) gives,

w
P

159.46 lhm

(T) 23,872 b

s £
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Continued iteration of equation (4) does not change the pro-

' pellant weight.

From Table (I); pp

[

.3
.062 lbm/ln

=" .85
"p

The booster volume then becomes

vy = 3025.81 in>

Allowing one-half inch for structure, the booster length becomes.

L, = —s = 42 .69 inches

F. DESIGN EXAMPLE (SUSTAINER)

The maximum range of the missile was determined to be 35 nmiles.

Rmax = 212,800 ft

The distance traveled during boost is

S = Vm %

- Vl + V2

vV = R = 2424.,15 ft/sec
SB = 4048.33 ft

Therefore, at a cruise Mach number of 3.0, the sustainer time
of burn is

t = 64.59 sec,.
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The cruise drag consists of zero-lift drag and induced drag.

The lift coefficient of the missile minus the booster is;

i

w
C =
L q Sref
CL = 0.1270

From Chapter 6

* C

U]

2
D Cno * CL /%N

C

D .4016

The cruise drag then becomes

D = 2003 lbf

The total impulse required is then;

(I,)_ = Dt_ = 129,761 b

T s s g = Sec

From Table (I) the specific impulse is 210 sec; therefore,

the weight of propellant needed for cruise is

(Wp) = = 618 lbm

The volume required is

v, = 9967.7 in3
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The sustainer length becomes,

9
L = 5 = 140.62 inches

™
o]

The total rocket motor length is, LRM;

LRM = LB + LS

L

RM 183.31 in

The rocket motor alone exeeds the total length of the base-
line missile. This will lead to large length to diameter ratios
for the entire missile; therefore, the rocket motor length must

be decreased. That is the subject of the next section.

G. REDUCING ROCKET MOTOR LENGTH

If the rocket motor length of the last section leads to
excessive length to diameter ratios for the missile, the motor
length must be decreased. This may be accomplished in one of
two ways: (1) If the mission profile has a long cruise segment,
the cruise altitude may be increased thereby decreasing the drag
and the total impulse required. (2) If the cruise altitude
cannot be varied, the missile diameter must be resized for pro-
pulsion considerations. In this design example option (2) will
be selected.

The missile length can be expressed as

L = Ln + L + Lc + LWH + L (15)

G

RM




L_ = Nose length

n
LG = Guidance section length
Lc = Control section length

Warhead section length

-4

L = Rocket motor length

The nose and warhead sections have been previously defined.
Since the propellant weight for the range requirement is known,
the diameter necessary can be determined if a maximum missile
length is specified. The drag will increase slightly,due to the
increased diameter but the total impulse, and therefore the pro-
pellant weight, will change only slightly.

The rocket motor length can be expressed in terms of the

diameter by

AW
L =

RM
wD
°p

Equation (15) then becomes

4Wpc
+ L + L.+
c WH pwaz

(L) = Ln + LG

The guidance and the control sections are each normally about

10 percent of the missile length.

L Ly aw
(L) = (-)D + .1L + .1L + () D+—P—2
D p_mD

At < e o




As mentioned in Chapter 2 the missile is normally designed for
an existing launcher. This launcher will have a maximum length
that it can accomodate, Lmax’ If this value is substituted into
equation (16), the reqﬁired diameter can be found.

1. Design Example (Resizing for Propulsion)

From previous analysis; Ln/D 2,23

LWH/D = 2.50
The propellant weight from before was, wp = 777.46 lbs. 1If

the maximum length of the missile is taken as 210 inches, equa-

tion (l6é) becomes,

4.73D° - 168D% + 15,467.08 = 0.0

The required diameter is then,

(D) = 11.75 inches
req

Allowing 0.25 in for structure, the missile diameter becomes

12 inches. From the equations for the rocket motor lengths,

Lb = 26.62 in
Ls = 90.47 in
LRM = 117.09 in

H. DESIGN EXAMPLE (CHAMBER PRESSURE)
From equation (14), the strength to density ratio can be

solved for in terms of Po-

- e b

- a—




If the minimum usable chamber pressure is Pc = 500 psi, and

using the propellant previously selected.

; Yy = 1,24
3 = ,062
) °p
p, = 10.11

the minimum strength to density required can be found.

a
(51) = 225,542.87 in

[ .
L min

Inconnel 718 is a common metal used in combustibn,chambers

and has the following properties [4]:

o, = 180,000 psi

_ . 3
pc = ,2662 bm/ln
c ]
X = 676,183 > (%)
Pe Pe

min
The gtimum chamber pressure is then from equation (14)

p, = 1132.55 psi

The rocket motor chamber wall thickness is given by equation (5)

as
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pre
n

0.05 inches

The wall weight is given by equation (2)

17)
c

2m rZRMtpc

- Wc

59.5 b
m

I. DESIGN EXAMPLE (SIZING THE NOZZLE)

For initial analysis it is assumed that the flow is fully

expanded, in a nozzle with a half angle of 15 degrees. With
the chamber pressure of 1132.55 psi the thrust coefficient at

altitude is

——

Y+1 y=-1
2 Y- Po. Y
. =ca\ A (2 1 - (2
s Fq d y-1 "y+1 Pe

= 2.3023

(@]
i

The throat area and diameter then become

_ _ . 2
A, = & p, = 9.1552 in

Fq

3.4142 in

(e}
]
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From isentropic tables for po/pc = ,0089

. 172
= (A_ =
= (=) = .3342

D:IQ
t+

e

The exit diameter becomes,

de = 10.22 in

The nozzle length for a 15 degree half angle is,

1n = 12.70 in

The nozzle is shown in Figure (8-2). Figure (8-3) is the design
with resized diameter and length for propulsion and the optimum

wings determined in Chapter 7.

J. TAIL SIZING

As mentioned in Cha@ter 7 the tail (canard) sizing is accom=-
plished for zero static stability at launch. Now that the missile
length has been fixed, the canard can be sized. Figure (8=3)
is a drawing of the design to this point. The total lifting sur-

face required is

2
Sw + Sc = 6.57 ft

if _
k = sc/sw (16)

From equation (5) in Chapter 7, for CMa =0

208

T ARl ML i YA A e AP LNYR &y e e e .

®



*Ai1jowoab ©12zON *(Zz-8) 2anbtd

R e

ut ZZ'0T = P

209

ut oL°¢t = zv

A
|
l
}
I
|
|
fom——= ———m— =
}
1

uT 50° LN




.w
W ‘ubrsep 9TTSSIW *(g£-8) @anbia
|
1
; SE"6TC PO'€6T £S°SOT 8T FL 80°TS 88°LZ
m SR I | | (ot _ uot3ess
!
; o
: o~
\/ \/ ~
' Jayimysm ) ) q
u3. 'y pesysem  dxvep wo
e O e a2
| |
|
] ut oy
“—s




- e st bt e e A < 4

0= (C.) + (CNa) Xy 5 (Kw + KB )

? Na g W ref (B) (W)
(17
Sw
+ (C. ) x, =—= (XK + K )
Na'e "C S ef C(m) B(e)

Equations (16) and (17) above can be solved for Sy and k.

2
SW = 4,70 ft
= 0.40
Therefore, Sc = 1.87

If the same aspect ratio as found in Chapter 7 is used, the wing

and canard planforms become,

Wing: bw = 1.86 ft Canard: bc = 1.36 ft
(c.) = 5.05 ft (c) = 2.75 ft

r ., r .
(c)w = 3.60 ft (c)c = 2.63 ft
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IX. NONLINEAR AERODYNAMICS AND AERO1l

As mentioned in Chpater 5 the analysis thus far has been for
one speed and small angles of attack. The aerodynamics change
dramatically from subsonic to supersonic flow and with increasing
angle of attack. This chapter presents the methods used primarily
by USAF Stability and Control DATCOM -and covers all configura-
tions and flight speeds. As will be shown, the method becomes
} very involved and therefore lends itself to programming on a
digital computer.

The lifting characteristics of both wings and bodies become
| nonlinear as the missile angle of attack increases above 10°.

Up to this point in the thesis development only the linear
contribution has been considered. For large angles of attack,
the nonlinear term, which is due to flow separation, must be
considered. The relative effect of these terms on the normal

force and pitching moment coefficients is shown in Figure (9-1).

A. VISCOUS CROSS-FLOW

’ As can be seen in Figure (9-1), at large angles of attack
the forces acting are primarily nonlinear. The nonlinear term
! is normally described through the use of the viscous cross-flow

coefficient, C .

C = SP = planform area.

212 B
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Figure (9-1). Relative contributions of linear and nonlinear
terms [19].

For an infinitely long circular cylinder, the viscous cross-

flow force per unit length is

fv = 2r Cy 9, (1)

The viscous cross-flow coefficient is determined experimentally

and is a function of normal Mach number and Reynolds number.

Figure (9-2) gives the cross-flow drag coefficient as a function

of cross~-flow Mach number.
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Since in real flow there
length cylinder, the drag is less than that for an infinite, 2-D
cylinder. The cross-flow drag proportionality constant, n, is
the ratio of the drag coefficient of a finite cylinder to the

drag coefficient of an infinite cylinder.

