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Numerical Solution of Strong Radiation Gasdynamic
Interactions in a Hydrogen-Seedant Mixture

Charles L. Merkle,* Gregory A. Molvik,f and Eric J.-H. Shawf
Pennsylvania State University, University Park, Pennsylvania

The absorption of laser energy in a flowing gas is analyzed by means of a two-dimensional numerical model.
Gas properties for equilibrium hydrogen seeded with a trace amount of cesium are used to provide low-
temperature absorption. Radiation loss from the gas is ignored. The incoming 10.6 jtm beam has a Gaussian in-
tensity profile and converges to a focus inside the nozzle. The conditions calculated correspond to fairly high
subsonic Mach numbers where relatively low temperature rises are encountered. Parametric studies of laser
power variations, gas velocity changes, inlet temperature changes, and pressure level changes are presented. In
addition, two different focal lengths are used. The results show that increasing the pressure, the laser power, or
the inlet temperature causes the absorption region to move forward in the nozzle, while decreasing the gas ve-
locity causes the peak temperature to increase. However, both the peak temperature and the location of the ab-
sorption region are dependent upon a complex balance between many competing factors. The results suggest
that stable flowfields are produced even when substantial fractions of the heat is absorbed aft of the focal point.
In studying the effects of pressure or gas velocity changes, it is noted that the laser power should be normalized
by the mass flow. Finally, the hotter temperatures on the centerline cause preferential absorption, so that an ini-
tially Gaussian intensity profile can reach zero intensity on the centerline while substantial power remains in the
outer portion of the beam.

Introduction

T HE interaction between an intense beam of elec-
tromagnetic energy and a flowing gas is highly nonlinear.

At atmospheric pressure, the absorptivity of a typical gas
ranges from as low as 10~12-10~15/m at room temperature to
peak values of more than 10~2/m at elevated temperatures.
This absorptivity variation of more than 10 orders of
magnitude is the primary reason for the strong nonlinearity.
The interactions to be considered in the present paper are
stimulated by an interest in laser propulsion M that encom-
passes this entire range of absorptivities.

In laser propulsion applications, a working fluid is heated
by direct absorption of an incoming laser beam and is then ex-
hausted through a converging-diverging nozzle to produce
thrust. Pure hydrogen or hydrogen mixed with trace amounts
of other gases represent likely choices for the working fluid.1'5
Current laboratory experiments are being performed with
argon6'7 because of the ease with which absorption can be ac-
complished in this gas, as well as with hydrogen.8 Argon and
pure hydrogen behave, similarly in that the primary absorption
mechanism is inverse bremsstrahlung and typical temperatures
in these two gases are 15,000 and 18,000 K, respectively.
Hydrogen-seedant mixtures are selected to have enhanced ab-
sorptivity at lower temperatures so that peak temperatures can
be reduced to around 6000 K.5 Gases such as carbon monox-
ide and water vapor provide low-temperature absorption
through their molecular vibration levels. Trace amounts of
cesium can also be effective at low temperatures because of
cesium's low ionization potential.

In the laser propulsion concept, the radiation gasdynamic
interaction is generally confined to the central part of the flow
by focusing the beam in the upstream section of the nozzle as
shown in Fig. 1. This configuration not only protects the noz-
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zle walls, but the beam convergence also provides stability to
the absorption region.9 Downstream of the absorption region,
mixing between the hot central core and the cool outer gases is
desirable to maximize thrust and possibly to minimize recom-
bination losses.

Although the problem illustrated in Fig. 1 and described
above is clearly two-dimensional, most previous analyses have
been one-dimensional in nature. In fact, most analyses of the
absorption process have treated a collimated beam in a
constant-area duct.9 12 In these constant-area analyses, the
equations of motion are simplified to a single ordinary dif-
ferential equation by a low Mach number assumption. This
approach rules out the effects of beam convergence and radial
temperature gradients, but was necessitated by the complexity
of the problem. More recently, the present author has applied
an implicit numerical algorithm to the laser flowfield interac-
tion in a one-dimensional nozzle,13 but, even in the case where
heat addition is specified (the absorption uncoupled from the
flow), it has been shown14 that contemporary algorithms15 fail
to converge at the maximum heating rates of interest. Some of
these difficulties have since been overcome and the present
paper addresses the two-dimensional problem.

