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Outline 

Tour of White Sands Laboratory (flELSTF/PLVTS) and Video of Flight Testing. 

Comparison of Constant Momentum Mission and Constant Specific Impulse 
Mission. Av, Vj«t, f, mo, v^, Pjet, m/Ejct ' 

EiBciency of conversion of laser energy to propcllant kinetic energy, ap. 

Upper limit to conversion of laser energy to jet kinetic energy from energy 
conservation and definitions: Cvjct = a|3cl)< 1, 

Comparing momentum quantities to energy quantities. The "Phi Factor" <D = 
<v> /<v > and velocity distributions in propellant jet. cjp values I"or delta liincti 
Maxwellian, Gaussian, Chunks and gas, supersonic expansion, etCi 

Upper limits to performance based on chemical thermodynamics. Blowdovvn from 
defined equilibrium state (u, p) of known volume. 
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Pulsed Laser Vulnerability Test System 
(PLVTS) 

Original Performance 
• 800 joules/pulse 
• 10 Hz 
• SOus'ec pulses 

Modified Performance 
- 1998 

• 400 joules/pulse 
• 28 Hz 
• 18tisec pulses 

- 1999 
• 150 joules/pulse 
r  30 Hz 

• 5u':sec pulses 

1 I     > 
,15 SI 

^ 

AppiovccI for piil)Iic rclcnsc; (lislrilnitinii iiiiliniitcct. 

Optical Bench Set Up At 500- 
FtMark 
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Optical Power vs Time: 
a) 2.5/s; b) 5/: s; c) 18ijs; d) 35/: s 

i ! mmv'ii 

:,..,.J ""*«*«*..«. 

l^V 

Approved for public rclciisc; distribution unlimited. 

-r^m 

SMCICI lest Iclescope (Fri) 
•50 cm 
• Casscgrainian 
• Dynamic Focusing 
•Minimum Acquisition 
Distance is 200 m 

Laser Beam Handoffto This 
Telescope Should Allow 
Altitudes of~300m (1,000 ft) 

Approved l'orpnl)Iic rclciisc: dislrihiition unlimited. 
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Laboratory Telescope Burn 
'•.: -Patterns /' ''^^^^m^' 

T"". -'.■'U->iw»i'i^i''>-'fe:-:.,;'>. 

^ii<ir'.!^' 

Near Field 
At-10 Ft 

Wmp ■ :i 

5 cm Ref. 
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500 Ft 
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FTT Beam Burn Patterns 

500 Ft, 
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Pendulum Impulse 
Stand ^^'^!?^^' 

't,..^^^' ''w'i- 
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Energy Conversion hs Laser Propulsion Mission 

11 = propulsion efficiency (jet kinetic energy to veliicle kinetic energy) 

a = expansion efficiency (internal propellant energy to jet kinetic energy) 

P = absorption efficiency (laser energy at vehicle to internal propellant energy) 

r = transmission efficiency (laser energy at ground to laser energy at vehicle) 

6= laser efficiency (electric energy to laser energy at ground) 

*****   Issue: separability of T] a |3y  ***** 

A( <Rft (n/l^vvir 1-^nn , " ^^^'^ '^"'■"' °^"'^'<^"'-'<=ity to put 1 kg into LEO." 
At!!.O.IO/I<:WH,S500buys J8,00()IVU(I KWII = 3 (f M H- Ilm-.f ini    /       ., I     wii    3.6 MJ), J. kg a110 kn./s -> E^ ^ 50 MJ, 50 iiaPyS > 0.0028 

' n n, Monslcr, Ncbolsmc, ^/^^/„„„,„/j2 (1974)725^^^^^^^^ 
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Definitions and Energy Conservation 

Propelfant Kiiretic Energy: '       Ep = '/2mp<Ve^> = a(3 EL 

Propellant Impulse: 

Coupling Coefficient: 

Energy Conservation:- 

Propellant Internal Energy: 

I = mp<Vc> 

C=- 
E, 

Pf 
|cl(pve2) 

<Ve2.> = - 
Pf 
Jdp 
Pc 

<v„> = 

Pf 
Jd(pve) 

_ Po 
Pf 
Jdp 
Pc 

c= 2aP' <v»>2 2aP0 
<Vc>L<Vc2>J    <ve> 

CI      G<ve>     I<ve> 
2mr 2E, 

<1 

Q*=„   -uO=P^. 
m„ C = P<Vc> 

Propellant witli added cliemieal energy, Au:   (a|30),pp,e„t = a<D'( 3 + nipAu/EO 

3000 

2000 

>  100O 

Appitfveil forphblic i-elcn^c; distribufion Hnliniited, 

0.7y..;. 