The proportionality constant is also determined experimentally
and is given in Figure (9-3). Notice that the cross-flow drag
proportionality constant approaches one as the length to dia-
meter ratio becomes large, or the 2-D situation is approached.
The viscous cross-flow force per unit length for a finite

cylinder then becomes

ov_2
£ = 2rnC n (2)
v d 2
C
Since

2 2
" .2

5 = 5~ sina = g sin «a

equation (2) becomes,

£ = 2nCd qr sinza
c

v

is spillage around the ends of a finite
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The viscous contribution to the normal force acting on the cylinder

then becomes

. 2
F 2nCd sin“o A%
(c.) = —v= = . SC rdx

ref ref 0

For a uniform cylinder,

!
]
£

_SL 2
= sin“a
N v dc Sref

If this force is added to the term predicted by slender body
potential theory, the total normal force acting on the body can

be found. Reference [19] gives this total force as;

S S

(CN) =3 b sinza cos % + n Cd 5—2— sinza
B ref ¢ “ref

Similar terms can be developed for the wing and tail since
they also exhibit nonlinear behavior at high angles of attack.
Care must be taken to separate the lift of Chapter 5 into the
lift acting on the wing panel and the additional lift on the body
before the cross-flow term is applied. The nonlinear cross-flow

component of wing lift is caused by flow separation and the for-

mation of vortices on the upper surface of the wing. This

viscous term is given by, CN .
W(Vv)

S
CN = Cd sinza S W
W(V) n ref

Where C is the cross-flow drag coefficient for a flat plate and

4

is given in Figure (9-4).
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B. TOTAL MISSILE LIFT
The remainder of this chapter is a summary of references [17]
and [18]. With the addition of the force due to viscous cross-

flow, the total lift on the body becomes

c, = () +¢C + C + C
Ng s M) Y(m-a  VB(T)-6
where,
(CN) = linear and nonlinear lift force on the body
B
CN = additional lift on the body due to the wing
B (W)
CN = additional lift on the body due to the tail
B(T)=-a
(due to angle of attack)
Cx = additional lift on the body due to the tail
B(T)-§

(due to control deflection)

The additional 1ift on the body in the presence of the wing and
tail can be found as described in Chapter 6.
The wing lift is now composed of a linear and a nonlinear

component and becomes

0
il

C + C

W Sw(B) N

w(v)

SW S

2
c = (C.) —— sina + C sin“a
N = X)) e @ Soes a 5. o:

The tail 1lift is found in a similar manner only with the

additional term for any control surface deflection, §.

Cc =C + C + C

No  Npgy-a  Np(p)-s N

T (V)
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Notice that the linear terms in the above equations are multiplied

by sino instead of a as in Chapter 6. The linear theory from
which the Chapter 6 equations were derived assumes small angles
of attack and therefore sinaza . This is not true at higher
angles of attack and is therefore included here.

The total normal force then becomes, C

The last term, CL , is the lift-loss due to downwash and is given

i
by
(c, ) (C_) [ sino +k siné] i (b=-1r)ms$S
Lx W La T KW(B) W(B) T "W
CL =
i 2™ ART (fw - rw) Sref
where, i = interference factor
fw = votex location

the above terms are found by the methods of reference [13].

C. DRAG CHARACTERISTICS OF A MISSILE

The total drag acting on a missile is the sum of the zero-
lift drag and the induced drag (due to angle of attack and/or
control surface deflection). The zero lift drag of bodies and
wings is highly dependent on the missile speed.

Three speed regimes are normally considered.
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Subsonic 0 < MM < .8
Transonic .8 < MM < 1.2
Supersonic — M>1.2

Because of the empirical nature of the formulas for zero-lift
drag, the procedures followed are essentially those of DATCOM [1l6].

1. Zero Lift Drag

a. Subsonic
At subsonic speeds the zero-lift drag consists of
skin friction (ihcompressible) and pressure drag. The pressure
drag at subsonic speeds is usually small compared to the drag
due to skin friction. The entire zero-lift drag of a missile

at subsonic speeds is given by;

Where the components are the body, wing and tail contributions.

(1) Body drag, Ch - The body zero-lift drag is

0B
given by:;
i (s )
C = 1.02 C [ 1+ 1.5 + ] ——HEE—E + C
DoB s 372 7 §3 Sref Ap

where CA is found by the methods of Chapter 5.
B

The first term is the skin friction contribution and the
next two terms are the pressure contributions. f is the body
fineness ratio and is given by:

=L
f‘o
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(2) Wing drag, C

D The wing zero-lift drag is

' ow
given by,
t ¢, (swet)w
CD = Cf l + 2 (-c-) + 100 (E) - T—
ow w ref

(sWet) is the entire wetted area of the wings. The thickness
W

to chord ratio is given by (t/c).

(3) Tail dragq, CD . The tail zero-lift drag is

0T
given by,
t ¢, (Swet)r
CD = Cf 1l + 2(-6) + 100(6) —
0T T ref

The above analysis assumes fully turbulent flow along all sur-

c. , C and C are the local average skin friction
fB fia fT
coefficients based on the local Reynolds number, Re'

faces.

The reference lengths are the body length and
wing/tail mean aerodynamic chords. The skin friction coefficient
is then given by

4,55

C =
£ 2.58
(loglo Re)

b. Transonic
The total transonic zero-lift drag is composed of
skin-friction drag, transonic wave drag, pressure drag and
base pressure drag. The compressible skin friction drag is
found by using a correction factor on the incompressible co-

, found for subsonic flow. The compressibility
B

efficient, Cf
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' correction is found by the methods of Chapter 6, The skin
friction drag then becomes

(SWet)B
£fB fc sref

o c, =1l.02¢

The subsonic pressure drag is the same as before

(Syet!

7 B

1.5
CD = 1.02 Cf [;3—/5 + T:l

. pB B f S

ref

The above equation applies for Mach numbers in the range of

.8 to 1.0. The pressure drag then decreases linearly to zero

at a Mach number of 1.2. The transonic wave drag CD is deter-
rB
mined using Figure (9-5), which is a function of nose fineness
. L}
ratio LN/D'

The total transonic zero-lift drag of the body then becomes

+ C
DpB DVB Sref AB

where SN is the cross sectional area at the nose-body junction.
The total transonic zero-lift drag of the aerodynamic surfaces
is composed of the skin friction drag and a drag increment,

ACD , which is the transonic wave drag.
0

Experimental results show little increase in the viscous

drag of aerodynamic surfaces from the subsonic to the transonic

regimes; therefore the skin friction and pressure drag is the

same as for subsonic flow and is given by
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4 S
t t Wet
[l + 2(c) + lOO(c) 3

C = Cf

Dow W ref

The wave drag of the aerodynamic surfaces if found from

Figure (9-6) and is a function of g, AR and M. For swept wings

the Mach number used in Figure (9-6) is given by,

M' =M [cosAc/li]]'/2

The transonic wave drag increment is then given by

2.5 SW
ACD = ACD' [cos A c/4] 5
ow ow ref
/
where ACD is obtained from Figure (9-6). The tail zero-lift
ow
The total zero-lift

drag is found inthe same manner as the wing,

drag (transonic) is then given by;

¢c. Supersonic
The supersonic zero-lift drag of a missile is deter-
mined empirically by assuming a parabolic variation of C with
The resulting equation gs for

D

Mach number between 1.2 and 3.0.

the entire missile and is given by

- CD(;) J M

' - 1.7209 (CD" - CD') + 1.5708 (CD"

c. =c¢C

Do Do 0 0 0
224
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C°va \

0.6 \\
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L M=03 \-b

0.0 — — —— I
0 1 2 3 4 L é 7
Ly/p

Figure (9-5). Transonic wave drag for ogival and blunted
conical forebodies [18].
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where

2
0
2)

D D
0 O M=1.2
CDo = (CDO)
M= 3.0
CD' is determined by using the methods for transonic flow.
0

The magnitude of the supersonic wave drag is highly
dependent upon the nose shape. For this reason two methods
are used to determine CD;
Method I: This method is for blunted ogives, pointed ogives and

blunted cones. In this method

" p— [ ]
For Ly, < .5 " = ¢
0 0
" =
For Ly, > 8.0 cDO (cDO) + AcDow
M= .8
+ AC.  +C
Dor  2p

The above values are determined from the methods of transonic

flow.
For LN/D = .5 to 8.0
cC" =K, C'
D0 lD0
K, in the above equation is derived empirically and is given in

1
Figure (9-7).

Method II: This method is for pointed conical noses. In this

method CD" is determined by
0
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The first three terms in the above equation are found by transonic

flow methods. The forebody wave drag, C for M = 3.0 is found

4
Dyn

using Figure (9-8). The nose semi-vertex angle, 6 is the same

NI
as 0 in Chapter 6. In all flow regimes the base pressure drag
is found as in Chapter 6.

2. Induced Drag

The induced drag due to angle of attack depends upon the
flight regime the missile is in. For M < .85 and AR > 3.0 the
induced drag is,

(c.)?
C =—L_
D. TARe

where e is the Oswald efficiency factor = 0.7.
The tactical missile normally has an aspect ratio of less than

3.0. For all flight speeds with AR < 3.0 the induced drag is

CDi = CL tan a

The component induced drag coefficients are found in the same
manner as above using component lift coefficients.
3. Total Drag
From the zero-lift drag and induced drag the missile

total drag becomes,
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D. PITCHING MOMENT CHARACTERISTICS

The pitching moment of a missile is equal to the sum of
the pitching moments due to lift and drag forces acting on the
body, wings and tails. If only small angles of attack are of
interest, the pitching moment is due primarily to the lift
forces. The methods presented here are for all angles of attack.

