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Parameters That Drive Missile Flight

Propellant / Fuel -
Diameter Stabilizer

Nose Fineness Geometry / Size
Wing Geometry / Size

Thrust
/ Profile

v

g

Flight Conditions (o, M, h)

Flight Control | Length
Geometry / Size
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D / CD, Drag / Drag Coefficient, Ib

100000 -

10000 -

T T TSTT

100 -

10

D=C,q Sg,=0.785C, q d?

Note: D = drag in |b, Cj = drag coefficient, q = dynamic pressure in psf,
d = diameter ( reference length ) in ft

12 16

d, Diameter, inches

20

—— Dynamic Pressure =
1,000 psf

---- Dynamic Pressure =
5,000 psf

- - - - Dynamic Pressure =
10,000 psf

Example for Rocket Baseline: —£-—4

d = 8 inches = 0.667 ft

Mach 2, h = 20K ft, ( Cp, )powerea = 095
q=12pV2=12p(Ma)?

=1/2(0.001267 ) [(2) (1037 )]? = 2,725 psf
D,/ Cp, = 0.785 (2725 ) ( 0.667 )* = 952

9/10/2009
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D, = 0.95 ( 952 ) = 900 Ib




Vose Fineness

( Coy )Body, wave = (1.59 +1.83/ M2) {tan"'[0.5/ (1, /d)]}", for M > 1. Based on Bonney reference, tan! in rad.

( CDO )Base,Coast =0.25/ M’ if M>1 and (CDO )Base,Coast = ( 0.12+0.13 M2 )! ifM<1

(Co, Jasepoweres = ( 1=Aq | Ser) (0.25/ M), ifM>1 and ( Cp, =(1-A,/ Sger) (0.12+0.13M2), if M <1
(Co, JBodyFriction = 0-053 (1/d) [M/(ql )]°2. Based on Jerger reference, turbulent boundary layer, q in psf, | in ft.

)Base,Powered

( CDO )Body = ( CDO )Body, Wave + ( CDO )Base + (CDO )Body,Friction

Note: ( Cp, )godywaye = bOdy zero-lift wave drag coefficient, ( Cp )g,s. = body base drag coefficient, ( Cp )goqy, Friction = POy skin
friction drag coefficient, ( Cp, )soay = body zero-lift drag coefficient, I = nose length, d = missile diameter, | = missile body length,
A, = nozzle exit area, Sg, = reference area, q = dynamic pressure, tan"' [ 0.5/ (I /d )] in rad

EXampie 0T ROCKet Baseline:
10 -
- (CDO)Body,Wave; ( CDO )Body, Wave ( CDO )Body, Friction ( CD )Base
IN/d=05 \
[T
1 E S — — — (CD0)Body,Wave; Iy/ a =24, A, =T11.22 In-, Sz = 50.26 in?, M =
- | T T T T —— == IN/d =1 2,h=20K ft, q=2725 psf, | /d=18,1 =12 ft
o1 ‘;.____;:_:__\_:_\;; ---«----..-. |----(CD0)Body,Wave;| || ( Cp,)eodywave = 0.14
: \'\..j___.t‘-.\"“ IN/d=2 ( Cp )Base coast= 0-25/2=0.13
L I: T o {ﬁll)g)fgdy,Wave, g(i[()) )Base Powered = ( 1-0.223 ) ( 0.25/2 ) =
0.01 +—— T '
0 1 s 3 4 s (CD)Base,Coast g %,() )ﬁ%dé”friﬁﬁafﬁ: 0.053 (18) {(2)/[(2725)
M, Mach Number ( Cog Dmocy const = 014 + 0.13 + 0.14 = 0.41
(Co Voot powered. =014 + 010 +0.14 = 0.38

IJO roVvuy, ruwel
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eyl =1[l(alb)cosd+(b/a)sing |][| sin(20)cos(a/2) | +2(1/d)sin?a]

Note:
150 ko negative, Cy negative
Based on slender body theory ( Pitts, et al ) and cross flow theory ( Jorgensen ) references
Example | / d = length / diameter = 20

d=2 (ab)"” alb=3
CN!
Example 100
Normal — (O alb=2
Force
Coefficient
forl/d=20 —O alb=1
0 | |
0 20 40 60 80 100

o, Angle of Attack, Deg

9/10/2009 ELF



Large Surface Area Increases Normal Force and

A = Aspect Ratio, S,, = Wing Planform Area, S, = Reference Area

| (Ch wing | = [4]sina’cos o’ | /(M2=1)12+2sin%0’]( Sy ! Sper), ifM>{1+[8/(mA)R}"
| (Chwing | =[(mAI2) |sina’cos o’ | +2sin2a’] (Sy/ Sger), iFM<{1+[8/(mA)R}?
Note: Linear wing theory applicable if M > {1 +[8/( = A)J?}"2, slender wing theory applicable if M < {1+[8 /(= A)]?}'?,

—— M < 1.35, based on slender wing theory + Newtonian impact theory
"q':'; — —M=2, based on linear wing theory + Newtonian impact theory
o - = = M=5, based on linear wing theory + Newtonian impact theory
- = o
s o c
0V o=| 357
- O 3
L 4
W om| 3
(7] (@] -5
g’ L. > 25 + —_—— T T =
S ® O - 2
= o e I
= Ex| 27 P
O O = /s , -
— 2 8| 154 Pt LT
2 / .
= B . ST
= 27 4 et
0.5 1 7L ?
/_ - : 1
0 . = 1 L1 } 1 1 } 1 1 !
0 30 60

90

Example for Rocket Baseline

A, =282

S, = 2.55 ft2

Spes = 0.349 ft?

6=13deg, o =9 deg

M=2

{14 8/(mA)P}"2=1.35
Since M > 1.35, use linear wing
theory + Newtonian theory
a'=oy=atd =22°

(Cy )Wing Sget/ Sy =[ 4 sin 22°
cos 22° [ (22 -1)"2 + 2 sin? 22°]
=1.083

(Cn Jwing =108 (2.55)/0.349 =
7.91

o’ = oy = o+ 0, Wing Effective Angle of Attack, Deg
9/10/2009 ELF




Wing Skin Friction Drag Is Larger Than Shock

( CDO )Wing,Wave = nW[ 2/ ( Y MA

( CDO )Wing = ( CDO )Wing,Wave + ( CDO )Wing,Friction

( Cog Wing Friction = Mw { 0-0133[M/(q 1o )1°2 } (2 Syy / Sges ), based on Jerger, turbulent, q in psf, ¢,,, in ft

IRy + )My 212 0D {(y+4) [[2y My 2= (y-1)F/ (-0 -1}
sin26, ¢ cos A g t... b/ Sge, based on Newtonian impact theory

ny = number of wings ( cruciform = 2)

