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Abstract
The momentum coupling coefficient of a laser ramjet vehicle is calculated by CFD and an engine cycle
analysis. In addition, the fraction converted to pressure and kinetic energy of a laser energy is estimated
by CFD. In supersonic flights, the momentum coupling coefficient by CFD is about 1/3 of that of the
engine cycle analysis mainly due to chemical frozen loss. In order to prevent the large chemical frozen
loss at high altitudes, it is suggested that the laser power should be optimized according to the flight

altitude.

NOMENCLATURE
A = cross section of a vehicle
C.A.R. = capture area ratio
Cy = drag coefficient
Cm = momentum coupling coefficient
Cp = specific heat at constant pressure
E = total energy per unit volume
Er = laser energy
Ep = the pressure and kinetic energy

converted from the laser energy

F = thrust
g = acceleration of gravity
H = flight altitude of the vehicle
h = chemical enthalpy
j = mass diffusion flux
M = Mach number
My = vehicle mass
m = mass flow rate

Py, = laser power
p = static pressure
q = heat flux
R = gas constant
70 = explosion source radius
S = maximum cross section of the vehicle
T = static temperature
t = time
U = vehicle speed
U,V = axial, radial velocity component
z,r,0 = cylindrical coordinates
¥ = specific heat ratio
1d = diffuser efficiency
L = the fractional absorption
of the laser energy
nB = the fraction converted to

the pressure and kinetic energy
of the laser energy
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Td = total pressure ratio

p = density

T = viscous stress tensor
subscripts

) = inlet

S = species

t = stagnation condition
o0 = freestream property

INTRODUCTION

In the past decade, alternatives to conventional
chemical rocket launch system have been sought in
order to reduce the launch cost. Especially, there
are strong demand to frequently deliver payloads
to a space station at a low cost. A pulsed-laser
powered ramjet vehicle will be able to satisfy this
demand: Since energy is provided from a laser base
in ground or space to the vehicle and the atmo-
spheric air is used as a propellant, the payload
ratio is improved drastically. In addition, once a
laser base is constructed, the cost is only electricity
charges.

Myrabo et al. proposed an air-breathing pulsed-
laser vehicle, so-called “Lightcraft,” and con-
ducted flight tests with a scaled model.)) Their
latest model, with additional solid ablative propel-
lants, recorded the launch altitude of 121-meters.?)

The Lightcraft consists of a nosecone forebody, a
parabolic afterbody, and a cowl, as shown in Fig.1.
When a high-power pulsed laser beam is focused
by the afterbody mirror, air-breakdown occurs at
the ring focus on the cowl. The front of produced
plasma absorbs the following part of laser pulse
and expands in the form of Laser Supported Det-
onation wave (LSD).?) This expansion induces a
blast wave. The Lightcraft gains main thrust by
the blast wave sweeping on the afterbody.

Wang et al.¥ computed the flow field in the
Lightcraft featuring a closed inlet. By incorporat-
ing a detailed laser-plasma interaction model, they
investigated the propagation processes of LSD
waves and estimated the momentum coupling co-
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Axisymmetry
Fig.1 Pulsed-laser powered vehicle

efficient C,,, which is the ratio of cumulative im-
pulse to one pulse laser energy.

In the present paper, C,, of a pulsed-laser ram-
jet vehicle is estimated by an engine cycle analysis
and by CFD. Then, estimated C,, by these two

methods are compared.
CFD METHOD

Governing equations

Navier-Stokes

equaitions

Axisymmetric

are solved. Chemical reactions are treated
as finite rate reactions. The following
11 species of air plasma are considered:

and e .

N2, Oz, NO, N, O, NI, Of, NO*, N+ Ot
The effects of thermal non-equilibrium

and radiative energy transfer are not considered.
Then, the governing equations are given by
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Fig.2 Computational meshs

hs and the transport properties are taken from
Ref.(5)

In the air chemical reaction model, the forward
rates of Ref.(6) are used. The backward rates
are calculated by the principle of detail balance.
The chemical equilibrium constants are taken from

Ref.(5).

Numerical Scheme

adopted.