1. Body

The body alone pitching moment about its center of gravity

is given from slender body theory and viscous cross-flow theory

as
vV, - S, (L - x_.) S X - L
CM = B S B T, G sinza cos % +n Cy (S E_)( Cg p)sinza g
B ref "ref lo] ref ref ;
Sp = Planform area %
X, = Centroid of planform area :
{
VB = Body volume g
SB = Base area ° ?
With CM given the center of pressure of the body becomes
B
c
X M
(x, ) L <5 - C 2 Lret '
P g ref NB

2. Wing (Fixed Surface)

The center of pressure location for the wing must be
found before the pitching moment can be specified. The
center of pressure of the various lift components are found

by the method of Pitts, Nielsen and Kaattari [13]. The lift
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components are the same as in the lift section. The center
of pressure of the lift on the wing in the presence of the
body, (i)W(B), is found from Figure (9-10) if.the flow is

3 subsonic and Figure (9-11) if the flow is supersonic.

3 | ' The center of pressure of the additional lift on the body
in the presence of the wing, (;{)B , is found using Figure

(W) :
(9-12) if the flow is subsonic. If the flow is supersonic

the center of pressure is found from Figure (9-13) or Figure
(9-14) depending on the parameters;
1

>
1]

taper ratio

=
]

co + ALE-

If the center of pressure reference is moved to the nose, the

following expressions result.

(x__)

X
() () +x

W —1
(B) r W(B)

ch
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Figure (9-10). Wing center of pressure
(subsonic) [18].
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Body center of pressure [18].
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Figure (9-13). Body center of pressure [18].
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Figure (9-14).
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From the above figure the entire pitching moment about

the nose of the missile due to the forces acting on the wing is,

c, = [(c

- Mo

+ C. )cosa + AC sinal (

X
+ C .E:E%igil)
Ly () Ly ) Ly Diy-a Lies

(xc
P B(w)

+ [C cosal ( )
Le (w) Lret
The viscous 1lift, CL and lift-loss due to downwash,
W(v)
CL , are not shown in the figure but are the same forces as
i

found in the lift section. These forces are assumed to be

)

acting through the center of pressure, (xcp .
Ww(B)

An average center of pressure of the wing due to all forces

acting on it can now be found as

CMW Lref
(x ) = —
cp (C + C, ) cosa + AC sinq
w LW Li Dyy~o.
where
C = C + C + C
e  Twem BB w(v)

3. Tail (Control Ssurface)

The tail pitching moment about the nose of the missile
is found in the same way except now a control surface deflec-

tion must be included. The eqguations now become




C = [(C + Cr, + C_ )cosa + C +
Mp L (B) T L; Lp(B) -6
(V)
(XCP)T(B)
(ACD + ACD )sina] (—'L——— )
T-0 T=68 ref
(x_ )
Ccp
+ [Cp cosa + C. ] (__ET_EiEL)
B(T) B(T)-6 ref
CMT Lref
(x ) = —— -
cp {C + C_. )cosa + C + (AC + AC )sina
T Lpea Ly Loos Droa Dr_s
where,
C = C + C + C
Lr-a  Pr(m) La(m) Ly vy
(od = C + C

-6 Lr(B) -6 Ly (7)-s

The wing and tail pitching moments above were found about
the nose of the missile. Transferring the pitching moments
about the center of gravity the complete missile pitching

moment becomes

E. AEROl DESCRIPTION
It can be seen from the preceding description of the aero-

dynamics of a missile, that the process of obtaining a complete
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description of the aerodynamic coefficients becomes an involved

task. This was the justification for initially using linear
aerodynamics. To complete an analysis a fast method of pre-
dicting the static aerodynamic characteristics is needed.

The method needs to include both linear and nonlinear contri-
butions as well as interference factors and must be applicable
to all speed regimes. This analysis lends .itself to program-
ming on a digital computer. AEROl is a modification of the
program AEROCF which was developed at the Naval Air Development
Center by Mr. F.A. KXuster, Jr. [l7]. The program is essentially
as written except for calculation of planform areas and centroids.
The program was also modified for use on the Naval Postgraduate
School CP/CMS system.

AEROL consists of a main program and three subroutines. The
inputs to the program are the geometric characteristics of the
missile, the flight conditions, engine and inlet type and the
protuberance drag. The output consists of the aerodynamic co-
efficients for 1lift, drag and moment. The component contribution
to these coefficients are also given. The component and overall
center of pressure are also determined.

Subroutine GEOSUB; This subroutine calculates the missile

wetted area and the Reynolds number per foot based on the flight
altitude.

Subroutine CLASUB; This subroutine calculates the aerodynamic

surface 1lift-curve slopes.
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Subroutine CATSUB; This subroutine calculates center of

pressure locations, cross-flow drag coefficients, and interference

factors.

Main Program; The main program assumes the control surface

is the tail. This is regardless of the method of control (Wing,
Tail, Canard). Because of this, care must be taken to input the
right data for the tail. For instance, if the missile is a wing
control missile, the wing data is input as the tail and the

tail data as the wing. Figure (9-15) and Table (9-I) give a
complete listing of the input data. Table (9-II) is a list of
the output data. Appendix A is a listing of the program as modi-
fied for use on the Naval Postgraduate School IBM 360 computer.

1. vVerification of AERO1l

Before using the program an attempt was made to verify
its prediction techniques and find any pitfalls in its use. To
accomplish this the program was run for various configurations
for which experimental data were available, and the results were
compared. The comparisons are shown in Figures (9-16) to (9-25)
from references [19] - [22] which are NASA technical notes and
memoranda which report results of wind tunnel tests for various
body-wing-tail combinations. In Figures (9-16) to (9-25) the
solid lines are AEROl predictions.

'a. NASA TN D-6996

This technical note presents a method of predicting

aerodynamic characteristics for bodies alone at angles of attack

from 0 to 180 degrees. Several nose-bodycambinations are given.
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Variable Name
, 1 ICSsC
2 INOSE
3 IDT
) 4 IM
5 IAL
6 NBODY
7 ISWPW
8 IAFBW
9 IWEPW
10 NWING
11 ISWPT
12 IAFBT
13 ISWEPT
14 NTAIL
15 XLAMW
16 CLAMW
; 17 BW
i 18 CROOTW
}' 19 sw
: 20 XMACW
| 21 XWING

TABLE (9-I)

Input Data

Format

12

12

12

12
12
12
12
12
12
12
12

12

Meaning

Type of control (wing,
tail, canard)

Nose shape (ellipsoidal,
cone, ogive)

Number of control surface
deflections

Numer of Mach numbers

Number of angles of attack
Number of configurations
Wing shape (delta,nondelta)
Missile body after wing
Leading edge sweep indicator
Number of wings

Tail shape (delta,nondelta)
Missile body after tail
Leading edge sweep indicator
Number of tails

Wing taper ratio

Wing leading edge sweep

Wing span

Wing root chard

Wing exposed area

Wing mean geometric chord

Distance to wing leading
edge




Variable Name Format
22 TOVCW F10.5
23 XLAMT Fl0.5
24 CLAMT F10.5
25 BT F10.5
26 CROOTT F10.5
27 sT Fl10.5
28 XMACT Fl0.5
29 XTAIL F10.5
30 TOVCT F10.5
31 HT F10.5
32 D Fl10.5
33 XL Fl0.5
34 XLNOSE F10.5
35 XCG F10.5
36 AREA F10.5
37 XREF F10.5
38 ENGINE F10.5
39 INLET Fl0.5
40 BETA F10.5
41 DBASE F10.5
42 DJET Fl0.5
43 XLABOD F10.5
44 CDPROT F10.5

Meaning

Wing
Tail
Tail
Tail
Tail
Tail

Tail

Distance to tail leading

edge

Tail

Altitude

body
Body

Nose

Center of gravity location

thickness to chord ratio
taper ratio

leading edge sweep

span

root chord

exposed area

mean geometric chord

thickness to chord ratio

diameter
length

length

Reference area

Reference length

Engine code

Inlet code

Boattail angle

Base

diameter

Nozzle exit diameter

Boattail length

Proturberance drag
coefficient




Variable Name

AL

CLTOT

CDTOT

CLWP

CLBW

CLTP

CLBT

CLB
CDI
CNWP
CNTP

CLTD

CDTD

CN

ca

XCPW

XCPT

XCp

cM

P ol

TABLE (9-II)

Output Data

246

Meaning
Angle of attack

Total coefficient of lift
Total coefficient of drag
Wing panel coefficient of 1lift

Additional lift on body due to
wing coefficient

Tail panel coefficient of lift

Additional 1lift on body due to
tail coefficient

Body alone lift coefficient

Induced drag coefficient

Wing panel normal force coefficient
Tail panel normal force coefficient

Coefficient of 1lift due to tail
deflection

Coefficient of drag due to tail
deflection

Total normal force coefficient

Total axial force coefficient

Wing center of pressure
Tail center of pressure
Total missile center of pressure

Total pitching moment about center
of gravity




Figures (9~16) to (9-18) compare the coefficients predicted by
AEROl with those obtained for body number 9 in the NASA report.
The normal force coefficient is predicted well throughout the
range. The moment and axial force trends are predicted by the
program but large errors exist throughout the range of angles
of attack.
b. NASA TM X-2367

This technical memorandum investigates the aero-
dynamic characteristics of various cruciform body-wing combina-
tions. The coefficients for this configuration agree very well
with experimental values up to 10 degrees angle of attack. Beyond
this value the lift and moment coefficients predicted by AERO1
exceed the experimental values by as much as 10 percent. Al-
though the exact cause of this error was not investigated, it may
be partially explained by the nose shape of the body. The nose
is a combination ogive and cone. For purposes of AEROl it was
assumed an ogive. The greater presented area of the ogive would
contribute to a higher CL and Cm through the cross-flow terms in
these coefficients. Figures (9-19) through (9-21) compare the
predicted with the experimentally determined coefficients for
the wing=tail configuration of this reference at M = .9.

