1766 AJAA JOURNAL

Technical Notes

VOL. 14, NO. 12

TECHNICAL NOTES are short manuscripts describing new developments or important results of a preliminary nature. These Notes cannot exceed 6 manuscript pages
and 3 figures; a page of text may be substituted for a figure and vice versa. After informal review by the editors, they may be published within a few months of the date
of receipt. Style requirements are the same as for regular contributions (see inside back cover).

Real Gas Effect in a Laser
Heated Thruster

Peter K. Wu*
Physical Sciences Inc., Woburn, Mass.

Introduction

HEN a laser beam is focused in air with a flux greater

than 10* W/cm?, a heated zone has been observed to
propagate up the beam at either subsonic'* or supersonic?
velocities. The subsonic mode, a laser supported combustion
(LSC) wave, is analogous to the burning of a combustible
mixture. The zone heats the adjacent regions by conduction
and radiation to a high enough temperature to ionize the air
which then becomes opaque to the laser radiation. As the laser
flux is increased to =107 W/cm?, the rapid energy deposition
causes the shock-heating of the adjacent regions to a high tem-
perature, and this becomes the laser supported detonation
wave. Since we are considering a thruster with the laser beam
from the upstream parallel to the flow, the plasma formed in
the nozzle will also tend to propagate up the laser beam in this
manner. Therefore, in order to maintain a stationary plasma
in the subsonic section of the nozzle, the flow velocity at the
plasma location must be equal and opposite to the
propagation velocity of the plasma. Hence, we are primarily
interested in the propagation of LSC waves.

Experimental data for the propagation of LSC waves exist
mostly for air, and models for their propagation have been
developed in Refs. 4-6. Here, we chose to apply the Jackson
model for the propagation of an LSC wave in hydrogen
because of its simplicity, and the selection of hydrogen has
been based on the specific impulse consideration. However
there are uncertainties associated with this model. The
ignition temperature (7;) (temperature at which the air begins
to absorb significantly) is an a priori assumed parameter
which is estimated from the absorption characteristics of the
flowing gas. In addition, the experimental data for the
propagation velocity in air are approximately a factor of 3.5
above the theroretical values (Fig. 1). Nevertheless, in prac-
tice, one can compensate for this uncertainty in the
propagation velocity by varying the focusing angle of the laser
beam or the nozzle inlet flow velocity.

Applying this model to hydrogen, we have to make some
further assumptions about the characteristic of the absorption
and emission of radiation by hydrogen at high temperatures.
The cold hydrogen in front of the heated zone is assumed to
be heated first by conduction from the heated zone to raise the
temperature, and hence the concentration of hydrogen atoms
which absorb radiation from the hot plasma. A classical con-
tinuous absorption coefficient is assumed.” As for the hot
plasma, it absorbs the laser radiation by inverse Brem-
sstrahlung, and its radiated power per unit volume for sim-
plicity is taken from Yos.® Shown in Fig. 1 are calculations
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carried out for hydrogen at pressures of one and three atm. In
these calculations, the ignition temperature has been assumed
to be 12,000°K. With the knowledge of propagation velocity
as a function of the laser flux, we can now proceed to carry
out flow field analysis downstream of the wave to determine
the thermodynamic properties and nozzle size as a function of
laser power.

Method of Analysis

The one-dimensional steady nozzle flow with laser energy
addition has been previously studied.® The flow was con-
sidered to be that of a perfect gas, and the absorbed laser
energy was assumed to be instantaneously converted to tem-
perature (i.e., equilibrium flow). However, the hydrogen is
completely dissociated at about 5000°K (for p=1 atm) and
ionization becomes important at T~ 14,000°K. With the
temperature in the heated zone greater than 12,000°K, the
ideal gas assumptions can introduce significant errors. Here,
we will assess the real gas effects on the thermodynamic
properties in a laser-heated nozzle. The governing equations
are the continuity, momentum, and energy equations, and the
equation of state. In addition, one defines a sound speed
a’=~yRT/W and a Mach number M? =u?/a’. Now, we have
six equations for six unknowns, p, u, p, 7, a, and M. The
above equations can be written in the differential forms, and
after some algebra, we have
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where p is the density; p is the pressure; T is the temperature;
u is the velocity; A is the cross-sectional area; dQ is the laser
energy deposition; dk, is the change in enthalpy due to the
change in pressure; W is the molecular weight; v is the ratio of
specific heats; ¢, is the specific heat at constant pressure; R is
the universal gas constant; and

YR M?
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and subjected to the boundary conditions 7(0) = T; and at the
singular point near the throat

M= (y=yR/c, W) R
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" The location of the singularity is defined by the expression

(2%
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The variations of v, ¢,, W, H as function pressure and tem-
perature are obtained from the results of Patch,'® and are

coupled into the calculation explicitly. The optical depth 7 is

defined as
T= S . k,dx 3)

where &, is the absorption coefficient. Inserting the previous
definitioninto the radiative transfer equation

(d/dx) ({A)=—IA k,

We can immediately integrate the resulting equation to obtain
the laser power distribution as a function of optical depth 7.

