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I. Introduction

NE concept for collecting solar energy is to use large solar

collectors on orbiting space stations, which then transmit
the energy as laser beams. Direct conversion by solar pumped
gas lasers has already been considered and the power conver-
sion efficiency disscussed.!3 However, a figure of merit, of
more importance for space missions, is the output power per
unit weight ratio. .

An idealized energy conversion system is shown in Fig. 1.
The solar radiance is collected in a parabolic reflector and, for
a required output power, its area is determined by the laser ef-
ficiency. The power not converted into the laser beam must be
dissipated by a heat radiator emitting by Stefan’s Law which,
as the converter efficiency is usually low, will contribute the
major part of the total weight of the system.

The overall efficiency of the laser can be decomposed into
the product of several efficiencies, which affect the collector
and radiator in different ways. The efficiencies are described
in Sec. II and the energy flow is discussed in Sec. ITI. The
dependencies of weight on area are then assumed, which deter-
mine the weight for a given output power. Some comparisons
will be shown of different laser systems.

II. Efficiency of Solar Pumped Lasers

The overall efficiency of solar pumped lasers can be sub-
divided into the product of four efficiencies.! First, it aborp-
tion occurs over a bandwidth A, to \,, the fraction of the solar
spectrum used, or ‘‘solar utilization efficiency,”” is 7y,

Ay o
ns= le @()\)d)\/SO B(N)dN

where ® () is the solar radiance in photons per square meter
between N and A+ dA.

* The absorption efficiency n, is that fraction of photons
within the absorption bandwidth absorbed by the gas:
14 =1—exp(—o,(N)d), where g, is the absorption cross sec-
tion, (N) the density of absorbers, and d the thickness of gas.

Of the photons absorbed, only a fraction, n, end up pro-
ducing a lasing transition. The kinetic efficiency 7y is deter-
mined by the detailed kinetics of the laser and, for example, it
takes accounts of losses in the upper laser level due to quench-
ing, etc.>3 Finally, the quantum efficiency 7 is the ratio of
the energy of the emitted photon to the average energy of the
absorbed photons.

The device efficiency would then be np =71,41419, and the
overall solar efficiency n=7sn414nq, Which is usually an
order of magnitude less than 7.
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III. Energy Flow in Solar Pumped Lasers

The energy flow for the idealized model in Fig. 1 is shown in
Fig. 2. The solar power falling on the collector of area A, is
P;. The mirror of reflectivity r concentrates the flux, and a
fraction rP; reaches the first transparent wall containing the
lasing medium. However, a fraction (1 —-7r)P; has been ab-
sorbed by the mirror and has to be radiated. The first con-
tainer wall is assumed to have a transmittance 7,, so the power
arriving at the lasing medium is 7,7P;, and the power absorbed
by the wall is (1 — 7,)rP;, which also has to be radiated.

The power arriving at the laser medium is distributed in
wavelength over the solar spectrum; only a fraction, 55, can be
utilized, and of that only 54 is absorbed. The power absorbed
P, is ngn,47,rP; and the output power Pg is ngnoP 4, while the
part lost due to the lasing process, (1—7415)P4, has to be
radiated. The power not absorbed by the lasing medium is
(1-ngn4)7,rP; and reaches the second wall of transmittance
7,. Then 7,(1 —ngna)7rP; is transmitted through it, but an
amount (1 — 7,) (1 —ngn,4 )7, rP; absorbed in the wall has to be
radiated.

The total power that has to be radiated is P,

P.=Pf{(1-r)+r(l—1)+rrinsn (1 —ngng)

+rri(1-nsn4) (1—15)} )

As the output power P, and input power P; are related by
P, =rrnP;, the relation between the radiated and output
pOWer is

P,=KPo/n )

where
K=(1/rr)[(A=r)+r(1—7)+rrimsn (1= ngn0)

+rri(1—7) (1—7sm4)] 3)

IV. OQOutput Power to Weight Ratio

The solar irradiance I is 1.4 KWm~2, and if the output
power is P, (kW), then the area of the collector A, (m?) is

A =Py/Uyyrry) @
The radiator emits by Stefan’s Law and its area is
A,=P,/ocT* )

where o is Stefan’s constant, e¢ the emissivity, and 7, the
temperature of the emitting surface. It is assumed that effi-
cient conduction by heat pipes causes 7 to approach the work-
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Fig. 1 Idealized arrangement for a solar pumped laser.



412 J. PROPULSION VOL.1,NO. 5
Table 1 . Comparison of various lasing materials in solar pumped lasers
T,K Po/w
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Fig. 2 Energy flow chart for a solar pumped laser. 1'520630
/>
ing temperature of the laser and that A, is just sufficient to
radiate the power required.
Assumptions must now be made about the dependence of Z
the weights of the collector W, and radiator W, on their /,/;éll}/‘ =,
respective areas 4, and A,; here, both are assumed propor- b) 4/;72?/:4/’/ 1;4/
tional to their areas, W.=ad,, W,=8A4,, where « and 8 l/@,glé,j:i/’
-2 s T LT T TS
(Kgm ~2) are constants of proportionality. (The latter assump- = 2= =
. - . g — 47§
tion may only be approximate as, for example, heat pipes may ST 7

be needed to conduct to the radiator.)