C. NASA T™M X-2780 and NASA TM X-2289

These technical memoranda investigate the aerodynamics
of a delta wing missile using tail control and a tail-less cruci-
form missile. As shown in Figures (9-22) to (9-25) there is
excellent agreement between the experimental values of the aero-

dynamic coefficients and those predicted by AEROL.
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F. COMPONENT WEIGHTS

'As with the gross weight, the component weights can be

.determined through the use of parametric regression equations.

If the dimensions of the components are known, the following
formulas can be used to determine the component weights [7].

Aero Surface Weight

The weight of one wing panel is given by,

_ 1.02
Wag = 6.77483 (E,,) (AR,

.56

) (1)

EAS Exposed are of one panel, ft2

AR

AS Aspect ratio of one panel

Body Structure Weight

.64 1.77

Woae = 0604 (LBS) ) (2)

BS (Dgg

LBs Length of body to be covered by

structure. This does not include
the rocket motor unless a separate

structure surrounds the motor

casing. (inches)

Diameter of body structure
BS
(inches)

Internal Systems Weight

)1.00 (D ).42

135 (3)

W.. = .00485 (wG)'74 (L

1s IS

wG Gross weight of the missile
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Lig Length of subsystem (inches)

DIS Diameter of missile (inches)

In the above equation, the internal system includes guidance,
avionics and control.

1. Design Example (Component Sizing)

If the guidance and the control sections are kept at
10 percent of the total length, and the remaining components
are as sized previously, the design is as shown in Figure (9-27).
Since these components are considered internal systems, their

weights can be determined from equation (3).

9

W .00485 (1809)~'° (.1r) (12.5)°%2

cont

Wcont Wguid = 83.64 1b

The wing and canard weights are found using equation (1) and

Figure (9-26).

o

ARpg =
b' = b/2

t

AS

AS

Figure (9-26). Aero surface weight.
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Raate il g aag

The wing weight is four times the weight of one panel.

Ww = 43.42 1b

Similarly the canard weight is
W, = 9.88 1b

If the entire body is covered by structure, the body structure

weight becomes

.64 7

W (12.5) %7

st

.0604 (232)

Wst

172.38 1b

The following component table can now be constructed.

Component Length (in) Weight (1lbs) Center of Gravity {(in)
Control 23.2 83.64 39.48
Guidance 23.2 83.64 62.68
Warhead 31.25 28.26 89.91
Sustainer 87.51 618,92 149.29
Booster 26.31 159.46 206.20
Motor Casing 113.82 59.50 162.44
Wings 43.42 211.40
Canards 9.88 44.08

Structure 232.00 172.38 116.00




The complete missile weight is then 1264.62 1lbs.

The center of gravity from the above table is

Xog = 139.44 in

The center of gravity at the end of boost is

(x_..) = 129.85 in

cG
G. DESIGN EXAMPLE (FINAL ANALYSIS)

From the design parameters so far, a complete description
of the missile can be determined. Figure (9-27) is a drawing

of the missile. The launch conditions for the missile were

specified as,

MM = 1.5

h = 10,000 ft
WG = 1264.62
xcG = 139.44 in

From these conditions the input data for AEROl is shown in
Table (9-III). The format is the same as that of the output of

AEROl and is printed as a check to ensure that the input data

was entered properly. The output is shown in Table (9-1IV).
Figure (9-28) is a plot of the coefficient of moment versus angle
of attack for the launch condition and for the beginning of
cruise. The center of gravity has moved forward approximately

10 inches for the beginning of cruise so that the stability has
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increased as indicated in this figure. The performance objective

from the beginning of the design was to provide a 31 g maneuver
capability. Table (9~ V) shows the output of AEROl for Mach
numbers of 1.5 to 3.0 and control deflections of 0.0 to 30 degrees.
From this output the trimmed normal force can be found and the
corresponding load factor is then,

c g s

Nog
W

ref

The following values of maneuver load factor were found using

AERO1l.
M Cy q(lb/ftz) n(g's) § req
TR
2.5 18.80 6369 85.00 10 degq.
2.0 24.50 4076 70.99 10 deg.
1.5 12.00 2293 19.56 10 deg.

As indicated in the above table, the missile meets the maneuvering

specifications of the operational requirements.

ik




IS 11
16°11
6% °11
¢hTT
£E°11
ot 11
Is°01
10°8
s ot

d4IX

T8 Zh°n
962 Zn°h
99°¢ In°n
Le*L Th°n
L'y n’y
80°9 Zh°n
90°S Zh°h
BE'E In°h
00°0- ZH°h
BE°E In°w

940X 14X

8L°Lt
8L°L1
LT A
8L°LT
8L°LT
8LLY
el LT
8L°LT
8L°L1

NdoX

P

19°s
821t 22°¢L
%6°0 16°S
69°0 89°4
50 €5°¢
€heD LY°T
Ih°0 05°T
th'e S9°0
%0 00°0
In*0 59°0-

v ND

2601 °0=14M009 Z620°0=3S 110D
00°0 00°0 O0S‘'T ([8°Z ¢68°'¢
00°0 00°0 0£°T S$%°Z 69°2
00°0 00°0 TI'Y €0°Z 6L£°T
00°0 00°0 Z6°0 Z9°T TII°%
60°0 00°0 7L°0 €Z°T 29°'0
00°0 00°0 %5°0 S8°0 0¢°0
00°0 00°0 SS°0 6%°0 TIT°'0
60°0 00°0 (TI'0 BI°0 2Z0°'0
00°0 00°0 00°0 00°0 00°0
00°0 0D°0 (1I'D- 8I°0- 20°0

ardd 6173 dIND  dMND 142

andanQo TO¥AVY ° (A-6) HTAVL

12€0°0=2000
0°0=104dUD
£9°C 95°0 0S°1
S0°Z 6n°0 1€°1
§S°T €%°0 I1°T
I1°'T 9¢°0 26°0
92°0 62°0 2L°0
Lh°0 22°0 €S°0
ST°0 SI°0 Ssf£°0
60°0 (0°0 (1°0
00°0 00°0 ©00°0
€0°0- [0°0- {1°0-
912 1970 41719

9€£0°0=M0C
0°0=14vUd

£6°0 9r°2
€8°C fn°7
1L°0 z0°2
09°0 zo°t
gn'0 zz°1
L£°0 ng°Q
%Z°0 6&n°0
1’0 81°0
00°0 00°0
Z1°0- 81°0

na1d  dm1d

0°0

b] 9£0€ "0=404D
0°0=1N1d2

9T 8n°'s  °91
01°¢ Zr°¢ °nt
0z°z €8°s °I1
IS°T 79°% ‘Ol
£0°T 8n'¢ °8
IL°0 €v°2 °9
76°0 84°T %
ER°C %9°0 °Z
Ih°0 00°0 °O

- EN°0 %9°0- °2-

16103 10172

wv

=¥113d 0S°T =HXA

268




£0°1
€6°1
ne°e
LT g1
19°h

- L1°9
69°9
98°S
6Z°%

hhg

128 ]
96°L
99°L
-t
L9
80°9
90°§
8¢ °¢
00°0-
8¢ °¢

adJX

Ny
AR
Thh
n°h
h'h
th'y
th°h
th°y
Th'h
thh

140X

8Ll
8Ll
8Ll
8L°L1
8L°LT
8Ll
8L°L1

8Lt

8Lt
LT A

Ad X

e
Lt
0"t
86°0
9L°0
19°0
i5°0
84%°0
9% °0
LE M)