9/10/2009

10000

0.02 +
;; : \'\.\
=| 0.015 N
= I 'S
o T \~\
§[ 0.01 7 e
,_'é :"“-::: ------------------ A b
(51 0.005 e
0 . = I
100 1000
q, Dynamic Pressure, psf
—M/cmac=0.01/ft —— M/cmac=0.1/ft
----M/cmac=1/ft ---M/cmac=10/ft

q = dynamic pressure in psf

C..ac = length of mean aero chord in ft
v = Specific heat ratio = 1.4

MALE
O, = leading edge section total angle

=M cos A g = Mach number L leading edge

A = leading edge sweep angle
t .. = max thickness of mac

b =span

ELF

Example for Rocket Baseline Wing:

Ny =2, h = 20K ft (q = 2,725 psf), ¢, = 1.108 ft, S,
=50.26 in2, S, = 367 in?, 5, = 10.01 deg, A = 45
deg, o, = 0.585 in, b = 32.2in, M=2 (M, _=141)

( Co, IWing Friction Sgef/ [Ny Syw1=2{(0.0133) {2/
2725) (1108 )]}*2} = 0.00615

( Cog Wwing ricion = 0.00615 ( 2) ( 367/ 50.26 = 0.090

( CDO )Wing,Wave =0.024
( Cog )wing = 0.024 +0.090 = 0.11




Relaxed Static Margin Allows Higher Trim Angle

Note: Rocket Baseline _A-mg

N
Xcg=75.7in.
Mach 2
lllllllllﬂll” ( o+ o )Max = 218 Deg! ( CNTrim )Max

16 [ - —-—-o/0d =0.75, ( Static Margin = 0.88 Diam )
— ——a/6=1.5,(SM=0.43 Diam)
ol/d=00,(SM=0)

Cy, 1rims Trimmed Normal
Force Coefficient of
Rocket Baseline

|
0 4 8 12 16 20 24

Orims 17iM Angle of Attack, Deg

9/10/2009 ELF 9



High Specific Impulse Provides Higher Thrust and

9/10/2009

4,000

3,000

1,000

Thrust/ ( Fuel Flow Rate ), Specific
Impulse, I5p, Seconds
N
(=]
S

7~ 5~ Solid Rocket

8

Mach Number

ELF
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1,000 — === === = == = — — — — — — = — =

£ Solid Rocket
e Ty =2PcA=m Y,
- 100—
[72]
et
e ————
-: _____ -~ / \
» ~
2 . S / \
— N
= TR // Ramjet \
= Turbojet NS /T, =(mia)dp V2 [(Vel V)N
Tuo= (11 4) &2 p Vo2 [(Ve 1 V) Y4 _ ]
-1 ] N < \
1 I / S, I \
0 1 2 3 4 5
M, Mach Number
Note:

Pc = Chamber pressure, A; = Nozzle throat area, m = Mass flow rate

d = Diameter, p,, = Free stream density, V., = Free stream velocity,

V. = Nozzle exit velocity ( Turbojet: V, ~ 2,000 ft / sec, Ramjet: V, ~ 4,500 ft / sec, Rocket: V, ~ 6,000 ft / sec )

9/10/2009 ELF
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High I hrust for a Ramjet Occurs from Mach 3 to

TI(dPoAs)=yM2{[ T, ITol/{1+[(y-1)/2]M?2}12-1}
Note: Ideal ramjet, isentropic flow, exit pressure = free stream pressure, ¢ <1, T in °R

25 + p [
5§ i / Example for Ramjet Baseline:
a3 _ e o s e
5 207 /' M =3.5, h =60 Kft, T, = 4,000 deg R, (f/a) =
= // 0.06, ¢ = 0.900, Tg = 392 Rankine, p, = 1.047
s p psi, A; = 287.1 in%, y=1.29
§§’ 15_; _____________________ . .- <= | TI(dpyA;)=1.29(3.5){{[4000/392]/{1
200 . ) +[(1.29-1)/2](35)2}}"2-1}=14.49
% 5 i /'l K .7 : T=14.49 (0.900 ) (1.047 ) (287.1 ) = 3920 Ib
28107 L i Note:
§ . | T = Thrust
= o _i_ p, = Free stream static pressure
o 5 4 P [ ~
= - E A; = Combustor flameholder entrance area
= N ~ | v =Specific heat ratio
" 0 : = : = ' = ' i | My = Free stream Mach number
Y L 2 : > T, = Combustor exit temperature
W, Mach Number T, = Free stream temperature
—T4/T0=3 — — T4/T0=5----T4/T0=10 — - —-T4/T0=15 ¢ = Equivalence ratio

9/10/2009

ELF
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Maximum Specific Impulse And Thrust of Rocket

T=(gc/c”)pAlsp

lsp=cd{{[272/(y-1)][2/‘(y+1)]”'”’”*”[1—(pelloc)‘Y'”’Y]}”Z+(|oe/|c>c)s-(|c>o/|c>¢,‘)«s}<:*/t.:|c

e={[2/(y+1)"rDY(y-1)/(y+1 )" T} {(pe /P )"""[1-(pe ! pc) 7" 7]}

Note:

€ = nozzle expansion ratio

p, = exit pressure

p. = chamber pressure

p, = atmospheric pressure

A; = nozzle throat area

v = specific heat ratio = 1.18 in figure

¢4 = discharge coefficient = 0.96 in figure

c* = characteristic velocity = 5,200 ft / sec in figure

<" 280 T -

£ e

E -

K- /‘x' VPR

2 I /' _—"-‘

S 260 —+ 700

o *--------- oty

S AN

g o : —_—— T~

=] | ) — ~ —

Q. e g : R

E 240 4, ____44___ 0 S~

O . 7 [

= T

2 :

(/5] 1

SRR

L 220 +———fr . I |
0 5 10 15 20

Nozzle Expansion Ratio
——h =8L, pc =300 psi — — h=SL,pc=1000 psi
----h=8L,pc=3000psi — --h=100Kft, pc>300 psi

Example for Rocket Baseline:

e=A, 1A, =6.2,A,=1.81in?

h =20 Kft, p, = 6.48 psi

( P Jboost = 1769 psi, ( Igp )poost = 257 sec

(T )poost = (32.2/5200 ) (1769 ) (1.81 )( 257 ) = 5096 Ib

( Pc )sustain =301 pSi, ( ISP )sustain =239 sec
(T )poost=(32.2/5200 ) (301)(1.81)(239) =807 Ib

9/10/2009 ELF
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Cruise Range Is Driven B