A cell-centered finite difference

scheme 1is

Inviscid flux is estimated with the

AUSM-DV scheme” and space accuracy is ex-
tended to 3rd-order by the MUSCL approach with

Edwards’s pressure limiter.®) Viscous flux is esti-

ou 8F+18TG_8FV 13TGV+H+S (1)
o 0z r or 0Oz or ro
p [ pu 1 [ pv
pu pu* +p puv
pv puv pv2 +p
u=|E | = |E+pu| g= |(E+pov]|
P1 p1U pP1V
P11 _bnu _bnv ]
0 0
T2z Tar
Tar Trr
F.— | UTzz +UT2r G2 G.= UTzr +UTrr +qr
v J1z Y Jir
jllz jllr
0 0
0 0
) b
H= 0 ,S = w1 (2)
0 Wiy
FE and the equation of state are defined as
(12 +1?)
E = hs (T) — e — 3
%: pshs (T) —p+———=, (3)
p = Y psR.T. (4)
11

2

mated with a standard central difference. Time in-

tegration is performed with the LU-SGS?) scheme
which is extended to 3rd-order time accuracy by
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Matsuno’s inner iteration method.!® The calcu-
lation is performed with the CFL number of 2 ~
20.

Computational mesh

Figures 2 (a) ~ (c) show computational meshes.
The body length is set to 20 cm. The type A
vehicle is almost the same as the “Label cE”
Lightcraft.!) This is used for C,, validation.

The type B vehicle with non-slope cowl is used
for the calculation of a supersonic flight to reduce
the aerodynamic drag.

The mesh cells are set to be fine between the
cowl and body to correctly capture a blast wave.
In addition, the mesh is concentrated near the wall
to resolve the viscous boundary layer. The mesh
width in the vicinity of the wall is Ay = 80um.

The outer boundary of the computational zone
is set far from the vehicle body to reduce the in-
fluence of non-physical reflection waves from the
outer boundary.

Explosion source

A explosion source model'?) is employed instead
of solving complex propagation processes of LSD
wave: The explosion source is modeled as a pres-
surized volume centered at the laser focus. The
focus is located at the middle on the inner cowl
surface. Since LSD processes can be considered
as isometric heating,®) the density in the source is
assumed to be equal to an ambient atmosphere.

The source is assumed to be in chemical equilib-
rium. The chemical composition is calculated by
the method of Ref.(12).

7 is chosen as 0.6 to reproduce the experimen-
tal data in Ref.(1). In addition, the dependency
of C), on the source volume is investigated.

In supersonic flights, 71, is also assumed as 0.6.

ENGINE CYCLE ANALYSIS METHOD

At first, the vehicle is launched from the ground
in a pulsejet mode. Air is taken and exhausted
from the rear side of the vehicle (Fig.3). In this
mode, the thrust is estimated using C,.

F=0C,Pp (5)

Cy, and Py, are assumed to be 250 N/MW and
3.5MW, respectively.

When thermal choking by laser heating does not
occur even if air is taken from the inlet, the flight
mode is switched to a ramjet mode. The thrust
is computed by an engine cycle analysis assum-
ing Humphrey cycle!® as indicated in Fig.(4) and
Fig.(5). Chemical reactions are not considered in
this analysis.

The area ratio is listed in table 1. A; ~ Ay are
identical to cross sections of the type B vehicle.
Ap/S = C.A.R. is assumed to be 0.6.

3

Shock wave

Laser heating

Fig.3 Schematic of pulsejet mode.

S
ooy i
L Isentropic :
© ) ion
Y Isentropic || €XPansion;
H expansion i
0 Ram compression 1 23 4

Isometric heating

Fig.4 Ramjet engine cycle analyses.

Buneay ouawos|

Pressure

Volume

Fig.5 Humphrey cycle
(with additional isentropic expansion 1 — 2).

Table 1 Aera ratios of Type B vehicle.

S [ A/S | AJS | A3)S = A35/S [ AJJS

20lcm® | 0.6 | 0.38 ] 0.75 | 1

Between the location 0—1, air is ram-
compressed. The total pressure ratio and total

temperature are the following,

~

-1 -1
T4 = ]ﬂ: <1+(1_77d)'7 MO> (,6)
Pro
Th = Ty. (7)

1q and 7y are assumed as 0.97 and 1.4, respectively.
Then, M; is calculated by solving the following
equiation by Newton-Rapson method.
y+1
2+ (=) M) T
M,y
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Fig.6 Cj  used for the trajectory calculation.

1
Ay (24 (v — 1) M) T
7TdAO M() . (8)

The other phsyical properties at the location 1
are calculated by Mi, ps1 and T3;.

Between 1—2, air is isentropically expanded to
prevent thermal choking by laser heating at the
throat. The physical properties at location 2 are
calculated by the equations (6)~ (8) with 74 = 1.