vd

L9°6
8Z°8
56°9
0L°sS
£S5 °0
gh'g
ghee
€571
t6°0
81°0

NJ

10°0
10°0
10°0
0°0
c0°a
20°0
20°0
200
0°0
20°0

T604%°0=18M00QD

” ——— e w——— p—
2620 °0=JS11ad TZ£0°0=100D 9€£0°0=M0QD 9¢0€ “0=4000
0°0=104400 0°0=14v(D 0°0=IN10D
Lh*0 0€°T S8°T 89°% €9°'CT 48%°0 6Z°7 €6°0 S8°7 OI'S 46°6 °91
£h°0 01°Z €%°7 6€°€ SO0°Z 8L°0 80°T €8°0 Z%°Z TIR°E L1°8 °nl
8h°0 68°T 10°Z 9€°fT SS°T ZL°0 (BT TL°'0C 00°CZ GL°T (8'% °71
6%°0 [9°T 09°T 96°T 2ZU°'T 99°0 99°T 09°0 6S°T 66°T €9°S ‘0T mw
6%°0 Sh°L 0T°T L6°0 9L°0 6S5°0 hwu°T B840 GI°T 6€°1 [9°% °S ~
06°0 %Z°L TI8°0 #S°0 [L%°0 Z6°0 €Z°U (Lg°0 08°0 ([6°0 &£°C 9
05°0 T0°T 44’0 (LZ°0 S2°0 SH°0 ZO0'T %Z°0 fw%°0 69°0 O0%°7 “n
16°0 T8°0 2I°0 OU°0 60°0 BE°0 TI8°0 ZI°0 2T°0 €S°0 2IS°'T °¢
15°0 19°0 00°0 %0°0 00°0 I€°0 TY°0 00°0 000 9%°0 2670 'O
I§°0 8Z2°0 Z2T°0- 00°0 6U'L- WZ°0 8Z°0C Z1°0- TI°0- €£%°0 610 °2-
diiNd tud 412 1913 dLT10 MU0 dMID 10LdD L0LTD WV

ulud WL dLND

00°0T =V173G4 0S°T =ilXA




et e e

€T°¢L

0¢°8 -
€6

S€°0L
1¢°11
[ AKAS
gt gt
6% °¢t
€12l
90°¢L

th'y
AR |
AR
thh
hth
th'n
ih°y
ih°n
inn
th'h

140X

8L°L1
8L°L1
8L°LT
8L°11
8L°LT
8L°L1
8L (L1
8L LT
8L°L1
8Lt

Md X

19701
£€2°6
i6°L
L9°9
6%°S
68 h
Se°¢
9h°7
68°1
SL°0

2601 °0=19M00QD

%0°0
S0°0
s0°0
S0°0
$0°0
su°o
90°90
90°0
90°0
90°0

£€8°0
S8°0
L8°0
88°0
U6°0
¢6°0
£6°0
$6°0
86°0
L6°0

no°¢
$8°¢
n9°7
€47
1"z
66°1
94°1
s 1
1€°1
15°0

NO  Uldd 01723 diND

2620 °0=2S1WQD 1Z£0°0=1002
0°0=10Yd02
%8°'T In°S €9°T 90°T 66°7

18°2 60°% S0°T 10°1l 08°7
66°T 96°Z SS°T $6°0 09°¢
(S°T L0°Z Tl 06°0 0%°7
9Tl 8E°T 9£°0 %8°0 bBI'T
9£°0 98°0 (H°0 8L'C (b°1
LeE°0 Hw°0 ST°0 11°0 SL°1
SO0 9Z°0 60°0 sS9°0 £5°1
00°0 S9T°0 00°0 8S'0 T£°L
S0°0- €0°0 60°0- 2S°0 1IS°0

dnNd 140 972 1973 41710

9¢L0
0°0

£6°0
£8°0
100
09°0
84%°0
Le°o
LIA!]
o
00°0
i1°0

ng1d

*0=100D
=14vQ0

£€8°2
04"z
86°1
9s°1
st°1
SL°0
9¢ "0
S0°0
00°0
- §0°0-

dMT1D

9¢0¢ *0=900D
0°0=IN1GD

Z6°S nn°0T 91
St 0U°6  °al
e 18°L Il
£€§°7 85°9 ‘01
"8t Zw°s ‘s
€£°T ¢€£°9  °9
9%6°0 I£°¢ °w
£L°0 am°7 "1
29°0 68°tL ‘0
0s°0 9.°0 °2-

10102 10170 TV

00°07 =v1130 0S°T s=HXA

270




260" 0=18M0UD Z62Z0 0=3S 1HUI 12£0°0=10UD 9€20°0=MOUD 9¢0f “0=L0UD .d
. 0°0=L0YdUD 0°0=14vUy 0°0=1H10D

L€°TT 18°6 2ZT°8 Th°h BL°LYT OT°¢ TT°IT LO0°0 HO°'T SS°¢ I8°Z 10°9 €9°7T 6I°T 9%°¢ €6°0 18°Z B%"°9 Z20°TIl °91

6L°21 €5°6 96°L ITw°h 8L°LT 8S°CT 88°6 [0°0 [O0'T 6%E°€ 6E£'Z 09°f" S0°C SUI'U U1¢€°¢ €B°0 8€°Z 80°S IL°6 °nl

9T 4T 81°6 99°¢ In°h 8L°L1 80°Z 19°8 80°0 TITI'T ZZ°¢t 96°T 44°¢ 6S°T OI°T SIS 1TL°0 S6°T €6°C (%°8 °IT w
Lh°ST €L°8 LT"L Thh BL°LT 89°T 6£°L 80°0 NI'T H0'¢ €S°T 6%°7 UL 90°T B86°Z 09°0 ZS°'T 66°T- 81°L “0I i
€L°9T T8 LL°9 Thch BLCLT LECT WT°9 60°0 BT°T 48T TTI'T SL°T 9£°0 O00°I BL°T B8%°0 OI°L ®™Z°Z S1°9 °
86°L1 T€°t 809 THh°h BL°LT €T°T 4I°S 60°0 TZ°T %9°Z €9%°0 (LU°T (%0 S6°0 09°7 (L£°0C 89°0 (9°U (0°S °
7C°6T 80°9 90°S ThTh 8L°L1 S6°0 B80TH QU0 MI'T ZHTT ST'O0 €L°0 ST°0 06°0 OhTZ NIO NZ°0 €Z°T 40°n  °
$H°3T Th°s 8¢€°¢€ Ih°H 8L°LT 0O6°0 T4h°¢ OTU°0 9Z°T 1T1Z°Z +&l'¢c 0S°0 60°0 HB°0 O02°Z 2I°0 €1°0 7T0°T 8¢€°¢ °
SL°LT Th°h 00°0- IH°h 8L°L1 S8°0 LL°7 IT°0 GZ°T 66°L 00°'0 H¢e°0 O00°C 6L°0 66°T 00°0 00°0 S8°0 (LL°2
80°6 29°0 8¢°¢ H°w 8L°LT 66°0 68°0 TI°0 ZE'T ZS°0 NwI'O0- %0°0 60°0- €L°0 €£S°0 I1°0- €1°0- 95°0 116°0 °

271

NONO®

142X MdIX vd MD  QLGD Q113 dIND dMND 190 97192 19193 4170 AMe1d 4dMI1D 10140 10170 YV

00°0¢ =vV1130 0S°T =HXA )




hi6g " 0=18M0OAD Z620°0=JSWUD L050°0=20UD mono.oyzcco ZI6Z " 0=ti0LI
0°0=104dUD 0°0=14v0d 0°C=1H1UD

€8 In'hy 0%°3 00°0 00°0 1I%°T "9L°C wl°€ 6L°CT 8%°0 I%°1 8°0 9L°7 €I°4% (2°8 °91
S0°8 Iu°h 66°9 00°0 00°0 €2°T 9€°7 (£S°T SI°T €H°0 €Z'1 €L°0 SE€°Z 96°T 68°9 41
€L°L Thch 89°s 00°0 00°0 %0°T 96°Tt 89°T T9°T (£°0 %0°1 €9°0 S6°T 80°‘Z 09°S °2I
gE°L Ih°y Lh*h 00°0 GO0 98°0 (S°T €0°T SI'T T€°0 98°0 €S°C 9S°T ITH'T 1Iv°n °0Ot
18°9 Zh°% 9¢°¢ 00°0 00°0 B9°0 &I'L (S°0 BL°0 ST°0 89°0C €%°0 €I'T [6°0 1§°€

11°9 Zh'n "€t 00°0 00°0 0S°0 Z8°0 LZ°0C 8%°D 6KI'0 0S°0 ZE°0 T18°0 (£9°0 0€°C

L0°s In°n Th'L 00°0 00°0 €£°0 8%°0 OT°0 SZ°'0 €TI0 €€°0 7ZZ°0 8%°0 6%°0 6E°Y

g€ "¢ Ih'h 19°0 00°0 00°0 91°0 81I°0 Z0°0 60°0 90°C 9TI°0 TII°0 BTI°0 1490 09°0
00°0- Zh'h 00°0 00°0 00°0 00°0 00°0C 00°0 00°0 00°0 00°0 00°0 00°0 &£°0 00°0