» Velocity, and

R=(L/D)Il;,VIn[W_/(W_-W;)], Breguet Range Equation

Parameter

Typical Value for 2,000 Ib Precision Strike Missile

Subsonic Turbojet
Missile

Liquid Fuel

Ramjet Missile

Hydrocarbon Fuel
Scramjet Missile

3 e | — | ¢
3K N AN | vV
=

L /D, Lift / Drag 10 5 3 5
Isp, Specific Impulse 3,000 sec 1,300 sec 1,000 sec 250 sec
Ve, Average Velocity 1,000 ft / sec 3,500 ft /sec | 6,000ft/sec 3,000 ft / sec
W,/ W,, Cruise Propellant or 0.3 0.2 0.1 0.4
Fuel Weight / Launch Weight
R, Cruise Range 1,800 nm 830 nm 310 nm 250 nm

Note:  Ramjet and Scramjet missiles booster propellant for Mach 2.5 to 4 take-over speed not included in Wy
for cruise. Rockets require thrust magnitude control ( e.g., pintle, pulse, or gel motor ) for effective cruise.
Max range for a rocket is usually a semi-ballistic flight profile, instead of cruise flight.
9/10/2009 ELF




lurry Fuel and Efficient Packaging Provide

Propulsion / Configuration Fuel Type / Volumetric Fuel Volume (in3)/ ISP (sec)/ Cruise
Performance (BTU /in3)/  Fuel Weight (Ib) Range at Mach 3.5,
L Density (Ib / in3) ~ 60K ft (nm)
Liquid Fuel Ramjet RJ-5/581/0.040 11900 / 476 1120/ 390
Solid Hydrocarbon / 1132/ 7922 | 594 677 /294
0.075
Ducted Rocket ( High Boron / 2040 / 0.082 7922 | 649 769 / 366
Performance )
Solid Fuel Ramjet Boron / 2040 / 0.082 7056 / 579 1170 / 496
Slurry Fuel Ramjet 40% JP-10, 60% boron 11900 / 595 1835
| _— carbide / 1191/ 0.050

Note: mmm Flow Path =3 Available Fuel Reruise = Visp (L /D) In [Wge ! ( Wge - Wi)]

9/10/2009

ELF
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Apogee or Cruise
=

Climb N
Altitude Glide

Rapid Pitch Up

hﬁkl_ine-Of-Sight Trajectory

Range

Design Guidelines for Horizontal Launch:
— High thrust-to-weight ~ 10 for safe separation
— Rapid pitch up minimizes time / propellant to reach efficient altitude
— Climb at a = 0 deg with thrust-to-weight ~ 2 and q ~ 700 psf minimizes drag / propellant to
reach efficient cruise altitude for (L /D )yax
— High altitude cruise at (L / D )yax and q =~ 700 psf maximizes range
— Glide from high altitude at (L /D )., and q = 700 psf provides extended range

9/10/2009 ELF 16
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Rocket Baseline Missile Range Driven by I,

Note: Rocket baseline: @%-

h, = 20k ft, M, = 0.7, Mc = 1.5

R@ ML =0.7, hL = 20K ft = 9.5 nm

Nondimensional 0.5 | _ _
- Example: 10% increase in propellant

Range weight = 8.8% increase in flight range
Sensitivity to [
Parameter 0 ' ' ' ' ' g m— '
. Isp  Prop. CD( rag- Static Thrust Inert
I Weight Due-to- Margjin Weight
-05 + Lift
A -
Parameter

9/10/2009 ELF 17



Nondimensional Range Sensitivity
to Parameter

<

1.5 T a
: Example: At Mach 3.0 / 60K ft altitude
1 - mmmm e ' cruise, 10% increase in fuel weight ‘
- E = 9.6% increase in flight range °
0.5 + i 3
B | ®
0 : ’ I : I I ‘ I I
C Inert Fuel CDO0, Zero- CLA,Lift- Thrust ISP
05 We?ght Weight LiftDrag  Curve-
I Coefficient  Slope
1 T Coefficient
Parameter

¢ Sea Level Flyout at Mach 2.3 = 20 Kft Flyout at Mach 2.5
A 40 Kft Flyout at Mach 2.8 ® 60 Kft Flyout at Mach 3.0

9/10/2009

ELF
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Parameter Baseline Value at Mach  Uncertainty in Parameter AR /R due to Uncertainty
3.0/ 60k ft

1. Inert Weight 1205 Ib - 2%, 1o +/- 0.8%, 10

2. Ramjet Fuel Weight 476 Ib +-1%, 1o +-0.9%, 10

3. Zero-Lift Drag Coefficient 0.17 +- 5%, 1o +/- 4%, 16

4. Lift Curve Slope Coefficient 0.13 / deg +- 3%, 1o +-1%, 1o

5. Cruise Thrust (¢ =0.39) 458 Ib +/- 5%, 10 +/- 2%, 10

6. Specific Impulse 1040 sec +- 5%, 1 +/- 5%, 10

¢ Level of Maturity of Ramjet Baseline Based on Flight Demo of Prototype and Subsystem Tests

¢ Wind tunnel tests

¢ Direct connect, freejet, and booster firing propulsion tests

¢ Structure test
¢ Hardware-in-loop simulation

¢ Total Flight Range Uncertainty at Mach 3.0 / 60K ft Flyout
¢AR/R=[(AR/R)Z+ (AR/R),2+ (AR/R),2+ (AR/R)2+(AR/R)s2 + (AR/R)g2]"2 = 4/ 6.9%, 15

9/10/2009

OR=445nm +/- 31 nm, 1o

ELF
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US Tactical Missile Follow-On Programs Provide

% : %_. : H ; : ; Rj_’rm’;—:ﬁ
Short R?nge ATA, A[M-9, 1949 - Raytheon : '

AIM- 9X(maneuverablllty) 1996 Hughes

- i i R VST AR R o b Pm———
ﬁedlum Range ATA AIM- 71951 Raytheon AIM 120(speed range) 1981 - Hughes Hypersomc Mlssﬂe ~2005
: . ' : | B :> J, .............. feermeeenns > Mu
 Anti-radar ATS, AGM-45; 1961 - T AGM-88 ( speed' range ), 1983 Tl Hypersonlc MISSIIe ~2005
Long Range STA, MIM-104, 19@6 - Raytheon PAC-3 (?ccuracy), 1?92 - Lockhee;d Martin

Man- portable STS, M- 47 1970 - McDonneII Douglas Javelm ( gunner survwablllty,

| | | Iethallty, weight ), 1989 - TI
%@Dn ............... T 3
Long Range S1§S, BGM-109,:1972 - General Dynamlcs Hypersomc Mlssﬂe ~2005
@_.- _"."_"_""____"_____"_%"""_"_""_E""";
Long:Range ATS, AGM-86, 1973 - Boeing | AGM-129 ( RCS ), 1983 - General Dynamics

Medium Range ATS, AGM-130, 1983 - Rockwell

JASSM ( range, obserivables ),
1999 - Lockheed Martin

19:50,\' 1965 1970 1975 1980 1985 1990 1995 >2000

Year Entering EMD
9/10/2009 ELF
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Example of Missile Technology State-of-the-Art

9/10/2009

Operational Angle of Attack, Degrees

60 T
9
50
Controls Augmented
with Propulsion
40 - ' Devices ( TVC,
. Reaction Jet )
30 -
20 -+
10 +
0_""I I — —
1950 1960 1970 1980 1990 2000
Year I0C

2010

¢ AIM-7TAE

= AM-9B =5

A R530 N
AA-8 [l
AIM-54 =2

m R550 LA

® Skyflash

+ Python 3 E

- AA-10 ol
Aspide 'l

— Super 530DIL
AA-11 ol

= AIM-120 BE

AIM-132
AIM-9X B5

ELF
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Example of Missile Technology State-of-the-Art

Mcruise, Cruise Mach Number

A
Scramjet !