0.6- 

0.5- 

Ablation Efficiency 
■  ap<D  =|2/2mEL 

    DLR Paraboloid 

LJ 

rq:o o ora 

100 200    ' 

EL(J) 

300 

40n 
EL(J) 

300 

Mass Ablated per Shot  .        (Q 
■O 

0.12i 
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oooddd.oo'o'T-'   up"*'   , 

'  '  I'l'U'lftpryoxlyn 

1 V- \ \ \^ \ \ # 

ccpo    efficiency for several solid propellants 

compared to equilibrium and 

frozen blowdown of air to 1 bar 

4A \\V\\V. ^. 
blovvdown \ ..\:  \ .\   \-.\       -t, ,,_, 

,i. \K(. X- S\.\ X" \.\sr^t#^ .vA.   0. Phipps (proprietary) 

■ ■ 1 ■ • ■ A- ■ A' ■ ■•BLR^e!ri^;-"vX;;X;>"^; • OPVC (PET) 44* • •   •.  

'&:-y<' 

.>'C    ■   0.6^ 
•u O.S-'-: 'Yr-Jj 

0.4-^    : .r^"-"--. • 
:■--.■■   •-     ~- ■^-r'l^ •.•goMJW 

0 - air blowdown" : 
I  i  1  :  ^    i  (  1  [- i  r~~r—I i——\ r 1 i 1 r 1 1 1 

0    1000   2000   3000   4000   5000   6000  ,7000   8000   9000  10000  11000 

exit velocity v^ (m/s) 

^ Apniovefl foi public rclcisc? disfiibtilion uiilimifcd       AlrSD27a axg July 30 2003 11 41 55 AM 

IWSTANTANEOUS PROPULSION EFFICIENCY 

i1i = 
2(v/v,ct) 

^ \   -, i    N/= Vje.'f 

l-^(v/^Oe^^ .^,<\^V-^>^^ 

CONSTANT MOMENTUM COMPARED TO CONSTANT SPECIFIC IMPULSE MISSION 

Tlie Constant Specific Impulse Mission 

•"dm    -1- 
J — = — J dv   . 

mo "1       Xict vo 

nio ^     V Vjct   -' ^   Vjet 

The Constant Momentum Mission 

"Jdm__''.dy 

f=iiL=Vo^j_Av;^L_^Av' 
V       I Vo 

m 
mo    V 

-1 
^o'^a^'^'^ 

Approved for public release; distribution nnb-initcd. 



Figures of Merit for Laser Propulsion: m/Ejet 

The Constant Specific Jnipiiisc Mission 

Ejet = - 2 J" Vjc? elm = ! (mo - m) Vje? 
mo 

B = 
m 2x2 2f(ln]0.2 

-(m<,-m)Vj2     (e''-i)[Avf    (l-t)[Av]2 

p.    - 

The Constant Monientiini Mission 

-^ /v2dm = -i(m„vJ/S131=iniv2-im v/ =imvAv 
ii'o ^ 111,, ra^       2 2      0 0 2 

B = _m_ _2(l-f') 
rJllvAv       [Av]^ 

Appi-f.vc(l for public release; (listribiifion nnliinited. 

1.0 

0.9 

0.8 I- 

0.7 

Mass accelerated per unit energy for.:. 
constant momentum niisssion and 
constant specific impulse mission 

0.7 .0;6 
Ap(,rovetI for public release; distribufion .inli.nitcd. 
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MISSION TIME FOR CONSTANT Sl'KClIflC IMPULSE AND CONS'I^ANT MOMENTUM MISSIONS 

Constarii: Specific Impulse 

p.    =lv.2^->Fv f = J2. = l_ 2Pi jet 

m„ movJ 
nio 

t = ^(Av) :Cl-f) 
2Pjo(      ' (l.nf) r\2 

Av = -vjnll—^' 
^''   i       moVje?   y 

,   • 2Pjct 
= /2Pjet(lnf)%_,,/BPiot.) I      mo 

Vmo(l-f)^    '"[-mo 'U^     BPjot y 
V       nio  • 

Constant Momentum 

I jet - 2^ *^ = 1F 
dt 

Fv f'= — = 
mo ~ 

1 + 21 iet jet^, 

moV„2 

-1 

2Pj/'''^.^ (1-f) 

moVo      V nio     f VB' 

2Pi jel 

mo 

:.#Ri;pfl|^rf «!)iic wki^^cyjist^ 

(a) Gorigtaht Specific Impulse MissioH (b) Constant iViomWhtum Missioh 

400  0 100 100    200    300 
time (s) 

Approved for public release; distribution iinliniitcd. 
traject4,axg July 29,2003 9:00:16 AM 
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Conclusions . 