8E°¢ Tn°h 19°0- 00°0 00°C 91°0- BT'0~- Z0°0 60°0- 90°0- 91°0- TTI°0- RT°0- I%°0 09°0-

443X 143X N3 QLU QL) dIND di{ND 140 919 110 J173 Me13 dATD L0114 1047D

0°0 =V113d 00°Z =kXA




B TR i TN gy mes o

R R S T e IR

NZ6E°0=18M0GD)  ZEZ0°0=ISIWGD  [O0£0°0=100)  §0LO°0=MOUY  ZI6Z "0=000) ]
0°0=10Y¥d0D 0°0=14vad 0°0=1H1Q)
TS'T  99°0T Z€°8 Zh°h 8L°LT L1°T Th°6 T0°0 €h°0 8L°Z SL°Z 1S'm 6L°7 SL°0 L1°Z 28°0 SL°Z 16°% 8Z'6 91
NZ°Z  MGCOT SO0°B Zh'h BL°LT 09°T 66°L T0°0 %h°0 86°T ME'Z Tz ST'Z 69°0 £6°T €L°0 %§'z T9°€ 68°L W1
00°€ LE°0T €2°L Zh'h BL°LT 6I°T £979 T0°0 'Sh°0 BL°T %6°T T[Z°Z I19°T %9°0 £L°T €9°0 €6°T T[9°Z 65'9 ‘I
SL'¢ UL €6°L Zh°n 8L°LT 6870 %S T0°0 Gn'0 8S'T 4S'T hh'l ST'T 6570 £S°1 €5°0 hMS'T S8°T [€'§ ‘ot
6h°h  8£°6 [8°9 Zh'w §L°LT 69°0 0E'H 1070 9nt0 £ETT 9TI1 8870 8£°0 €570 g1 ghio SUTT 6271 siimo 8 .
81°S €Z°'6 TT'9 Ihw°n B8L°LT 95°0 SZ'€ 10°0 9%°0 (£I'T 6L°C 64°0 85°0 [h°0 S9I'T 2£°'0 ££°0 06°0 il'¢ -9 &
6£°S 0£°8 L0°S THw BL°LT 61°0 0€°Z TO'0 L%'0 L6°0 W%T0 %Z°0 §Z°0 TN'O0 96°0 IZ'0 €%°0 $9°0 LZ°Z °4
129 #S°'9 BE€ Zhh 8L°LL §H°0 SuTL T0°0 L4°0 LL°0 €I°0 60°0 60°0 SE°0 9L°0 II'0 ZI'O 0S°0 4L °Z
€9°6  0S°h 00°0- Zh'w BLLT hN'O 9870 T0°0 8%°0 £S°0C 00°0 €0°0 00°0 6Z2°0 [S°0 0G°0 00°0C #%°0 98°0 °0
06°¢  weves BE°C 2HW 8L°LT ZH0 SL0 T0°0 84%°0 9Z2°0 €I°0- UU'0 60°0- €£2°0 92°0 T[1°U- ZI°0- T®°0 9L'0 °2-

‘Ho dJ3X 843X 1dIX 1d X v NO ulud dL1D dLIND dMND 160 w1d L6710 4170 AU dNTD 104dD 101T) v
00°0T =VL13U 00°Z =HXA i




gt
97°8
€16
66°6
080t
9¢ 11
6221
85 "2t
111
€€°9

Wl

11°01.
68°6
29°6
ST°6
SL°8
%0°8
96°9
€h°s
0s°h
8z°t

dIX

1€°8 In°h
$0°8 In°h
gL°L Thth
€€°L ThY
18°9 Ih'h
IT°9 Th°n
L0°s Tn'y
8€°¢ TN’y
00°0~ ¢h°Y
3€°¢ I’y

842X 140X

8L L1
8L°L1
8L°L1
8L L1
8L°LT
8L°LT
8L°L1
8L Lt
8L°L1
8L°LT

MdIX

99°2
"0°2
151
@l
96°0
8.°0
L9°0
09°0
85°0
64870

v

1e°01
06°8
65°L
9¢°9
s
9t N
8L°¢
£€°7
6L°1
99°90

hT6C "0=16GM00QD

oo
ho°o
h0°0
h0°0
S0°0
50°0
S0°0
$0°0
s6°0
$0°0

Lo
6L°0
13°0
Z8°¢
he o
S8°0
i8°0
88°0
68°0
00°0

NJ d1dd d17o

68°¢
IL°2
1§72
| § A
(1] 4
68°1
L9°1
94°1
st
sh°0

dLHD .

1620 "0=3S1Wad
WLt s
££°7 98°¢
t6°l 9L°¢
¢s°l T16°1
4 S S P A ¢
he'0 8L°0
Lg°0 Su'0
L0°0 %Z°0
00°0 NI°0
Lu*o- T0°0
dhid 14l

L0£90°0=100D

0°0=10ud02
6L°C S6°0 S8°7
ST1°T 16°0 (9°C
19°T 98°0 8%°Z
SI°T 18°0 8Z°C
$4°0 9L'0 8U°T
8h°0 TL°0 (8B°1
ST°0 S9°0 99°'1
60°0 09°0 Sh°'I
000 4s°0 STt
60°0- 640 9n°0
913 1972 .ahau

S0L0°0=10QD 167 *0=0000

0°0=14vQ1D 0°0=TH1UD

I8°0 €L°7 (9°S nt°OT °9t
€L°0 TE'T 6BT°% LL°8 °w1
€9°0 T6°T 6I°C 6%°L "I
€5°0 IS°T ne°Z 82°9 ‘ot
€9°0 TI°T OL°1T 91°s °
¢E°0 ML°0 TTTT O OTLCY Y
€C°0 L£°0 68370 SU°E °n

11°0 L0°0 89°0 e£°¢ °¢

00°0 00°0 8S°0 6L°T ‘0

1¥°0- L0°0- £{%°0 89°0 °2-

274

hal1d 4110 L010d 10470 WV

00°07 =v113d 00°T =WXA ! +




&

N N RSP TRTTRe s K 5

#Z6< " 0=L9M00D 620 "0=2S1WUYI L0€0°0=10UD S0£0 °0=£1000 16T "0=50UD 1

0°0=10udud 0°0=24vV0D 0°0=1NH1GD

62°TT 84°6 2£°8 In'h BL°LT T0°E 68°01 90°0D [L6°0 8C°€ IL°T SL°S 64°Z L0°T O£°C T8'0 LT 0I°9 0L°0T °91 i
IS°ZL 1S°6 S0°8 2Zh'h BL°LT 8€°CT €5°6 90°0 00°1 €T°'€ 1T€°C Ne'h SIZ €O°T OU'S $££4°C 0§S°Z 64°% Lte£°6 °at ;
GL°ST 96 €L°L TH°H 8L°(T 68°T 97°8 [0°0 €O°I (0°€ 68°'T 0OZ°€ T9'T 00°T Y0°C €9°0 68°T 99°¢ ¢I'B KA .
S3°hT. 2478 €5£°L ZhTh BLCLT TS'T 90°L L0°0 90°'T 06°C B8%°l 0€£°Z SI'T 96°0 "B°Z €6°0 84%°T 9/°¢z 96°9 ‘0t
"6°ST wI'8 18°9 Iw'w BL°LT €2°T 96°S 80°0 60°T TL°Z 80°T 09°T 8L°0 26°0 (£9°C €n°0 [O°T 90°zZ 98°G °8
T0°LT A€°L 1T Zh°4  8L°(T TO°U 68°% 80°0 TI°T 2S°Z 89°0 90°T Bw'0 28°0 B"'Z Z€°'0 L9°0 ¢S°I €8°%h °9
8I'3T SI°9 £0°S Zh'h @L°(Y [8°0 68°C 60°0 SI'T T€°Z (2°0 99°0 SZ°0 €8°0 6Z°Z 2z'0 9Z°0 #I°T €8¢ °4
£E°LT LY'S BE'E ZhCH BLCLT ZBTO wZ°E 60°0 8IT II°Z HIOD S0 60°0 8.0 012 TI'0 MI'0 %6°0 22°S °i

0

4

275

%8°91 6%°% 00°0- Zh°% BL°LT 6L°0 £9°T 60°0 0Z°T 06°T ©0°0 O0E*0 00°0 €£°0 O6°T 00°0 00°0 €£°0 £9°2 °
66 "¢ TS0 8€°¢ Ih°H 8L°(T §S°0 8£°C OT'0 €Z°T %%°0 4[°0- €0°0C 60°C- 89°0 SH°0 TI°0- HT°'0- ZS°0 6L°0 °

Wl ddX 943X 1d40% Md43X ¥ ND Q102 QLD diIND dhNd 140 879 1972 4173 Me1d JdM10 10103 LOLTD TV :

s CO0°0f =V1T730 00°7 =WXA !




st il ae

e -
£L°¢-
90°¢-
he T~
19°1-
16°0-
LT°0-
61°0

00°0

6T ‘0~

LL A |
91°8
T8°¢L
on L
98°9
L1S
60°S
8¢°¢
00°0~
8¢°¢

849X

AR
Zn°'h

Znth

AR |
n'y
hth
th'h
ih'h
(AN ]
h'h

142X

8L°L1
8L°LT
8Lt
8L°11
8L°LT
8L LT
8L°L1
8L°LT
8Ll
87°L1

MdIX

8l°'8
08°9
s
{T°n
61°¢
12t
et
85°0
00°0
85°0-~

M3

9620 "0=2S IWUD

9LL5°0=18M0UD
00°0 00°0 €£°T
00°0 00°0 SU'T
00°0 00°0 86°0
00°0 00°0 13°0
00°0 00°0 %9°0
00°0 GO'O £%'0
0070 00°0 1S°0
00°0 00°0 ST°0
00°0 ©€0°0 00°0
00°0 00°0 SI°0-
QLU a11d  dind

L9

.82°7

63°1
15 1
ST°1
08°0
40
8T°0

“00°0

g1 ‘0~
diid

12°¢
64°7
09°1
96°0
£€5°0
S0
60°0
70°0
00°0
20°0

100

e e

L620°0=210UW

0°0=104dUd
€0°¢E €H°0 he°t
62°7 8¢'0 91°1
89°1T ¢¢°0 86°0
8$T°T 87°'0 t8°0
6L°0 ZT°'0 H9°0
gn‘0 LT°0 n'0
ST°0 1IT°0 T€°0
60°0 90°0 S1°0
00°0 o00°0C 00°0
60°0- 90°0- ST°0-
119 16473 d170