Between 2—3, the air is isometrically heated.
As is assumed to be equal to As. The physical
properties at location 3 are calculated by mass
conservation law and energy conservation law.

L Plaser
. )
Cpm

p3 = p2RT>, M3z = u3/+/yRT3.

p3 = p2, uz =uz, T3 =To +

(9)

Finally, air is again isentropically expanded be-
tween the location 3—4, and the thrust is calcu-
lated as the following,

F:m(u4 —UQ)+A4 (p4 —po). (10)
The trajectory of the vehicle is calculated by

solving the following motion equation by 4th order
Runge-Kutta scheme.

aUu 1
my—— = F — §pooUSCd — Myg

i (11)

Herein, m, is 50 g, and Cy is shown in Fig.6.
The flight condition is decided automatically by
tracing the trajectory.

RESULTS AND DISCUSSION

Code validation

In order to validate the model, C,, is compared
with the experimental data under the following
condition: Ey, = 400J ,rqg = 1.5mm and n;, = 60%.
The estimated C, is agreed with the experimental
data, as listed in table 2.

4
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Fig.7 Thrust history (rop = 1.5mm)
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Fig.8 FEach thrust received by body, cowl and
closed inlet (ro = 1.5mm)

Table 2 ', in an quiescent atmosphere.

Vehicle name | Cr (N/MW)
Label E (Myrabo®) 100
Type A (present) 96

The history of the axial thrust is shown in Fig.7.
After the positive thrust maintains till 125 us, the
negative thrust continues till 900 us. After 1000
us, the thrust almost is equal to be zero.

Figure 8 shows the each thrust received by body,
cowl and closed inlet till 200 us. After the explo-
sion source bursts at t = Ous, the shock wave ex-
pands suddenly with weaking the intensity. There-
fore, the thrust received by the cowl decreases fast.

The thrust received by the closed inlet and the
afterbody decreases slower than that of the cowl.

Figures 9 (a) ~ (c) show the propagation pro-
cesses of the shock wave. The shock wave starts
to sweep on the afterbody at ¢ = 45us. The shock
wave propagates beyond the middle of the after-
body at ¢ = 100us. Then, the shock wave leaves
the afterbody tail at t = 190us.

Effect of rg

In order to estimate the fraction converted to
pressure and kinetic energy of the laser energy, the
following efficiency is introduced.
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(a) At t; =45us
(Pmax = 5.98atm, pmin = 0.86atm, dp = 0.26atm)

(b) At to = 100us
(Pmax = 3.49atm, pmin = 0.73atm, dp = 0.14atm)

(c) Atttz =190pus
(Pmax = 3.56atm, pmin = 0.54atm, dp = 0.15atm)
Fig.9 Pressure contours in quiescent atmosphere.

2 2 2 2
Ep — p—po+p(u +v?)—po (“o+”0)(.12)
v—1 2
_ [EpdV
nB = . (13)

The subscript 0 indicates the values before the
explosion. The integral is conducted over the
whole computational space.

In the case of rg = 1.5mm, since the tempera-
ture in the explosion source is about 20,000K, and
the ionization degree is about 25 %, large frac-
tion of laser energy is consumed by chemical re-
actions in the explosion source. Table 3 shows np
at t = Ous, t = 10us and ¢ = 100us. np increases

Pulse jet e
30t \ e 250
R -
25t N P 200
— \\ \?\ //’ g\
= .
£20 N Ve =
T >K {150 2
15} AN 5
., “~o G
7 ~7. 1100
10+ L’ \\‘~‘
sl / 50
0 . . . 0
0 2 4 6 8 10

Mach number

Fig.10 Mach number vs. Altitude and C,,
diagram.

by 18.8 % from t = Ous to t = 10us due to the
energy conversion from chemical enthalpy. After
t = 10us, the rate of this energy conversion be-
comes slow.

In the case of 7o = 5.5mm, the temperature in
the explosion source is about 5,000 K. Then, the
energy consumed by chemical reactions is smaller
than that of rp = 1.5mm. However, the difference
in np is only 3.7 % at ¢ = 10us. This result shows
that C,, is not so sensitive to rg.

Table 3 np, %
ro, mm|Cyn |05 (Ops)|np (10ps)|np (100us)
15 |96] 16.1 34.9 36.2
55 |114] 204 | 386 108

Trajectory and C,, by engine cycle analysis

Figure 10 shows the Mach number vs. altitude
and C,, diagram. The mode switch occurs at M =
2.4 and H = 8.7 km.