1950

1960

1970 1980 1990 2000 2010

Year Flight Demonstration

HE o H X >

—0— SA-6 [l

Cobra B
Vandal/ Talos B==
RARE =
Bloodhound
BOMARC E=

Typhon B
CROW =

Sea Dart
LASRM E=
ALVRJ EX
3M80 [mml
ASALM B=
Kh-31 [l
ASMP N
ANS I[N
Kh-41 el
SLAT =
HyFly B2

9/10/2009

ELF
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Vew [echnologies Ihat Enhance Iactical Missile

Dome Seeker G&C Flight Control
Faceted / Window Strapdown GPS/INS TVC / Reaction Jet
Multi-lens High Gimbal In-flight Optimize

o, B Feedback

— l

N De
/ 7y < \\ I
Power Airframe Insulation Propulsion
MEMS Lifting Body Hypersonic Liquid / Solid Fuel Ramjet
Neutral Static Margin High Density Variable Flow Ducted Rocket
Lattice Fins Scramjet
Low Drag Inlet High Temperature Combustor
Mixed Comp. Inlet High Density Fuel / Propellant
Composite High Throttle Fuel Control
Titanium Alloy Endothermic Fuel
MEMS Data Collection Composite Case
Split Canard Pintle / Pulsed / Gel Motor
Free-to-roll Tails

9/10/2009 ELF 23
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Flight Envelope Should Has Large Max Range,

Rear FIyout Range
‘Max
*Min

3
Forward Flyout Range /
\ ‘Max
*Min
\ Beam Off Boresight
Flyout Range
*Min

9/10/2009 ELF 25



Examples of Air Launched Missile Flight

9/10/2009 ELF 26



Examples of Surface Launched Missile Flight

9/10/2009 | ELF i 27



Conceptual Design Modeling Versus Preliminary

Conceptual Design Modeling
1 DOF [ Axial force ( Cp, ), thrust, weight ]
2 DOF [ Normal force ( Cy, ), axial force, thrust, weight ]

3 DOF point mass [ 3 forces ( normal, axial, side ), thrust,
weight ]

3 DOF pitch [ 2 forces ( normal, axial ), 1 moment ( pitch ),
thrust, weight ]

4 DOF [ 2 forces ( normal, axial ), 2 moments ( pitch, roll ),
thrust, weight ]

Preliminary Design Modeling

6 DOF [ 3 forces ( normal, axial, side ), 3 moments ( pitch,
roll, yaw ), thrust, weight ]

9/10/2009 ELF
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3 DOF Simplified Equations of Motion Show

+ Normal Force + Thrust

)( o<<1rad
vV
+ Moment 0

L7
+ Axial Force

Confiquration Sizing Implication

1,0 ~qSpdCp o +qSp,dCp, 5 High Control Effectiveness = C,, >
Cma, l, small (W small ), q large
(W/g,)Vy =qSge CNa o+ q Sget CNs o0-W cosy Large / Fast Heading Change = C,

large, W small, q large

(W/ge)V ~T-CySpyq-Cy 02Speq-Wsiny High Speed / Long Range = Total
Impulse large, C, small, g small

Note: Based on aerodynamic control
9/10/2009 ELF 29




1.00E+08 —+
i pirframe
= F .= o metric A\ﬂfa
& - em 2 spwith AXISYIT T —
S 1.00E+07 + L.+ = " TqypicalRa et ——
& : - =" Typical Rocket
" oo Sw-momne- e yP
L i - - :
= -~ 1
S 1.00E+06 + - | Example: Ramjet Baseline at Mach 3 / 60 Kft alt
o : | R=2901 (1040 ) (3.15 ) In [ 1739 / ( 1739 - 476 )]
C | =(9,503,676 )In[1/ (1-0.2737 )] = 3,039,469 ft
I | =500 nm
1.00E+05 llllillllilllllillllillllillllillllilllli

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
WP / WBC, Propellant or Fuel Weight / Weight at Begin of Cruise

—— (VISP)(L/D) = 2,000,000 ft — — (VISP)(L/D) = 10,000,000 ft
- - (VISP)(L/D) = 25,000,000 t

Note: R = cruise range, V = cruise velocity, I, = specific impulse, L = lift, D = drag,
Wg = weight at begin of cruise, W, = weight of propellant or fuel

9/10/2009 ELF 30



Efficient Steady Flight Is Enhanced by High L / D

Steady Level Flight Steady Climb Steady Descent

No

T=W/(LID)  SINy,=(T-D)IW=V,IV,

. Ve=(T-D)V, /W SINy,=(D-T)/W=V,/V
te: R.=Ah/tanye=Ah(L/D P °
Small Angle of Attack c~ an y¢ = Ah ( ) Vp=(D-T)V_IW

o0}

» Equilibrium Flight Ry=Ah/tany,=Ah(L/D)
* V¢ = Velocity of Climb

* Vp = Velocity of Descent

* v¢ = Flight Path Angle During Climb

* vp = Flight Path Angle During Descent

* V= Total Velocity

* Ah = Incremental Altitude

Reference: Chin, S.S., “Missile Configuration Design,”

* R¢ = Horizontal Range in Steady Climb McGraw Hill Book Company, New York, 1961
* Rp = Horizontal Range in Steady Dive ( Glide )

9/10/2009 ELF 31



Small Turn Radius Requires High Angle of Attack

: Note for Example:
Ry=VIy~2WI/(9g.CySperp)| w=Weight=20001b

alb =1 (circular cross section ), No wings
Cy=sin2a cos(a /2)+2( 1/ d)sina

10,000,000 I/ d=Length / Diameter = 10
‘E; SRef = 2 ft2
e Cp, = 0.2
'-g 1,000,000 = UL 1Dy = 15 degrees
o = TiLip)y,= 740 lb
c N - -
5 - h =100 K ft (Mg, =7.9)
g : ______________________ h=80K ft ( M(L/D)Max =5.0 )
S 100,000 &=~ : h=60Kft(M =3.1)
8 = | ) (LID)max = °-
s n 5 h =40 K ft ( Mgy, = 1:9)
w 1
£ — : Example:
= 10,000 ! A a =10deg
£ = :
S = | Cy=099
ul - ' h= 40K ft ( p = 0.00039 slugs / ft3)
[0’ | 1
| Rr=2(2,000)/[(32.2 )( 0.99 )(2)(0.00039 )] = 161,000 ft
1,000 | | | |
0 5 10 15 20