1890 °0=MUUD)
0°0=14VUY
89°0 (9°C 60°n
09°0 {Z°T (B°l
iS°0 68°T 26°T1
un°0 IS°T w1
SE°0 RI°T 16°0
LZ°0 6L°0 €0°0
BT°0 %0 L%°0
60°0 BT"0 6€£°0
00°0 00°0 P€°0
60°0- RT°C- £SO
HE13 41D LOLUD
0°0 =V1130

9647 "0=60U0

0°0=1TnIUD
51°8 91
0L°9 °n1
6€°s 7t
1Z2°% o1
"1'e 8
(e 9
€°T %
9¢°0 ‘¢
00°0 °0
95°0- ‘-
10472 WV
05°Z =HXA

276



9L.¢f *0=19M100D oa«o.clow_Scu L620°0=L0UD 2890 °0=p10012D 9641 °0=800)

0°0=104d02 C°0=14vQD 0°0=1N1QD

68°1 TI°0T A8 Zh°w BL°LT £T°T 62°6 T0°0 O0%°0 (0°Z 99°Z €H°'h €0°¢ [9°0 90°Z 89°0 99°7 I2°%" OI°'6 °91
st 06°01 91°8 z4h°% 8L°LT 7S°'T 9L°L 10°C 1%°0 88°T 92°2 80°¢ HZ°7 €9°0 (B°T 00°0 9Z°Z (%°S S9°L ‘o1
90°¢ heET0T 28°L ThTH BLTLT OT'T 1I%°9 T10°0 Zh°0 69°T (£8°T 80°¢ 89°T 8S°0 89°T I§°0 [8°T (n°Z7 €€£°9 °2I1
0L°¢ TT°0T oh°f Zh™% BL°LY 18°0 6BI°S T10°0 Z%°0 OS°T 6%°T HE'l BI'T €5°0 6% "I 4h°0 €%°1 €L°T €I°S °01
£€€°n 9£°6 98°9 Th°h BL°LL T9°0 80°HM T10°0 ¢n°0 0¢°T ZI'L 18°0 64°0 8%°0 6Z°T S€'0 21t OZ°T €0°% °g

Z6°n TZ'6 ML°9 Thh BLOLT 1S°0 BO°'E T0°0 €4%°0 TI°U [LL'0 SH°D 38hH'0 €%°0 OI°1 [Z°0 97°0 He°0 40°¢ °9
€h°s I£°8 60°S Tw°h BLLT Sw°0 LTI°Z T0°0 %h°0 I6°0 €4%°0 YZ°0 SZ°0 8€°0 1G°0 BT°0 €%°0 09°0 4I°Z °n
{L°s 09°9 3£°¢ Ih°Hh BLLT INCO0 LE'T 1070 AR'Q ZL°0 CI°0C 8G°0 60°0 I¢°O0 IL°0 60°D0 €TI0 %D 9¢°1 T

h0°$ 85°h 00°0- TH°h BL°LT ZH°0 18°0 T0°0 4%°0 H6°0 00°0 €0°0 O00°0 £Z°0 %S°0 000 00°0 ZnN°0 T8°0 °0O

95 °¢ svwve 8C°¢ THH BLCLT ONCO STTO0 T10°0 SH°0 hZ°0 €U°0-00°0 60°0~ TZ°0 HZ°0 60U°0- €ST1°0- €£°0 w10 2~

2717

e T

kI ddX 843X 1dIX MdOX va HO  Ul4d di1)  oldd diiivd LIVl B¢ W13 41710 #4710 dMID L0LG6D 104D TV

00°0T =vil3dd 0S°T =uXA




Ve i w -

9LL€°0=181002 9620 "0=2S 141102 L620°0=10Q0 7890 °0=h0QD 9641 " 0=800D

0°'0=104d40dd 0°0=14v0d 0°0=1M1QD

shL 80°0T #%°8 2Zh°w 8L°LT 8S°T OU°0T €0°0 TL°0 SL°C %9°7 TU°S €0°C 98B0 2ZL'Z B9°0 %9°Z €S°S ¢€6°¢ °*971
st° 88°6 91°8 Iv"h BL°LT T6°T €9°8 €0°0 HL°0 8S°Z SZ°C 89°€ 62°T TB'O0 SS°T 09°0 HZ°T OT°W 0S°8 °ny
88°8 09°6 ZT8°L Inh BLLT WL BZ°L H0°0 SL°0 6€£°C S8BT 6S°CT 89°T 8L°0 9€°C IS0 ST 00°€ oOZ°L ‘Tt
09°6 W26 0%°L  Thh BLCLT 01U 80°9 MOT0 LL°0 02°7 LhTT SL°T BICT 4.0 BTTZ Mh°0 9h°T 8U°Z 00°9 °Of
62°0T SL°8 98°9 Ih°Y 8L LT [8°0 [L6°h w00 8L°0 00°Z 60°T SU'I 64°0 OL°G 8G'T SE€°0 80°T LS°T 16°‘n °g
n6°0T SO0°8 NI°9 TH°H BLLT TL°0 S6°€ H0°0 08°0 0B'L ££°0 TL°0 8w°0 S9°0 8L°T (LZ°0 ZL°0 €SI°T O6°S °9
“SSIT. 66°9 60°S Th™h BLLYT 19°0 Z0°¢ hH0°0 T8°0 6S°T L€°0 On'0 SZT°0 09°0 bS°T BI°0 LE£°0 28°V 86°2Z °h
LL°TT TIS°S 8€°€ zh'm 8L°LL 95°0 TT°T %0°0C E8°0 6T ®U°G IC°0 6u'0 95°0 6£°I €U0 BU'0 €9°G 02°Z "2
65°0T LS°h 00°0- Zh°h BL°LT SS°0 69°T %0°0 €8°0 GI'T 0OU'O0 €I°0 00°0 TS°0 GHI'L OL°0 0LLO0 SS°0 69°Y °0
0L°S 8I°T 8€°€ Zh°h 8L°LT 9%°0 6S°0 SO0 %8°0 1U4%°0 3U'0U- Zu'v 6H0'0- 9%°0 T4'0 bO°U- BO'O- 9%°0 T9°0 °2-

278

W dIX 8d4IX 1dIX MdIX v N3 dLUd 411) dLNMD dih) ULV E R A ¢ 14970 dL13 MUY dHID  LOLWD 10172 IV

00°0Z =VL130d 0S°7 =HXA




W B8

PR e. +o v T R

e

9LL¢ "0=1UMOUD 9620 °0=2S INGY L620°0=1000 2890°0=MOUD 964% “0=50U2
0°0=L0Y¥dUd 0°0=LdVUd 0°0=110D

SL'IL LL°6 %n°8 Ih°h 8L°LY 16°CT 9Y9°0T S0°0 06°0 ZT°E¢ €9Y'T UY'S €0°¢ (6°0 91°€ 8Y°0 €9°Z €0°9 L%°0T °4i
TZ°I1 0S°6 91°8 Zh™w BL LY £2°C7 €1°6 90°0 ¢€6°0 80°€ €T°T €U'% 6IZ°C %6°0 Z0°S U9°0 €T°TZ 9S°% BO°6 °u1
€2°¢l ST'6 T8°L Ih°h BL°LT €L°L %6°L 90°0 96°0 ¢€6°C €8°T 00°€ 89°T T16°0 88°Z ¢5°0 €8°'T ¢gn°g 2Z8°L °I1
SN0 TL°8 Oh°L ThTh BLTLT LT SL°9 90°0 66°0 LL°T wnT ZICT BI'T 88°0 ZL°T %0 €H°T 9§°Z 99°9 ‘o1
81°St H1°8 98°9 In°h BLLT TI°T 99°S L0°0 20°T 6S°Z SO'T 94%°T 6L°0 %8°0 SS°C S€°0 SO°I OG'T 6S°S '8
TT°9T 9¢°L #1°9 In°h 8L°L1 €670 99°% (0°0 SO°U 1TIh°Z (9°0 (6°0 8%°0 O0B°0 8€°C (Z°0 ([9°0 TI%°T 09°% °9
ZI°LT 0Z°9 60°S Ih°h BLTLT GL°0 OL°S L0°0 Z0°T 1Z°C 82°0 09°0 6GZ°0 (L°0 0Z°Z B8I'0 (LZ°0 SO°I 99°¢ °%
€€°9T 7S°S BC°¢ Iw'h BL°LT 9L°0 80°¢ 80°0 OU°T 20°Z SI'0 I%°D 6D°0 ZL°0 10°Z 60°0 HI°O0 i8°0 90°€ T
49°ST §S°h 00°0- Zw°h BL°LT €£L°0 0S°C 80°0 2I°'T Z8°'T 00°0 (Z°0 GO'0 89°0 ZB'T 00°0 00°0 €0 0$°Z °O
€0°¢L €N°0 B¢ TH°M 8L°LT IS0 BR9°0 80°C HI'T [€°0 ST'O0- ZO°0 G60°0~ %9°0 8€°0 6O°0- 41°0- €h°0 6£9°0 °Z-