When P„3,,/,n„ ~ 0.05 MW/kg small payloads (2 to 4 kg) may be launched into low earth orbit, 
Av~ 10,000 m/s. 

At the same mass fraction, f= 0.2, m/Ejet for constant niomentiun mission is 23% greater than 
lor constant specific iiupulse mission. 

For Av = 10,000 m/s, mo/Pj,e = 20 kg/MW, f = 0.2, v„ = 0, the mission time for constant specific 
impulse propulsion is ~ 315 sec. 

For Ay = 10,000 m/s, m„/I>jet = 20 kg/MW, f = 0.2, v„ = 2000 m/s, the mission time for constant 
momentum propulsion is ~ 155 sec. 

At the same ni/Ejet = 0.013 kg/MJ and Av, f(constant momentum) = 0.35, and lYconstant 
specific impulse) = 0.20. 

Based on measured I, E^, and ablated n.ass, overall energy conversion efficiencies (laser 
energy to jet kinetic energy) of dp ~ 50% were obtained with Delrin propellant in the laser 
lightcraft. 

Jet exit velocities of-2000 m/s with Delrin (based on measured mass) and ~ 3000 m/s with air 
(based on estimated mass). 

Approved for pttblic release; rti.strmution unlimited 
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THE COUPLING eOEFFrciENT AND THE SPECIFIC IMPULSE 

Ejet =1/2 m<vV = amQ* = aPEr, 

I = m<v> 

EL 

/2C<v> = apo < 1 

PL = ODEL 

F = COELC 

!/2F<v> = a|3(I)PL 

lF<v> 
Pirf = - Ijet 

2    O 
= ap Pr, 

(aP'cI>)appnre„t  = aO(p + mAUc|,c,n/EO 

Approved forpuhlic release; (tisfribiition unliniitcd. 

- Lasferiiighfcfaft Flights w ith Air: h = ^/2t^{CE^y^fM■g) = 1/2gf{T7W^i) 
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•rnblt 1-. NoivnalizcJ absorption volume for iiri- at !.I8 kg/m' as a 
fiinctiou of.iiilenial energy and laser e;iergy. 

O 

tl V,b5/P, nor malizcd absorption vt 
EL=I50J EL'-ZOOJ 

)lunie, cm' 
MJ/kg EL=50J E| =100 J Et=300 J EL-<IOO 1 

1 '12.3 84.7 127.1 169.4 254.2 338,9 
2 21.1 42.3 63,5 84.7 127.1 169,4 
3 14.1 .   28.2 42.3 56.5 84,7 112,9 
<1 10.5 21.1 31.7 42,3 63,5 84,7 
5 S.'I7 16.9 25.4. 33.9 50.8 67,8 
6 7.06 14.1 21.1 28.2 42.3 56,5 
7 6.05 12.1 18.1 24.2 36,3 48,4 
8 5.30 10.5 15.8 21.1 31,7 42.3 
9 4.7) 9.42 14.1 18.8 28,2 37,6 
10 4.24 8.47 12.7 16.9 25,4 33,9 
15 2.82 5.65 8.47 11.3    ■ 16.9 22,6 
20 2.12 4.24 6.3(5 8.47 12:7 16,9    ■ 
30 1.41 2.82 4.24 3,65 8.47 11.3 
'10 1.06 2.12 3.18 4,24 6.36 8.47 
30 0.85 1.69 2.54- 3.39 5.08 6.78 
60 0.71 1.41 2.12 2.82 4,24 3.65 
70 0.61 1.21  ■ 1.82 2.42 3.63 • 4.84 ' 
80 0.53 1.06 1,59 2.12 3,18 4.24 
90 D.47 0.94 1.41 1,88. 2,82 3.77 
100 0.42 0.85 1.27 1.69 2,54 3.39 
110 0.39. 0.77 I-.16. i;54 2,31 3,08 
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I-'igiire J. Cross-sectional view ofMymbo LaserUglitaufi, Model200-3/4. 
The maximum diamelir of the test article at the sltrotid is -10 cm. Tile 
indicated ring o/Deirin weiglis ~10g and iias a volnme of- 7 cm' and 
a surface area - 2S cat'. Tlie idealized ping nozzle exit area is ~ 350 cm'. 
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Model 200-3/4 Lightcraftwith Air and Delrin 
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iBSlantaneous Quantifies 
Average acwcfciwn Quantities 