A oo =Incrementin Angle of Attack Required to Turn, Degrees
9/10/2009 ELF 32



Turn Rate Performance Requires High Control

9/10/2009

Y =9 NIV =[qSgeCy, 00+ qSpes Cy;8-Weos (y)]/[(W/ge)V]
Assume Rocket Baseline @ Mach 0.8 Launch, 20K ft Altitude

(C = (Cpn)xegers7 ¥ Cp, (84.6-75.7) /d =-0.40+0.68 (8.9 ) / 8 = 0.36 per deg
(Cong)xcg=846 = (Crnglxcgers 7 + Cns ( 84.6-75.7)/d =0.60+0.27(8.9) / 8 = 0.90 per deg
al8=-C,/C, =-0.90/0.36=-25

o’ =a +0<22degrees, a,,,, =30 deg = a. =30 deg, 5 =-12 deg

v =[436(0.349)(0.68 )( 30) + 436 (0.349)(0.27 )(-12)-500(1)]/[( 500/32.2)(830)] =
0.164rad / sec or 9.4 deg/ sec

ma)xcg=84.6

Assume Rocket Baseline @ Mach 2 Coast, 20K ft Altitude

o/6=0.75
o' =o +0=22degrees = 6 =12.6 deg, 0. = 9.4 deg

v =[2725(0.349)(0.60)(9.4) +2725( 0.349)(0.19)(12.6 ) - 367 (1)]/(367/32.2)(2074) =
0.31rad/sec or 18 deg/ sec

Note: High q, statically stable, forward wing control, lighter weight = higher climb capability
Note: Forward wing deflection to trim increases normal force
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m

1.2 -

VI Vgo=11{1+t/{2Wgo/[ 9. Pavc Sket ( Cp, )avs Vo Il}

0.8 -

0.6 -

0.4

IAIIIIIIIIAI

0.2

R/{2Wgo /[ 9 Pavs Sgef (C

pyJave I} =In {1+t /{
2Wgo / [ 9 Pave Sket ( 600 Jave Veoll}

/

0.5

1 1.5

tI[2W/(gpS CD0 Vg )1, Non-dimensional Coast Time

Example for Rocket Baseline: —&—<
*Wao = 367 Ib, S = 0.349 ft2, Vg, = 2,151 ft/ sec, y = 0 deg, Cp = 0.9, h =20,000 ft ( p = 0.00127 slugs / ft*), t=10 sec
t/[2Wao /(g P Sger Co, Veo)1=10/{2(367)/[32.2(0.00127 ) (0.349 ) (0.9) (2151) ]} =10/ 26.6 = 0.376
'V Vgo =0.727, V = 0.727 x 2151 = 1564 ft / sec, R/ [ 2Wgo / ( 9, P Sger Cp )] = 0.319, R = 18,300 ft or 3.0 nm

Note: Based on 1DoF
dv/dt=- gcCDO Spes 0 /W

Assumptions:

. v = constant
. o~ 0 deg

. D>Wsiny

V = velocity during coast

Vg, = velocity @ burnout ( begin coast )
R = coast range

V,=Vcos v,V,=Vsin y

R,=Rcos y,R,=Rsin y

9/10/2009

ELF
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For Long Range Ballistic Flic

ht, Maximize Initial

Vil (Vicosy;) =11{1+t/{2Wgo /[ 9. Pavs Sref ( Cpy )ave Vil}}

T+t/{2Wgo /[ 9 Pave Sret CDO Jave Vil}

R/ {2Wgo c0os v,/ [ 9; Pavg Sket (CD Jave I} =1In
WBOI [9c (P )ave St ( oy ave Vi ]}}

{1+t1{2

(h-h; "'gct2/2)/{ZWBOS'“Yll[chAVGSRef(CD )ave 1}

In{1+t [ {2Wgo I [ 9 Pave Sget ( CpgJave Vil}

Assumptions: T=0, o = 0 deg, D > W sin v, flat earth

Nomenclature: V = velocity during ballistic flight, V, =

velocity, R, = horizontal range, h = altitude, h, =

initial
initial

altitude, V, = horizontal velocity, V, = vertical velocity

12 1 (Vy+g.t)/(Vsiny)=1/{
1 e YN
08 + i
0.6 '
04 | :
B e ks .
i 4
0.2 !
A
0 0.5 1 1.5 2
tI[2W/(gpS CDO V. )], Non-dimensional Time

Example for Rocket Baseline:

W = 367 Ib, Sger = 0.349 ft2, V, = Vg = 2,151 Tps, 7, = 0 deg, { Co, Jave = 0.9, h; = 20,000 ft, pyyg = 0.001755 slugs / t, t= 35

sec

TN

*t/[2Wego / (9, P Srer Co, Vi1 =35/ {2 (367 ) /[ 32.2 (0.001755 ) (0.349 ) (0.9) ( 2151 ) [} = 35/ 19.22 = 1.821

v, I(V c05y,)-0354:>V =762t/ sec, (V, +322t)/(Vsmy,) 0.354 =V, =- 1127 ft/ sec, R,/[2W;cos y;/(g; P Sges

(‘_ \1-10‘27—sh 0 ft
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Example for Rocket Baseline:
W,=W, =5001b —&—=
For boost, W, =84.8 Ib

W, /W, =0.1696

lsp =250 sec

Tg=57501b

M.=M,_=0.8, h,=h_=20,000 ft
D =6351b

Dave/T=0.110
AVI[(32.2)(250)]=-(1-
0.110)In(1-0.1696) = 0.1654
AV =(0.1654)(32.2)(250)

=1331ft/ sec

AVI(9gclsp)=-(1-Dpye/ T)In(1-W,/W;)

s 0.7 ¢

R4 -

® 0.6 +

o 2 C

S 8051

S =04

5§03

2502

> 704+

8 0 T o e i i i e e
0 0.1 0.2 0.3 04 0.5

Wp / Wi, Propellant Fraction

——DAVG/T=0 — -DAVG/T=0.5- - -DAVG/T=1.0

Note: 1 DOF Equation of Motion with o. =~ 0 deg, v = constant, and T > W sin y, W, = initial weight, W, = propellant
weight, s, = specific impulse, T = thrust, M, = initial Mach number, h; = initial altitude, D, = average drag, AV =
incremental velocity, g, = gravitation constant, V, =V cos y,V, =Vsin y,R,=Rcos v,R =Rsin y

9/10/2009

Note: R=(V,+ AV/2) tz, where R = boost range, V, = initial velocity, t; = boost time
E
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High Missile Velocity and Lead Are Required to

