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Overall Energy Conversion in Laser Propulsion Mission

Er=Y%mvi=nopydEy

7 = propulsion efficiency (jet kinetic energy to .vehicle kinetic energy)
o= expé_nsion efficiency (inté‘rnal l;ropellant enefgy to jet kinetic energy)
f = absorption efﬁciency (laser ene'rgy at vehicle to internal propellant éhergy)
Y =r'ti'ansmissi‘on efficiency (lase’r énergy at g;;ound to laser energy at vehicle)

& = laser efficiency (electric energy to laser energy at giound)

**kk% Tssue: separability of n oy *trex

“ $500 worth of electricity to put 1 kg into LEO.” .
At $0.10/iKWH, $500 buys 18 OOOMJ (1 KWH =3.6 MJ); 1 kg at 10 kkm/s — E;= 50 MJ, so napys 2 0.0028
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Conclusions

When Pjye/m, ~ 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/E; for constant momentum mxssmn is 23% greater than
for constant spécific impulse mission.

For Av = 10,000 m/s, m‘,/PJet =20 kg/MW, f=0.2, v, =0, the mission tiime for constant specific
1mpulse propulsion is ~ 315 sec. ' .

For Av = 10,000 m/s, m,/Pje =20 kg,/MW f=0.2, Vo = 2000 m/s, the mission time for constdnt

momentum propulsion is ~ 155 sec.

At the same m/E;e = 0.013 kg/MJ and Av, f(constant momentum) = 0.35, and {(constant
specific impulse) =0.20. ’

Based on measured I, EL, and ablated mass, overall energy conversion efficiencies (laser
energy to jet kinetic energy) of ocB ~50% were oblamed wﬂh Delrin propcll.mt in the Jaser

lightcraft.

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

. Approved for public release; distribution unlimited.

THE COUPLING COLTI‘ ICIENT AND TIIE SPECITIC IMPULSE
Q* = BE/m

Ejue = V2 m<v> = amQ* = afE,

I =m<v>

C<y>=apd <1
PL = CDEL,
F= (DELé

Y F<v>=affd Py

(aﬁq))appnrcnt = Q'(I)(B + nlAuchcn‘J EL)
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Table 1. Normalized absorption volume for air at 1.18 g/’ asa
function of internal encrgy and laser energy.

u V4,/B, normalized absorption volume, om®
Mifkg E;=503 Ly=100J E.=150J E;=200J E.=300J E;=400J
1 423 84.7 127.1 169.4 2542 338.9
2 211 42.3 63.5 84.7 127.1 169.4
3 141 282 423 565 847 1129
4 10.5 211 317 423 63.5 84.7
5 847 169 254. 339 50.8 67.8
6
7
8
9

7.06 14.1 21.1 282 423 36.5
6.05 12.1 18.1 24.2 363 48.4
530 0 105 15.8 211 317 423
471 9.42 14.1 18.8 282 37.6

10 424 8.47 12.7 16.9 254 339 -
i5 2.32 5.65 8.47 113 169 22.6
20 2.12 424 6.36 8.47 129 16.9
30 141 232 424 5.65 8.47 113
40 1.06 2.12 3.18 424 6.36 847

50 085 169 254 339 508 G678 : 3 ~10g Delrin FOCUS
60 071 141 212 282 424 565 : ~Tem’

70 061 121 182 242 363 484 ; \ AN

80 0.53 1.06 1.59 2.12 " 3.18 4.24

. Oplic
100 0.42 0.85 127 169 - 254 3.39

. . ‘ . Parabolic
90 047 094 141 138 28 377 . ‘ i
10 039 077 116, LS4 231 308

Figure 1. Cross-sectional view of Myrabo Laser Lightcraft, Model 200-3/4.
The maximum diameter of the test article at the shroud is ~ 10 em. The
indicated ring of Delrin weighs ~ 10 g and has a voltume of ~ 7 entd and ,