Two simplified two-dimensional analyses have also been
reported. In Ref. 16, the approximate, low Mach number
analysis was extended to allow for a two-dimensional
temperature field in the presence of a uniform flowfield
(pu = const, v = 0). The complete fluid dynamic problem was
also considered previously,17 but the absorptivity was taken as
a constant, thus uncoupling the radiation from the
gasdynamics. The present paper extends the analysis of Ref.
17 to variable absorptivity gases for which the radiation and
the gasdynamics are closely coupled and presents initial results
for some of the simpler cases of interest.

The numerical solution of the completely coupled formula-
tion for absorption in pure hydrogen or argon represents a
formidable computational problem that taxes the abilities of
the most robust numerical algorithms. The physics of the
problem are both complex and diverse and their coupled
nature implies that the gasdynamic and radiation equations
must be solved simultaneously. Specific difficulties arise from
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the strong energy source term; the steep temperature gradients
and the very high temperature rises; the low Mach number
flows that are nonetheless compressible because of the heat
addition; the significance of viscosity and thermal conductiv-
ity; the radiative losses from the heating region; and the ex-
perimental observation that absorption will not occur unless it
is initiated by a spark or other breakdown mechanism.

Of these quantities, the energy source term causes dif-
ficulties because of its destabilizing influence on the
algorithm. The steep temperature gradients require very fine
grid resolution in regions whose location is determined by the
solution. The low Mach numbers are challenging because of
the stiffness they impart to the equations. For example, the
powerful compressible flow algorithms that have been
developed for transonic flows in the past decade15'18'20 show
poor convergence below Mach numbers of 0.1-0.2. The effects
of thermal conductivity are important in determining the
propagation rate of the absorption region and require the
solution of the complete elliptic equations rather than some
simpler version of the equations. The presence of radiation
loss does not make the computation more difficult (in fact,
this sink term makes it slightly easier), but the accurate
representation of radiative transfer in arbitrary directions re-
quires large amounts of CPU time.21 Finally, our relative un-
familiarity with the character of the solutions and our inability
to anticipate when solutions do and and do not exist also adds
to the difficulties of computing these interactions. As in the
experiments, the computation may be expected to require an
appropriate high-temperature "spark" as the initial condi-
tion. Further, absorption is not possible for all flow condi-
tions and the failure to converge to a solution may indicate
numerical difficulties or simply the absence of a solution, at
least for the given initial conditions.

To minimize these problems, the present paper is addressed
as absorption in a hydrogen-seedant mixture rather than in a
pure gas (Ar or H2). In particular, the present paper considers
the absorption of 10.6 />on radiation in a 99% H2/l% Cs mix-
ture. This mixture allows much lower peak temperature ab-
sorption with correspondingly weaker temperature gradients
and energy source terms. Lower heating rates also allow
higher flow Mach numbers and much better behaved equation
systems. The increased absorptivity at low temperatures im-
plies the absorption region will be primarily propagated by
direct absorption from the beam and not by heat feedback.
Thus, thermal conduction and elliptic effects are of reduced
importance. This also means the absorption process is self-
starting and does not require spark initiation. The peak
temperatures are also low, thus minimizing radiative losses,
but cesium is such a good radiator that there may still be
significant radiation losses.

In the following sections, the formulation of the problem
and the results of some initial parametric studies are
presented.

Problem Formulation
A representative grid system for solving the coupled prob-

lem is shown in Fig. 2. Because of the presence of the radia-
tion, two superimposed grids are used. A conventional body-
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Fig. 1 Radiation gasdynamic interaction
system.

in a laser propulsion

fitted coordinate system is used for the gasdynamics, while the
laser beam is split into a series of individual rays. The rays are
treated by geometric optics and beam focusing by density gra-
dients in the absorption region is ignored. The equations
describing the radiation gasdynamic interaction are given in
vector form as

dQ dE 3F = 3R 8S
~ + " + ~ ~ +~ -r- 0)

for the fluid dynamic variables. The equation for radiation ab-
sorption is

1 BIA, dlA,=
c dt ds e (2)

The fluid dynamic equations are written in a body-fitted coor-
dinate system, while the radiation equation applies along in-
dividual rays.

In Eq. (1), the vectors Q, E, and F represent the dependent
variables in the fluid dynamic equation and their flux vectors
in standard form,

and

E=J F=J

~pV

pvV+riyp

(3)

(4)

In these expressions, the variables p and p represent the
pressure and density, respectively, while u and v are the veloc-
ity components. The superscript T refers to the transpose of
the vector.