279

v ddX 843X 14X Md X v H) 0100 0113 diud dMind 142 812 1970 4170 n913 4710 10140 2017D W

00°0¢ =¥v1730 ° 0S°T =HXA




Th9¢€ °0=18M00QD 10€0 “0=J2S1WQD 6820°0=1002 %990 °0=1002 8892 *0=8000

0°0=104400 0°0=14V02 0°0=1Ni10D

98°8 Zh°n 8L°LT 48°7 (O°O0T T0°0 8€°0 96°T 96°Z 1IN°S 8I°% 19°C 96°T (S°'0 (S°7 8L°S B8L°6 °OT
62°8 I°h BL°LT1 BY°T 29°L 10°0 B€°0 8L°T 8I°Z €0°C L%°Z [LS°0 8L°T 0S°0 BI°Z TIh°€ 0S°L °ni
€R°L THH BLLT 0T ZT°9 10°0 6€£°0 09°T T¥'T R6°T LL°'T €$°0 09°T ¢€%°0 TIR'T (L€°Z &1°9 °Zt
89°L ThN BLLT SLT0 €67 1070 6€°0 ZHCL wNTT 9Z°T €T°T 6%°0 TH'T IS°0 mu°T €Oo°T €6°n °0OU
T6°9 Zh'h BLOLT LS°0 06°C T0°0 O%°0 €2°T 60°T SL°0 T18°0 #4°0 €2Z°U 62°0C 80°T 7Zr°t S8°¢ °8
{179 Th'h BL°LT 8%°0 Z6°Z T0O°0 O%°0 SO'T HwL°0 InN°0 6GH°0 040 HO't ZZ'C %.°0 8{°0 &P°! °9
0T°S Zh°h BLTLY €9°0 SG°T 10°0 Th'0 98°0 Zh'0 61°0 SZ'0 S€°0 98°0 SUI‘0 Zn'0 (S°0 €0°Z °%
8€°¢ Th'h 8LTLT OW°0 6Z°T T0°0 Iw'0 89°0C HI'O0 LO°0 60°0 O0€£°0 £9°0 (0°0C €U0 S%°0 QI°'T °2
00°0~ Zh°'h BL°L1 Oh°0 9.°0 TI0°0 1I®'0 [IS°0 00°0 €0°C 00°C SZ'0 1TI5°0 O0U°0 00°'0C OH"'0 9£°0 °O
8€°¢ In°h BLTLY 8E°0 IT'0 I6°0° ZTH°0 TZ'0 NI'O- G0O°O0 60°0- 0Z'0 IZ°0 L0°0- ST°0- 8€°C ZL°0 °Z-

280

943X 14X N4 IX v HY  dldd  J4l1d dLiD GHND 1dd 419 L8710 dL2 MUTD <M1 L04UD LOLTD YV
00°01 =ViT134 00°€ =lXA




2H9¢ °0=17M0AD 10£0°0=3S 1WGD 6820 °0=100D %990 *0=100D 8892 *0=R00D
0°0=10Y¥dUD 0°0=14V0QD 0°0=11:100

90°0T1 98°8 ZTH°h BL°LY TE°¢ 68°O0L €£0°0 (£9°0 T9°T 6S°T €CI°9 BI°h 6L°0 6S°Z (S°0 96°Z TS'9 89°0T1 91
£8°6 62°8 IW°W BL°LT 98°T S8 €070 89°0 SH°T LTIZ 09°E (%7 9L°0 €4°Z 0S°0 (LI'Z 66°¢ TE°8 °nl
09°6 €6°L Zh°h BL°LT SE°L 90°L €0°0 OL°0 8T°T 6L°T (%°T LL°T L0 ST°T ¢€%°0 6Lt 98°7 (6°9 °It
W26 -8%°L THCH 8LCLT TO'T %8°S €0°0 TL°0 OI°7 In°T S9°T €Z°l 89°0 ([0°CT ([€°0 TH°T %H0°Z 9L°S “OL
9L°8 I6°9 Th°h BL°LY 6L°0 SL°h €0°0 €£°0 IG°T 90°T 90°T 1I8°0 %9°0 68°T GZ°0 SO°T 99" 69°% °
£0°8 LY1°9 Th'h 8L°LE S$9°0 9L°¢ MOTU WLTO LL°T TLTO0 SYCVU 6RO 090 0L°T ZZ0 0LtO SO°T TL°E
€0°L OU°S In°% 8L°(LT LS°0 (8°T 40°C SL°0U I5°T L€°0 ¢££°0 SZ°0 9s°0 IS°YI SI'L L£°0 [i°L w%R°7 °
65°S BE'E IW'H BL°LT TS0 OI°T N0°0 (LL°0 2¢°T €U0 OT°0 6UTL ZSTO LT LOL 6O'O 6S°0 €0°T
€9°h 00°0~ Znw°h BL°LT IS°0 09°T *%0°0 B8L£°0 €£1I°l 00°0 TIT°0 00°0 (%°0 €IL°'T O00°0 00°0 1IS°'0 o09°T °
L6°0 8€£°€ TH°h BL°LYI hWhCO0 TS0 MU0 GL°O YECD 60°G- TUCO0 60°0- £€%°0 YE°0 L0O°0- 60°0- ZTH'O €£S°0

NONXWO®
281

diX 843X 140X MdaX vd NI ULd4) ulT) diNd dthd (NN 10710 4173 K913 dN1D LOLUD LOLTY TV
00°0Z =vVL13d 00°f =WXA '

sa




= etz

s o ——
K AT

2h9¢ °0=14MUWUD 10€0 "0=02S {nUD 6820°0=1002 %990 ° 0=110Ud 8892 *0=40GD

0°0=10ddUd 0°0=14V4d 0°0=Ti2Ud

98°'8 Zh°w ¢h'Il S0°0 "m8°U L0°E HS°Z TY9°9 8I°h 68°0 {s°0 %s°Z €0°L OZ°IT 91
62°8 In°n €0°6 SO0°0 (B0 %6°T SUL°CT 20°W Lw"TZ [8'0 US°0 ST°Z gn°h 88°8 °al
€6°L Th'n 89°L S0°0 06°0 08°Z [LL°T S8°T IL°T n8'o €970 LL°T 9T (st it
8h L In°w 6%°9 S0°0 26°0 $9°Z OW'I 36°T €IT°T I8¢ L£°0 LE°T 0%°C 0%°9
26°3 Zh°y Ih°S 90°0 S6°0 8h°Z £0°T SGE°T I8°0 8L°0 62°0 20°T LL°T #g°S
(1°'9 Tu°n "hh 900 B86°0 0€£°Z 99°0 88°0 6%°0 wL°O 22°0 99°0 TIC€°T 6£°%
0I°s Z4%°h £€S°€ 90°0 O00°T ZI'Z 6Z°0 SS°0 SZ°0 TL°0 ST1°0 87°0 BG°0 0S°¢

8¢°e Tn°n £6°Z (00 01 €6°T SU°0 ([€°0 60°0 (9°0 {0°0 ST°0 O0R°0 16°C
00°0- Z4°n 8€°7 (0°0 SO°T %L°T 00°0 SZ°C 00°'0 %9°0 00°0 00°0C 89°0 8¢°Z
8E°E In°w 86°0 (0°0 [0°T T£°0 SU°0- Z0°0 60°0~ 09°0 L0°0- ST°0- SH°0 6S°0

943X 140X N3 0143 aL1d dIND diND 1 819 19719 na1d  dNId 10L00 1017D
00 °0¢ =VL130 00°€ =HXA




X. CONCLUSIONS AND RECOMMENDATIONS

This thesis has presented the methods and general procedures
for the conceptual design of tactical missiles. As mentioned,
this is not necessarily the best design. Now that the design
procedure has been attempted once, the reason for this is readily
seen. The process is one of continuous compromise. As was shown
in Chapter 7, the optimum wing for lift is not the best wing
for minimizing drag. We also saw in Chapter 8 that increasing
chamber pressure increases thrust at the expense of increased
weight. This thesis has tried to point out some of these areas
of compromise and present methods to deal with them.

Areas which were not covered which need to be investigated
in conceptual design are .structures, radar cross-section and cost.
With the increased emphasis on survivability and the decreasing
budget, it becomes increasingly important to define the effects
of these areas on design early in the process.

The complexity of the design process and the need to obtain
timely and accurate information have made it ideally suited for
the digital computer. The AEROCF program used in this thesis
is part of a large scale computer program (MISSYN) which con-
sists of modules for each section of the design analysis.

With a good understanding of the theory and methods used in
misgile design, the computer aided design program with graphics

capability gives the designer the capacity to make intelligent
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design interations and almost instantaneously see the effect
of the change on all areas of design. A limited example of
this can be seen in the use of AEROl. A change in the per-
formance requirements for maneuver capability would require
a redesign of the lifting surfaces. A change in the lifting
surface design would change the drag characteristics of the
missile and therefore,the propulsion requirements. The AEROl
program coupled with a similar propulsion module would allow
the designer to make the changes and instantly see the penalty
or savings in propellant weight.

One pass at the design has been accomplished in this thesis.
As was seen throughout the process, decisions in one area
affect the design in others. For this reason the design
process becomes an iterative one. The final design of the
first iteration is the baseline missile for the second itera-
tion and the design is started again. By making several
passes through the loop, the solution converges on the final

design.
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