9/10/2009

VAATA

Vy sin L = V; sin A, Proportional Guidance Trajectory

— L=30degrees

iVT

Note: Proportlonal Guidance
= Missile Velocity
Target Velocity
Target Aspect

L = Missile Lead Angle
~ Seeker Gimbal

>
nmnon

Example:

A =45 degrees
leVT=Sin(45°)lSin(3oo)=
1.42

0 10 20 30 40 50

L, Lead Angle, Degrees

ELF
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Example of Spreadsheet Based Conceptual

9/10/2009

Define Mission Requirements [ Flight Performance ( Ry, Ryin: Vavs ) » MOM, Constraints ] |

v

Alt Mission

A

Establish Baseline ( Rocket <<=, Ramjet < )
v
Aerodynamics Input ( d, I, I, A, ¢, t, Xeg )

Alt Baseline

A

Aerodynamics Output [ Cp, Cy, Xac, Cpy » L/ D, S¢]

Propulsion Input ( p,, €, ¢*, A,, A, A;, Hy, @, Ty, Inlet Type )

7 Resize / Alt Config /
Subsystems / Tech

Propulsion OUtpUt [ Isp! Tcruise! ptzl pto! w, Tboost! Tsustain! AVBoost ]

Weight Input (W, Wp, 6., )
Weight OUtPUt [ Q! dekin / dt! Tskin! Pskin » 1:skin! 0-buckling! MB! ( Ft )Motor! W! xcg! Iy ]
v
Trajectory Input ( h;, V,, Type ( cruise, boost, coast, ballistic, turn, glide )
Trajectory Output (R, V, and y versus time )

No [ Ryaxs Ruins Vave |

No [ Paiasts Pk Nitss
Vfragments’ PKE’

Measures of Merit and Constraints

KEWarhead’ TTotal’
v Yes OHEs OMANs Ryetects

ELF CWeight’ Cunitx ]
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9/10/2009

Examples of Parameters and Technologies
That Drive Missile Flight Performance

Missile Flight Performance Prediction

Examples of Maximizing Missile Flight
Performance ( Workshop )

Summary

ELF
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STA60.8

STA125.4
l—194 — LEyac at
: = 34 STA131.6 e 18.5 —
LEyac at STA67.0 A =45° r BL8.0—~
BL10.2 ~ T
. 16.1
- 8.0d . l | 12.0
/-— _ ¢ & -
\ : f CdBo ' chﬁ.ﬂnCh
A=57° >\
\ . Rocket Motor D
— Tw2 @ —— O O ——O— -® 0
STAO 19.2 46.1 62.6 84.5 138.6| 143.9
Nose Forebody Payload  Midbody Aftbody Tailcone

Bay

Note: Dimensions in inches

Source: Bithell, R.A. and Stoner, R.C., “Rapid Approach for Missile Synthesis, Vol. 1, Rocket Synthesis
Handbook,” AFWAL-TR-81-3022, Vol. 1, March 1982.
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Rocket Baseline Missile Propellant Weig

Component Weight, Ibs. C.G. STA, In.
% Nose ( Radome) 4.1 12.0
Forebody structure 12.4 30.5
Guidance 46.6 32.6
(2) Payload Bay Structure 7.6 54.3
Warhead 1.7 54.3
(4) Midbody Structure 10.2 73.5
Control Actuation System 61.0 75.5
(5) Aftbody Structure 0.0 -
Rocket Motor Case 47.3 107.5
Insulation 23.0 117.2
(6) Tailcone Structure 6.5 141.2
Nozzle 5.8 141.2
Fixed Surfaces 26.2 137.8
Movable Surfaces 38.6 75.5
Burnout Total 367.0 76.2
Propellant 133.0 107.8
Launch Total 500.0 84.6

9/10/2009

ELF
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Thrust - 1,000 Ibs

0 |
0 4 8 12 16

Note: Sea Level, 60°F Time - Seconds
9/10/2009 ELF 0




- 16 |
@
= M=12
D
S 12 | et
3 06~ 22 g 3%
o 4.60
- =
g 8 L //
= =
= ~
(&) ~

4 L =

~
~
=
0 = | | | |
0 4 8 12 16 20 24

o, Angle of Attack — Degrees
9/10/2009 ELF



0.3

o
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—

CNS ~ Per Degree

o
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(@)

S
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o

9/10/2009

Power On

Power Off

1
M, Mach Number

2 3 4

ELF
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nx, Axial Acceleration, g

—
(8|
|
1

—
o
|
T

(8]
|
T

X

Boost

ne=(T-D)/W

Note:

t.= 24.4 sec

ML =0.8

h, = 20,000 ft
Tg=5750Ib

t; = 3.26 sec
Tg=1018 Ib
ts=10.86 sec

D =99 Ib at Mach 0.8
D =1020 Ib at Mach 2.1
W =500 1b
Wp=133LB

Sustain

o

10

t, Time, sec

9/10/2009

ELF
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Rocket Baseline Missile Has Nearly Constant

V, Velocity, ft / sec

3000 —+

N

o

oS

o
|

AV/(gclsp)==(1-Dayg/T)In(1-W,/W,), During Boost

V/Vgo=1/{1+t/{2Wgo/[9cPavs Sret ( Co, Jave VBol}}; During Coast

| Boost ’w

Sustain

9/10/2009

1000 -
Note:
- M_=08
L h_ = 20K feet
0 | | | | I | | | | I | | | | I | | | | I | | | | I

0 5 10 15 20 25
t, Time, sec
ELF
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Rocket Baseline Missile Maximum Range Is

9/10/2009

10 +
[ R= A Rpoost + A Rystain * A Reoast
8 1 |
E | ot
[ -
G I
= 0
o I
= 4 1
= [ Sustain
oF
9 T Note:
. M, =0.8
h, = 20K feet
10 15 20 23
t, Time, sec
ELF
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Rocket Baseline Missile Has About 30 G

®(nz) =(nz)gogy * ( Nz Jing * ( Nz Jrain

¢ Rocket Baseline @

‘Mach 2
«20,000 ft altitude
*367 Ib weight ( burnout)

¢ Compute
Olyying = O'yax = (@ + 8 )y = 22 deg for rocket baseline

a =0.758, ogegy = Oy = 9.4 deg

(N7 )Body = d Sges ( Cn Jpogy / W=2725(0.35) (1.1) /367 = 2.9 g ( from body )

(N2 Wing = 9 Swing [( Cn Iing (Sret/ Swing )1 /W =2725(2.55) (1.08 ) / 367 = 20.4 g ( from wing )
(N2 )5t = 9 Stz [( Cn )ait ( Spes! Stait )1/ W =2725(1.54) (0.50 ) / 367 = 5.7 g ( from tail )