The Jacobian of the transformation is denoted by / and is
related to the metrics %x, %y, TJX, and i\y as

The total energy e is defined as

e = p[e+(u2

(5)

(6)

where e is the internal energy. The contravariant velocities U
and V are given by

(7)

Fig. 2 Nozz)e and laser geometry showing fluid dynamic and laser
grids (flow is from left to right).
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The source term Hin Eq. (1) describes the energy deposition
from laser absorption. The first three components of this vec-
tor correspond to the continuity and the two momentum equa-
tions and are zero. Only the fourth component, corresponding
to the energy equation, is nonzero. The form of the source
term is

(8)

with the molecular weight M as well as the internal energy be-
ing obtained from thermodynamic relations for equilibrium
hydrogen.5 Conceptually, these functions are given as

= e(T,p), M=M(T,p) (14)

The viscosity and thermal conductivity are also given as func-
tions of the thermodynamic state,5

where k is the local absorptivity of the gas at the laser
wavelength and / the laser intensity at a particular point in
space.

The radiative loss from the hot regions to the walls and to
the cooler gas should also appear here, but is ignored in the
present analysis as noted above. This allows the emphasis in
the present work to be placed on documenting the range of
conditions that can be handled computationally.

The viscous terms # and S are given in terms of the Carte-
sian vectors R and S as

(9)

(10)

where

S = (09Txy,Tyy,S4)T

The shear stresses are then defined as

yy ~ X + 4/3fJLVy

and the transport terms in the energy equation are

(11)

R4 = + VTxy

S4 = UTxy + VTyy + K.T (12)

where the second viscosity coefficient X has been taken as
X = - 2/3/i and K is the thermal conductivity.

The system is closed by specifying an appropriate equation
of state and by defining the property variations. For the
hydrogen-cesium mixture selected, the effects of the cesium
(1%) have been neglected for all properties except the absorp-
tivity. The equation of state is taken as the perfect-gas
relation,

= \(T,p) and /* = (15)

The equation for radiation conservation at the laser
wavelength [Eq. (2)] is valid along any ray of the beam. The
dependent variable s represents distance along the ray, while
A? represents the area of the ray. This area is taken to be
variable so as to include capability for treating converging
beams. The time derivative in Eq. (2) is multiplied by the in-
verse of the speed of light c. The magnitude of c is large
enough that this time derivative can be neglected and the
quasisteady form of the radiation equation used. However,
this unsteady form is preferred because it facilitates the
numerical solution. In the calculations, c is not given its
physical value, but rather is selected to accelerate convergence.

For the numerical calculations, it is convenient to divide the
radiation equation through by the product IAf and to convert
the dependent variable to the natural logarithm of IAg rather
than IAg itself. After subdividing the beam into a finite
number of rays, we define this new laser power vector as the
vector n, where,

(16)

The number of components in II corresponds to the number of
rays used to simulate the beam. With this notation, Eq. (2) can
be rewritten in vector form as

dt ds
(17)

where it is understood that the direction s is different for each
ray of the laser. In Eq. (17), the absorptivity has formally been
expressed as a vector K to retain consistency.

Applying an Euler implicit scheme in time to Eqs. (1) and
(17) and expressing in delta form (AQ = Qn+l - Qn) gives

dH

= -At

(3A
\W

dB dH
-At——AH

aff
(18)
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Fig. 3 Absorptivity of equilibrium mixture of 99% H2/l% Cs
(taken from Ref. 5).

dK f 1 d 1At —— AQ + — I+At — \AU =
a<2 Lc dsJ At[K\n (19)

where A and B are standard fluid dynamic Jacobians,
A =8E/dQ and B = dF/dQ9 and / is the identity matrix. The
superscript n implies evaluation at the nth time level.
Although the complete viscous equations are solved, a slip
boundary condition is enforced on the walls and the viscous
boundary layer is not resolved. Hence, the viscous terms are
included only on the right-hand side.