EQUIUBFilUM n,-u» • ls4 kj/kg 
—O—   FROZEN     n-lP-1MlcJ/vg 

03 i      —is—   fRCZEN      it-l/'"2«3 kJdcg 
EQUlUBRIUMH-rf' •2«3 fcj/kg 

-g.    02 

j>cn 

pa oi--.    ..0.4- 

density (kg/h?) 

Instantfnedtis Quantities 
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•fficlency 
JetVelcx;ity(irVs) 
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Thermodynamic properties of Mach 5 air at stagnation density, 

p = 5.90 kg/ml 

M X(e-) Cp/Cv 

MJ/kg  lO^K.    bar MJ/kg KJ/kg K'KJ/kg K kg/kmo! 

0.102   0:560   9.492   0.263 6.864 

1 1.6 27.1      1.5        7.7 

2 2.6 43.2     2.7        8.2 

3 3.3 56.5      4.0        8.6 

4 3.9 67.7     5.1        8.9 

5 4.4 78,2      6.3        9.1 

6 4.8 88.9      7.5        9.3 

7. 5.3 100.3     8.7 9.5- 

8 5,8 112.4    9.9 9.7 

9 ,    6.3 124.5 1.1.1. 9,9. 

10 6.7 135.8 12.3 10.0 

15 8.2 182.0 18.1 10.7 

20 9.2 222.3 23.8 11.2 

30 10.8 304.9 35.2 12.2- 

40 12.7 404.9 46.9 13.1 

50 15.6 534.8 59.1 13.8 

60 18.4 667.9 71.3 14.4 

70 20.8 794.6 83.5 14.9 

80 22.8 919.9 95.6 15.4 

90 24.6 1046.6 107.7 15.8 

km/s 

1.042     28.965       0     0.471   1:38 

1.25      28.97    4e-13   0.77    1.30 

28^95 6.E-11   0.96    1.25 

28.73 2.E-08   1.08    1.21 

28.19 3.E-07  1.17   1.20 

27.46 2.E-06   1.26    1.20 

26.69 6.E-06  1.35    1.22 

25.96 2.E-05   1.45    1.23 

25.32 4.E-05   1.53    1.23 

24.79 8.E-05  1.61    1.22 

24.32 l.E-04   1.67    1.21 

22.19 6.E-04   1.91    L18' 

20.32 l.E-03 2.11 1.18 

17.41 3.E-03 2.49 1,20' 

15.45 l.E-02  2.92    1.24 

14.33 3.E-02 3.39 r.27 

13.54 8.E-02 3.78 1.26 

12.81 l.E-01 4.13 1.27 

12.14 2.E-01 4.45 1.27- 

11.52 2.E-01  4.76    1.28 

1-.45 

1.85 

2.33 

2.65 

2.71 

2.61 

2.55 

2.69 

3.04 

5.49 

7.36 

8.05 

5.52 

4.28 

5.20 

6.32 

7.26 

.7.99 
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Figure 10. Comparison 0/Equilibrium expamion and frozen expansion of air. The circles and nearby crosses represent ilte blowdo^m quantities 
obtained from initial fu^u'J* states of2E3, and 1E4 I/kg for the frozen expansion and '2E3, 6E3,1E4, and 4E't kJ/kgfor the equilibrium expansion. 
The results of the tivo frozen blowdown integrnitions to P^, = 1 bar are plotted ivith those of the equilibrium blowdown to show tliat the differences in 
alpha are small, i.e., at low energy (2E3) 0.30 and 0.29 and at high energy (1E4) 0.32 and 0.27for equilibrium and frozen blowdmm, respectively. 
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Hj, O2, HjO, OH, H,. 0 Equilibrium 
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u = 0 

Vii,nt = -0-98660Sx10«J/kg:' f 

-2x10^' 
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