On,=29+204+57=29¢g
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Assume Rocket Baseline @ y; = 45 deg, h, = h; =0 ft

X

Velocity, Horizontal Range, and Altitude During Initial Boost @ y = 45 deg
AV=-g.lsp (1-Daye/ T)In (1-W,/W;)=-32.2(250)(1-419/5750)In (1-84.8/500)
=1,387 ft/ sec
AR=(V,+AV/2)t;=(0+1387/2) 3.26 = 2,260 ft
AR, = AR cos y,= 2260 ( 0.707 ) = 1,598 ft
AR, = AR siny;=2260( 0.707) = 1,598 ft
h=h;+AR, =0+1598=1,598 ft
Velocity, Horizontal Range, and Altitude During Sustain @ y = 45 deg
AV=-g l5p (1-Dpye/ T)In (1-W,/W;)=-32.2(230.4) (1-650/1018)In(1-48.2/
415.2) = 585 ft | sec
Vgo = 1387 +585=1,972ft/ sec
AR=(V,+AV/2)t;=(1387+585/2)10.86 = 18,239 ft
AR, = AR cos y,= 18239 ( 0.707 ) = 12,895 ft
AR, = ARsiny;=18239 (0.707 ) = 12,895 ft
h=h;+ AR, =1598 + 12895 = 14,493 ft
9/10/2009 ELF 49




rajectory

Velocity, Horizontal Range, and Altitude During Ballistic Flight
he=h; = 0 ft = ty,yenc = 59 sec)

Vi =Vicosy [ {1+t/{2Wg,/[ g Pave Srer ( Coy)ave Veo Il =1972(0.707) / {1+ 59/{2(367)/
[32.2(0.001496) ( 0.349) (0.95) (1972)1}} = 395 ft / sec

V,=V;siny,/ {1+t/{2Wao/[ g Pav Srer ( Co, )ave Veol} —32-2t=1972(0.707) / {1+59 /{2 (
367) /[ 32.2(0.001496) ( 0.349) (0.95 ) (1972 )]}} - 32.2 (59 ) = - 1,505 ft / sec

R, ={2Wpocos v,/ [ 9. Pave Sref (Cp, Jave I IN {1+t [{2Wpgo /[ 9. Pavc Sres ( Cp, Jave Veo 11} = {
2(367)(0.707)/[32.2( 0.00149%) (0.349)(0.95)}In{1+59/{2(367)]/ [%2.2 (0.001496
)(0.349)(0.95) (1972)]}} = 40,991 ft

h=h; +{2Wg, siny;/ [ 9. Pave Sret ( Cp, )ave I} IN {1+t /{2 Wz /[ 9. Pavs Sket ( Cp, Jave Veol} -
16.11t2=14493 + {2 ( 367 ) ( 0.707)/0[ 32.2(0.001496) (0.349) (0.95)]} In{1 + 5%”{2 (367)
/[32.2(0.001496) (0.349) (0.95) (1972)]}} - 16.1 (59 )2 = 0 ft

Total Time of Flight and Horizontal Range
t= SAt= Aty + Atyein + Atpaicic = 3-26 + 10.86 + 59 = 73 sec
R = ZAR, = AR, poos * AR, custain * ARy paistic = 1598 + 12895 + 40991 = 55,894 ft = 9.2 nm

X,boost
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Boost Climb — Ballistic — Glide Trajectory

¢ Rocket Baseline @ y; = 45 deg, h, = h;= 0 ft

b4

¢ From Previous Example, the Boost Climb - Ballistic Conditions at Apogee are:
t=36 sec
v=0deg
V=702 ft/sec
h = 28,994 ft
AR, = 36,786 ft
q = 227 psf
M=0.7
(L/D),, =5.22
0L/ D)ay = 0-0 d€Y
¢ Incremental Horizontal Range During the (L /D ),,,, Glide from Apogee to the
Ground is given by
¢ AR, =(L/D)Ah=5.22(28994)= 151,349 ft
¢ Total Horizontal Range for a Boost Climb — Ballistic — Glide Trajectory is
¢ R,=ZAR, = AR, goosicimb-atistic * ARy ige = 36786 + 151349 = 188,135 ft = 31.0 nm

9/10/2009 ELF 51
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h, Altitude, Kilo Feet

30 -

N
o
|

-
o
|

ansi|esd

Note: Rocket Baseline ==-—

@ End of boost, t = 3.26 sec, y = 45 deg, V = 1387 ft / sec

M End of sustain, t =14.12 sec, y =45 deg, V = 1972 ft | sec
%k Apogee, t = 36 sec, y=0 deg, V=702 ft / sec

S %y +Ballistic impact, t = 73 sec, y = - 65 deg, V = 1556 ft / sec
N X Glide impact, t = 286 sec, y =-10.8 deg, V = 500 ft / sec

R, Range, nm

9/10/2009
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¢ Objective — Hands-on Learning of Rocket Physics Based on
¢ Design
¢ Build
¢ Fly
¢ Furnished Property
¢ 1 Launch System
¢ 1Target
¢ 1 Weight Scale
¢ Furnished Material
¢ 1 Soda Straw: %4 in Inside Diameter by 11 in Length
¢ 1 Strip Tabbing: "2in by 6 in
¢ 1 Tape Dispenser
¢ 1Wood Dowel: %4 in Diameter by 1 in Length
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2 Ya Lo = Py v.Y4da o Y2y a2

¢ Design - Soda Straw Rocket

¢ Compatible with Furnished Property Launch System
¢ Launch tube outside diameter: % in
¢ Launch tube length: 6 in
¢ Launch static gauge pressure: up to 30 psi
¢ Design Body and Tails for
¢ Maximum flight range
¢ Accurate and stable flight
¢ Calculate Aerodynamic Drag Coefficient
¢ Skin friction drag
¢ Base drag
¢ Calculate Thrust and Thrust Duration

¢ Measure Weight
¢ £0.1 gram accuracy
¢ Predict Flight Range and Altitude for Proscribed
¢ Launch pressure
¢ Elevation angle
9/10/2009 ELF 54



aYa Lo s Py . V.Y4a 2 Y2y 2

¢ Build - Soda Straw Rocket Using Either

¢ Furnished Material
¢ Or Can Use Own Material

¢ Fly - Soda Straw Rocket

¢ Proscribed Target Location, Launch Location, Launch Pressure, and
Launch Angle

¢ Compare Flight Test Results for Alternative Concepts
¢ Highest vertical location of impact
¢ Smallest horizontal dispersal from impact aim point

¢ Discuss Reasons for Performance of Alternative Concepts

9/10/2009 ELF 55



Baseline Configuration Geometry,

Example Baseline Configuration  +—— —
Diameter =d =" in = 0.0208 ft
Outside Length=1=5in = 0.417 ft
Inside Cavity Length Available for Launch Tube =1, = 4 in=0.333 ft
Hemispherical Nose
Reference Area = Sp = (/4 ) d?=0.0491 in? = 0.000341 ft2
4 Tail Panels ( Cruciform Tails, n;=2)