For the supersonic flow conditions for CFD, the
following points are chosen from this trajectory.

Table 4 CFD simulation points of the trajectory

M | H,km | po x 1072, atm | C,,, N/MW
5 20 5.5 136
8 30 1.1 83

Conditions for supersonic flights

Figures 11 (a) and (b) show the pressure con-
tours at M =5 and H = 20km of Type A and B
vehicle. Since the oblique shock wave is generated
from the tip of the cowl, the density at the focus
of Type B vehicle is larger than that of Type A ve-
hicle. Aerodynamic drag is large due to the wake
generated from the body shoulder. Cjy is listed in
table 5. Since Cy of Type A vehicle is twice as
large as that of Type B vehicle, the Type A could
not produce a positive net thrust.
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a) Type B vehicle.
(pIIl(lX - 1 8atm pIIlln - 6 X 10
Zatm).

3atm, dp =
5.1 x 10~

(b) Type A vehicle.
(Pmax = 1.8atm, iy = 2 x 1073
9.0 x 10~ 2atm).

atm, dp =

Fig.11 Pressure contours of steady flow fileds at
H =20km and M =5 .

The r; and C.A.R of Type B vehicle are listed
in table 6. The C.A.R. is defined as,

cAp - Hsuarv ds (14)
[fs_pv-ds
Table 5 Aerodynamical drag.
H km | M | C4, N (Type B) | Cy4, N (Type A)
20 5 0.26 0.53
30 8 0.25 —

Table 6 7h; of Type B vehicle
H, km | M [ m;,kg/s | CAR, %
20 5 1.40 53.1
30 8 0.55 61.6

Explosion in Supersonic Flow field

Since C,, is not so sensitive to rq, ro is decided
so that the average temperature in the explosion
source is about 20,000K. r¢ and the density at the
focus, py, are listed in table 7

Table 7 7o and py in the supersonic flow.
H, km [ M [ romm | py x 10~ 'kg/m?
20 5 4.5 1.57
30 8 8.2 0.36

Figures 12 (a) and (b) show the pressure con-
tours at ¢ = 4us and t = 10us after explosion at
H = 30km and M = 8. The blast wave sweeps

O

(a) At t=4pus.
(Pmax = 2.57atm, ppmin = 6.1 x 10~
0.13atm)

2atm, dp =

?

(b) At t=10pus.
(Pmax = 5.36atm, Py, = 4.1 x 1072
0.27atm)

atm, dp =

Fig.12 Pressure contours after explosion at
H = 30km and M = 8.

on the afterbody without being spat out from the
inlet.

Figure 13 shows the thrust histories. the thrust
of M = 8 case is lower than that of M = 5 case,
mainly owing to the small mass flow rate. The
blast wave speed of M = 8 case is faster than
that of M = 5 case because of the small ambient
pressure.

Comparison of C,, calculated
by CFD and engine cycle analysis

Cy, by CFD and engine cycle analysis are shown
in Fig.14. C,, simulated by CFD is about 1/3 of
that of engine cycle analysis.

This difference would be mainly due to chemical
frozen loss. Figure 15 shows np and pr/p(g=okm)-

1400
1200 f
1000 [ &
800 [ i
600
400 i3
200

Thrust [N]

h=20 km,M=5, pf/p=0km=0.13 ]

-200 [}
-400 |
-600

0 50 100 150 200
Time [us]

Fig.13 Thrust histories of h = 20km and

h = 30km flow case.
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Fig.14 C,, calculated by CFD and engine cycle

analysis.
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Fig.15 np and ps/pr=okm

np of the engine cycle analysis is equal to be
nr = 60%, because chemical reactions are not con-
sidered. However, np estimated by CFD is smaller
than 40% due to chemical frozen loss. In addition,
since the chemical frozen loss increases with de-
creasing p¢, the np decreases with the flight alti-
tude.

SUMMARY

C, of the laser ramjet vehicle is calculated by
CFD and the engine cycle analysis. By the CFD
code validation, C,, is found to be not so sensitive
to the explosion source radius.

In supersonic flights, Cy,, by CFD is about 1/3
of that of the engine cycle anaylsis mainly due
to chemical frozen loss. However, if the effect of
chemical reactions is incorporated to the engine
cycle analysis, the analysis would be able to pre-
dict the trajectory of the laser ramjet vehicle.

In addition, in order to prevent the large chem-
ical frozen loss at high altitudes, the temperature
increase near the focus needs to be suppressed.
Consequently, the laser power should be optimized
according to the flight altitude.
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