IA=(IA)e™"
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Hence the laser energy addition dQ/d7r becomes
dQ/dr= (P/puA)e™"

Finally, for a given nozzle contour A, we can calculate the
Mach number and temperature distributions from Eqs. (1 and
2), and then all other thermodynamic and fluid dynamic
properties. The inverse Bremsstrahlung absorption coef-
ficient is given in Ref. 11 as a function of the thermodynamic
state of the media. Finally, Eq. (3) enables us to transform the
solution into the physical space.

Results and Discussion

The nozzle calculation can be started anywhere in the noz-
zle. For simplicity, we choose to start the calculation at a
location where the temperature reaches the ignition tem-
perature (the absorption of laser radiation by inverse Brem-
sstrahlung is also assumed to begin at this point). An example
calculation, for T;=12,000°K, p;=3 atm and /,=3.7x 103
W/cm? is shown in Figs. 2-4. With an assumed nozzle area
ratio in r-space, Fig. 2, we obtain the temperature
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distributions for the ideal gas and the real gas case. The tem-
perature reaches above 23,000°K with a perfect gas assump-
tion while the real gas effect causes the peak temperature to
drop to approximately 16,000°K. As shown in Fig. 3, the
pressure drops from the initial value of three atm to about 1.7
atm at the throat. The absorption coefficient k, which is the
function of density and temperature has two distinct profiles
for the two cases. Once the absorption coefficient is known,
we can transform the solution into the real space x by Eq. (3).
As shown in Fig. 4, the temperature distributions are
somewhat different due to the transformation and the throat
is located at about x=3 cm. With the known thermodynamic
conditions in the nozzle, the heat transfer characteristics were
then assessed. 12

Finally, we can proceed to calculate the nozzle contours in
the physical space. As one may notice the initial velocity is a
function of A*/A; where A* is the throat ctoss-section area.
For the example case, the propagation velocity of 1.09x 10°
cm/sec requires the nozzle contour to have an area ratio 4*/
A;=0.23. In addition, for a known laser power, i.e., 100 kW,
the initial cross-sectional area 4; and hence the complete noz-
zle size can now be determined (Fig. 4).
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Entrance Flow in a MHD Channel
with Hall and Ion Slip Currents
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HE problem of entry flow in channels has been solved by
a number of authors. Targ! has analyzed this problem by
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linearizing the inertia terms with the mean velocity. Sparrow
et al.? improved Targ’s method by introducing a stretched
coordinate in the flow direction and obtained a closed-forim
solition for hydrodynamic flows. Using this method, Snyder?
has analyzed MHD flows in the entrance region of a rec-
tangular channel when the electric current obeys simple
Ohm’s law without Hall and ion slip currents. He also has
given a good bibliography of the earlier work. Recently Chen
and Chen* and Hwang’ have considered the entry flow with
an arbitrary inlet velocity profile. These studies of entry flow
in channels are needed for operational MHD devices like
power generators and MHD accelerators. But in these devices,
usuaily the conducting material is a partially ionized gas and,
therefore, the Hall and ion slip currents are important for
these applications. Saric and Touryan® have considered the
effect of these currents, using momentum integral method.

In the present analysis, the problem of two-dimensional
MHD flow in the entrance region of a rectangular channel is
solved with generalized Ohm’s law under externally applied,
electric field loading conditions. The magnetic Reynolds num-
ber is assumed to be small and the induced magnetic field is
neglected.

Following the model suggested by Snyder,? the equations
of motion in the present case are’
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Multiplying Eq. (2) by i=(—1)% and adding Eq. (1), it
becomes
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where u’ =u+iv, E' =E, +iE,,anday=(1+8.8;) +iB..
Using thé method of Sparrow et al.? to linearize the inertia
terms by the mean velocity U and a weighting function e(x),
Eq. (3)is transformed as
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Here h is half the height of the channel. Equation (4) is the
same as Eq. (2) of Ref. 3, except that here the functions are