The total weight W of the laser, collector, and radiator is
W=W,+ W_.+ W,, where W, is the weight of the laser. It is
not unreasonable to assume W, < W_, W, and, if so, the out-
put power to weight ration P,/W is

Po/W=n/[(a/1.4r1))+(BK/0eT?)]; W, <W (6)

Assuming that « and 3, which are determined by structure
design, are constants for all lasers, then Eq. (6) enables a com-
parison to be made for different lasing materials, provided the
various efficiencies at the working temperatures are known.
For fixed o, we may also make comparisons in terms of 3/«.
The dependence on the efficiencies is Po/W=f(x,y), where
x=ngm,4 and y=ngng. A plot of Po/W on an xy plane is
shown in Fig. 3, for r=0.98, 7, =7, =0.9. (The value 0.9 is
achievable if the walls are either KCs or Csl.#) The values of
B/ are taken as 1 and 10, the latter being an extreme case for
illustrative purposes. The range of x and y is only 0-0.3, cor-
responding to actual efficiencies in practice; €¢=0.9, and
300=<T=<1500 K.

For both cases P,/W is either constant or increases
monotonically with both x and y. The effect of 8/« is large at
low temperatures, (comparing Fig. 3a and 3b) and here P,/
W& 1/8. At high temperatures, the 7% dependence quickly
makes the area required for the radiator small, and P,/W is
independent of both T and 8/, provided T is high.

A comparison of IBr and C,F,I lasers is shown in Table 1.
It is assumed that the gas pressure and depth are sufficiently
high, 7,4 = 1. The kinetic efficiency of C;F,I is assumed as 1.
The value of P,/W, is calculated from Eq. (6), assuming
r=0.98, 7, =7,=0.9, a=1. The temperatures are approxi-
mate working temperatures. Table 1 shows that the IBr laser
has a power/weight ratio several times higher than the C;F,I
laser for /=1 and 10.

Fig. 3 Plot of Py/W on an x,y plane for different temperatures
showing effect of varying 8/«. Both x and y are dimensionless, while
« and 8 are in units of kg/m~2. Values assumed are r=0.98,
71 =7,=0.9. a) 8/a=1; b) 8/=10, an extreme case.

V. Conclusion

Assuming that a laser solar energy converter has a radiation
collector and heat emitter whose weights are proportional to
their areas, and that the weight of the laser is negligible in
comparison, the output power per unit weight can be ex-
pressed in terms of the efficiencies and working temperatures
of the system. This ratio seems to be several times higher for
an IBr than a C;F,I laser because 5 is greater for the former,
although the working temperature is lower. However, future
converters should operate both at high efficiencies and at high
temperatures.
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ERIODIC shedding of vortices produce in highly

sheared flows has been recognized as a source of
substantial acoustic energy for many years. Flandro and
Jacobs! were the first to suggest that this source of energy
could be a significant contributor to acoustic instabilities in
some solid propellant rocket motors. Subsequently, ex-
perimental studies by Brown et al.? demonstrated that vortex
shedding from restrictors in large, segmented, solid pro-
pellant rocket motors couples with the chamber acoustics to
generate substantial acoustic pressures. The maximum
acoustic energies were produced when the shedding fre-
quency matched one of the acoustic resonances of the com-
bustor. Additional studies’” demonstrated that the location
of the restrictors on the acoustic mode is also important; in
particular, that the maximum acoustic pressures are
generated when the restrictors are located near a velocity
antinode.

In addition to a segmented solid propellant rocket motor,
highly sheared flow separations can be generated in a wide
variety of rocket motor and ramjet engine designs. One such
geometry is the sudden flow-area expansion found at the
dump plane of coaxial-inlet ramjet engines and at the grain
transition in boost/sustain-type tactical solid propellant
rocket motors. Thus, it is conceivable that periodic vortex
shedding could be a significant source of acoustic energy in
these types of combustors as well.

To examine this possibility, in 1981, a test program was
initiated using the cold-flow apparatus shown schematically
in Fig. 1. This apparatus simulates the grain transition in a
boost-sustain-type solid propellant rocket. In addition, it
roughly approximates the inlet dump region of a coaxial-
inlet solid-fuel ramjet engine. Approximately 33% of the
nitrogen entered through a choked 5-cm-diam inlet, while the
remaining flow entered laterally through a 10-cm-diam
porous bronze tube downstream of the dump plane. The
lateral flow was choked by a concentric flow-distribution
tube upstream of the porous bronze tube; the same method
was used in the segmented motor studies.? A Kistler pressure
transducer was mounted just upstream of the choked exhaust
nozzle and a single-element hot-wire anemometer was
mounted through the dump plane to measure the mean and
oscillatory flows in the recirculation zone. All tests were con-
ducted at 275 kPa (40 psia) at the entrance plane to the ex-
haust nozzle.
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The first tests were conducted to determine if significant
acoustic pressures could be generated in this type of
geometry. The Mach number at the nozzle entrance (and,
hence, the vortex-shedding frequency) was varied from 0.06
to 0.25 by changing the diameter of the exhaust nozzle.
Figure 2 shows the rms acoustic pressure at the exhaust noz-
zle as a function of Mach number. The significant increase
in acoustic pressure for 0.14 <M <0.15 was accompanied by
clearly audible tones from the exhaust. These tones were not
observed at the other Mach numbers.

Figure 3 shows the corresponding mean and oscillatory
Mach numbers in the recirculation zone. Both recirculation
Mach numbers maximize at the chamber Mach numbers
where the acoustic pressures are also a maximum. The peak
in mean speed is surprising at first; however, it is consistent
with the intrusion of the edge of the vortex into the recircu-
lation zone. Thus, these results indicate that periodic shed-
ding of a vortex structure is responsible for the flow oscilla-
tions and acoustic pressures.

Figure 4 shows the frequency spectra of the acoustic
pressure for three nozzle entrance Mach numbers; two of
which produced significant oscillatory levels, as shown in
Figs. 2 and 3, and one which produced the low background
level. Comparing Fig. 4 with Figs. 2 and 3 shows that the in-
creased rms levels are characterized by a single dominant fre-
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Fig. 3 Recirculation flow Mach numbers.