a surface area ~ 25 eni. The idealized plug nozzle exit area is ~ 350 cnt’.
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Figure 15. Mollier diagram for equilibrium air without ions. Numb djacent fo int tions of isobars and
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“isentropes from u = de7 and 2e7 J/kg represent equilibrium blowdown for the indicated area ratios, 1 to 32768.
The P = ] atm isobar is reached with an area ratio ~ 8 from the initial u = 4e7 and ~ 4 from the u = 2e7 J/kg
state, yespectively. The exit velocilies from these two expansions are ~ 5000 and 3000 m/s, respectively.
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perties of equilibrium air,

Thermodynamic ?.o
p=1.18kg/m’.
u T P h s % M. X(E€) Ve GO
Mlke 10°K bar MIkg KIkgK KkgK  keg/kmol km/s
59 0598 100 0 6864 1005 28965 0 035 140
1 .16 54 15 82 125 290 4B-10 0.77 130
2 25 86 27 87 151 . 289 3E-09 095 124
s 32 111 39 90 216 286 3.E-08 1.06 1.20
4 37 131 s1 93 28 278 3E07 LIS 1.19
s 41 150 63 96 315 269 2B06 123 1.19
6 45 169 74 938 304 261 S5E06 132 1.21
7. 49 191 86 100 269 053 2E05 141 123
s 54 215 98 - 102 256 247 4E0S 1.50 1.23
9 59 239 110 104 286 242 B8E05 157 121
10 63 260 122 106 343 238 1.E-04 162 119
15 75 341 17977 113 670 217 5E04 184 117
.0 83 413 235 119 893 198 9E-04 202 LU
30 97 s62 348 130 909 169 3E-03 238 119
40 115 754 464 140 513 150 1E02 281 124"
'so 144 101 585 148 481 140 4B02 326 1.25
60 166 124 705 154 ' 662 132 1E-01 3.60 1.24
J0 184 145 823 160 825 124 1E01 391 124
g0 199 167 941 165 951 1.7 2E-01 420 124
00 213 189 1060 170 1040 111 2E-01 448 125
100 22.6 211 1180 174 1090 105 -3.E-01 476 126
110 239 235 1300 179 1110 100 3.E-01 503 127
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Thermodynamic properties of Mach 5 air at stagnation density,
p = 5.90 kg/m’. .

o - T P h s mu T M X(E) Va &ov %
MUkg 10K ber MikgKikgK KIgK ke/kimol /s g

Pe

0702 0360 9492 0263 6864 1.042 28965 O 0.471 138

1 16 211 15 77 125 2897 4e13 077 130 ‘

2 26 432 27 82 145 2895 6E-11 0.96 1.25

3 .33 565 ‘40 . 86 185 2893 2E-08 1.08 121

4 39 677 51 89 233 2819 3E-07 117 120 :
miqmum.w,ﬁN&S.&_Nm-omsm 1.20
m}
q
w

Frozsnexparision

i 880 75 93 271 2669 6E-06 135 122

s3 1003 87 95 261 2596 2E05 145 13

55 1124 99 97 255 2532 4B05 153 12
o 63 1245 1L1. 99 269 2479 BEOS 161 122
0 67 1358 123 100 304 2432 LE-04 167 1.21
is g2 1820 181 107 549 2219 6E-04 191 18
5o o2 2223 238 112 736 2032 LE03 211 118
0. 108 3049 352 122 805 1741 3E03 249 {30
s 127 4049 469 131 552 1545 LE02 292 124
s0° 156 5348 590 138 428 1433 3E-02 339 127
0 184 6679 713 144 520 1354 8E02 378 126 .-,
o 208 7046 35 (149 632 1281 LE0L 413 127
g0 228 0109 956 154 726 1214 2B-0L 44 127

0 246 10466 1077 158 799 1152 2801 476 128
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for the frozen expansion and 2E3, 6E3, 1E4, and 4E4 kJ/kg for the equilibrium expansion.
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