Additional Jacobians that appear are those of the source
term with respect to the fluid variables, dH/dQ, as well as with
respect to the laser power, dH/dU. The Jacobian of the ab-
sorptivity with respect to the fluid variables, dK/dQ, also ap-
pears in the laser equation. Note that these latter two Jaco-
bians are not square matrices and, in particular, that the vec-
tors AQ and AH are not of equal length. The combined system
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[Eqs. (18) and (19)] represents 4 + L equations (where L is the
number of rays into which the laser beam is divided) in the
4 + L unknowns. Of this number, Eq. (18) represents four
equations (continuity, two momentum, and energy) and Eq.
(19) represents L equations (one for each ray). These equa-
tions cannot be written as a single 4 + L vector equation
because the spatial derivatives in Eq. (19) are each in different
directions. Transformation to Cartesian coordinates is possi-
ble, but makes it more difficult to ensure energy conservation
between the laser and the fluid. To circumvent this, we use
separate grids for the laser and the fluid dynamics.

Because of the differences in the grid systems, Eqs. (18) and
(19) cannot be coupled at each time step. Instead, we use an
iterative procedure at each time level. In the first step, the All
term in Eq. (18) is neglected and the remaining terms are used
to obtain a predicted value of AQ at each grid point in the
field. The presence of the source term dff/dQ represents the
only difference between this step and the traditional
methods15'18'20 for solving the fluid dynamic equations.

Using this value of AQ, Eq. (19) is next solved to determine
AH and the process repeated using this AH in Eq. (18). The
resulting values of AH and AQ are taken as the final values at
the current time step. In performing these calculations, the
differential operators in Eqs. (18) and (19) are replaced by cen-
tral differences. The very steep nature of the gradients makes
the use of central differences almost imperative.

Boundary Conditions
The boundary conditions are enforced by a method of

characteristics formulation in the manner described in Ref. 17.
Emphasis is placed on choosing boundary conditions that are
analogous to realizable experimental conditions. At the
upstream boundary, the stagnation pressure and the stagna-
tion enthalpy are specified along with setting the contravariant
velocity V to zero. The static pressure is fixed at the
downstream boundary. The mass flow is then automatically
determined by the back pressure for the particular upstream
conditions, the amount of heat addition, and the geometrical
configuration. Slip conditions are applied at the nozzle walls
as noted earlier. This corresponds to ignoring the effects of the
boundary layer. A symmetry condition is used on the
centerline so that this boundary is treated as a field point. In
all cases where derivatives are required on the boundaries (see
Ref. 17), three-point, one-sided derivatives are used to main-
tain second-order accuracy.

The laser equation requires one upstream boundary condi-
tion. In the present calculations, the incoming beam was
chosen as Gaussian in shape and the total power in the Gaus-
sian beam was used as a parameter.

Results and Discussion
Solutions have been obtained for the interaction between a

flowing gas and a converging beam of laser radiation (10.6
jum) with a Gaussian cross-stream intensity profile. The beam
and the working fluid propagate through a nozzle that is com-
posed of a straight inlet followed by a converging-diverging
section. The height of the nozzle is given by

h/h0 = 1

h i -^ r f i (~ x~-——-=1——————- 1-COSI27T————hQ z I V xf-
(20)

where hQ is the nozzle height at the inlet, Ar the ratio of the
throat area to the inlet area, and xs and xf the start and end of
the converging-diverging section, respectively. The calcula-
tions in this paper were for an inlet height h0 of 0.10 m, a noz-
zle length xf of 0.25 m, and an area ratio Ar of 0.8. The in-
tersection between the straight and curved sections xs was
fixed at 0.10 m. This geometry is shown in Fig. 2. The laser
beam width at the inlet (to the l/e2 point of the Gaussian in-

tensity distribution) is 0.16 m. All results presented are for un-
choked nozzle flows.

Stagnation conditions are specified at the upstream end and
the pressure is specified at the exit. These quantities, along
with the laser power, then determine the mass flow in a man-
ner analogous to the experiments. All calculations are for
hydrogen gas with 1% cesium, as noted earlier. Real property
variations for specific heat, molecular weight, viscosity, and
thermal conductivity correspond to those for pure hydrogen.5
Only the gas absorptivity includes the effects of the cesium.
The absorptivity is also taken from Ref. 5 and is shown in Fig.
3. The calculations include molecular transport in the heating
zone, but are for slip conditions at the nozzle walls.