Each tail panel 2 in by 1 in

Mean aerodynamic chord=c, .. =1 in =0.0833 ft

Exposed area of 2 tail panels = S; = 1 in? = 0.00694 ft2

Exposed aspect ratio of 2 tail panels=A=b?/S;=(1)?/(1)=1.0

Example Baseline Weight and Balance
W=1.9 gram =0.0042 Ib
Xeg/1=0.55

Il |c >

<& | >
€
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During Boost, Thrust ( T ) Provided by Pressurized Launch Tube
T=(p_p0)A=pgauge(1 _e_tlT)A
A = S..;=0.0491 in? 1 = Rise Time to Open Valve
Assume p,,,q = 20 psi, T = 0.2 sec
T=20(1-e-%92)(0.0491)=0.982(1-e-50t)
Actual Thrust Lower ( Pressure Loss, Boundary Layer, Launch Tube Friction )
Acceleration ( a ), Velocity ( V ), and Distance ( s ) During Boost
a~322T/W=322(0.982)(1-e-%00t)/0.0042 = 7528.667 (1-e~50t)
V =7528.667 t + 1505.733 e ~500t - 1505.733
s =3764.333 t2— 301.147 e ~500t—1505.733 t + 301.147

End of Boost Conditions
s=1,=0.333 ft=t=0.0382 sec
V=25.8ft/sec
q="p V2="(0.002378 ) ( 25.8 )2 = 0.791 psf
M=V/c=258/1116=0.0231
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Total Drag Coefficient Cp) = (Cp, )goay * (Cpy )rai
During Coast, CDq): ( CD )Body,Friction * (CD )Base,Coast * ( CDo )TaiI,Friction =0.053
(1d)[MI(q1)P2+ 01240, {0.0133 [R7(q Cp 122} (257 Sger)
Cp, =0.053 (20 ){ 0.0231/[( 0.791) (0. 417 )]}*2+ 0.12 + 2 { 0.0133 { 0.0231
[[(0.791) (0.0833 )]3°2}[ 2 ( 0.00694 ) / 0.000341 )] = 0.62 + 0.12 + 0.88 =
1.62

Above Drag Coefficient Not Exact
Based on Assumption of Turbulent Boundary Layer

Soda Straw Rocket Is Small Size and Low Velocity = Laminar Boundary
Layer
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Horizontal Range Equation

Ry={2Wcosy;/[g.p Sge Cp I} In {1+t [{2W/[g,p Sges Cp Vi]} ={2
(0.0042 ) cos v: /| 32.2 (0.062378 ) (0.000341) (1.62)]} In { 1% £/{2 (
0.0042) /[ 32.2 (0.002378 ) ( 0.000341) (1.62) ( 25.8 )]} = 199 cos y; In (

1+0.130t)

Height Equation

h={2Wsiny;/[g.p SgeCp I} In {1+t /{2ZW/[g;p Sges Cp Vi1} + h; - g,
£2/2={2(0.0042)siny, I32.2(0.002378)(0.000341) (1°62)}In {1+
t/{2(0.0042)/[32.2(0.002378 ) (0.000341) (1.62) ( 25.8)]} + h. -
32.2t2/2=199 siny,In (1+0.130t)+h,-32.2t*/ 2

Assume y, =45 deg, t =t .= 0.9 sec
R, =199 (0.707 )In[1+0.130 (0.9 )] =15.5 ft
h=199(0.707)In[1+0.130 (0.9)] +h.-32.2(0.9)2/2=h, +2.5
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Soda Straw Rocket Range Driven by Length,

08
I Example: 10% increase in rocket length
- = 7.1% increase in range
0.6 +
04 +
Nondimensional
Range i
Sensitivity to
Parameter
0 T T T T 1
pgauge tau w LCE)OJ
0.2 +
04 —
ELF

9/10/2009

Note: Soda Straw Rocket Baseline:
—

d ] —

[
W =Weight=0.0042 Ib

| =length=5in

T = Time constant to open valve =
0.2 sec

Pgauge = gauge pressure = 20 psi
V = Launch Velocity = 25.8 fps
Cp, = Zero-lift drag coefficient =
1

62

v = Initial flight path angle = 45 deg

t. = Time from launch to impact
-'mﬁaé:tsec

R, = Horizontal range = 15.5 ft
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Examples of Parameters and Technologies
That Drive Missile Flight Performance

Missile Flight Performance Prediction

Examples of Maximizing Missile Flight
Performance ( Workshop )

Summary

ELF
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*

9/10/2009

Flight Performance Analysis Activity in Missile Design and
Analysis

Compute Range, Velocity, Time-to-Target, Off Boresight

Compare with Requirements and Data

Maximizing Flight Performance Strongly Impacted by
Aerodynamics
Propulsion
Weight
Flight Trajectory

Lecture Topics
Aerodynamics Parameters, Prediction and Technologies
Drag Coefficient
Normal Force Coefficient
Propulsion Parameters, Prediction, and Technologies
Thrust
Specific Impulse
ELF 62
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Lecture Topics ( continued )

Flight Performance Parameters and Technologies
Cruise Range
High Density Fuel and Packaging
Flight Trajectory Shaping
Range Sensitivity to Driving Parameters
Missile Follow-on Programs
Examples of State-of-the-Art Advancements
Summary of New Technologies
Flight Performance Envelope
Videos of Flight Performance
Modeling of Degrees of Freedom
Equations of Motion and Flight Performance Drivers
Steady State Flight Relationships

Flight Performance Prediction
Steady Climb and Steady Dive Range Prediction

Cruise Prediction
9/10/2009 ELF 63



¢ Lecture Topics ( continued )

¢ Flight Performance Prediction ( continued )
¢ Boost Prediction
¢ Coast Prediction
¢ Ballistic Flight Prediction
¢ Turn Prediction

¢ Target Lead for Proportional Homing Guidance
¢ Tactical Missile Design Spreadsheet

¢ Workshop Examples
¢ Rocket Boost-Coast Range
¢ Rocket Maneuverability
¢ Rocket Ballistic Range
¢ Rocket Trajectory Optimization
¢ Soda Straw Rocket Design, Build, and Fly

9/10/2009 ELF
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onfiguration

9/10/2009

¢ Body Fineness Ratio
¢ Nose Fineness Ratio

¢ Efficient Cruise Dynamic Pressure

¢ Missile Homing Velocity
¢ Subsystems Packaging

¢ Trim Control Power
¢ Missile Maneuverability

ELF

5<1/d<25

Iy /d~=2ifM>1

q <700 psf

Vy/V:>1.5

Maximize available

volume for fuel / propellant
old>1

ny/ne>3
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