Detailed Flowfield Characteristics for One Condition
The detailed flowfield characteristics for a representatiye

case are shown in Fig. 4. The flow is from left to right and
only the bottom half of the symmetric nozzle is shown. The
calculations in this figure are for a nozzle pressure ratio (p°/p)
of 1.2, an inlet stagnation temperature of 2200 K, and a
pressure of 25 atm. The laser power is 600 MW/m. Figure 4a
shows the temperature contours, Fig. 4b the contours of the
heat added per unit volume, Fig. 4c the laser intensity con-
tours, Fig. 4d the Mach number contours, and Fig. 4e the
streamline shapes. The beam edge and the focal point are
shown in each plot.

The temperature profiles show the expected shape with
strong heating on and near the nozzle centerline. The omission
of radiation loss results in temperature contours that do not
close downstream (as contrasted with the experimental con-
tours of Keefer et al.6), but the peak temperatures are much
lower, nominally around 3700 K. The steepest temperature
gradients are seen to be in the radial direction and arise
because of beam edge effects.

The heat absorption per unit volume for this case is shown
in Fig. 4b. As can be seen, the rate of heat addition increases
to a maximum about halfway to the focal point and then
decreases to almost zero by the time it reaches the focal point.
This confinement of absorption to the portion of the beam in
front of the focus is not a general result that occurs in all
cases, as is noted later. Instead, its distribution is determined
by the product of the local absorptivity and the local laser in-
tensity. As the gas moves the nozzle, its absorptivity increases
because of the heating. At the same time, the laser intensity
may either increase or decrease, depending upon whether or
not the power lost from the beam compensates for the
geometric convergence. In this particular case, the laser power
is nearly totally absorbed upstream of the focal point and the
heat absorption drops to zero.

The manner in which the laser intensity varies for this case is
shown on Fig. 4c. The intensity initially increases because the
geometric convergence of the beam is stronger than the ab-
sorption, but eventually reaches a peak and rapidly drops to
zero. This same information is replotted in different form in
Fig. 5. Here, the cross-beam intensity distribution is given at
several x locations. The intensity of the nonabsorbed beam is
also given for reference. The initial Gaussian profile is shown
at the upstream end (x=0). The next profile is at #/L = 0.23.
At this location, the intensity on the axis of symmetry is higher
than at the inlet plane and the beam is narrower because of
beam convergence. A small fraction of the beam has already
been absorbed, as can be seen by comparing the solid curve
with the dashed one.

The third x location shown is at x/L = 0.39. For this case,
the nonabsorbed beam has been omitted for clarity, but the
qualitative effects of absorption are clearly shown. The peak
intensity no longer occurs on the centerline and the intensity is
everywhere lower than it was at the inlet. The fourth curve, at
x/L = 0.5, is much lower than its nonabsorbed counterpart,
with the peak intensity still farther from the axis. The final
curve, for x/L = 0.76, shows that nearly the entire beam has
been absorbed. The reason the central portion of the beam is
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Fig. 4 Detailed flowfield characteristics for representative calcula-
tion (inlet temperature, 2200K; pressure, 25 atm; nozzle pressure
ratio, 1.2; laser power, 600 MW/m; dashed line indicates beam edge):
a) temperature; b) heat absorbed per unit volume; c) laser intensity; d)
Mach number, AA/= 0.02; e) streamlines.
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Fig. 6 Parametric study of laser power variations (r/Ar = 2200 K,
p = 25 atm,/?°/p = 1.2; dashed line indicates beam edge; temperature
increment is 100 K).

absorbed more rapidly than the outer parts (as shown in the
last three curves) is because the temperature is a maximum on
the centerline. For reference, the focal point occurs at

Returning to Fig. 4, the corresponding Mach number con-
tours for this case are shown in Fig. 4d. The level of the Mach
number is above 0.4, but there is no difficulty in maintaining
the absorption region at these relatively high velocities in this
hydrogen-seedant mixture. The variation in Mach number
that is observed is primarily because of the nozzle con-
vergence; the laser heat addition has little effect. The heat ad-
dition does, however, cause the Mach number on the
centerline to increase somewhat above its no-heat case (at con-
stant nozzle pressure ratio), even though the total mass flow
decreases with heating.

The streamline plot in Fig. 4e shows that this degree of
heating has little impact on the streamline paths, although
there is a tendency for the gas to move away from the nozzle
centerline and "go around" the heating zone.

A final comment concerning the present example is that the
pressure field (not shown) is almost unaffected by the heating.
The only notable pressure variation in the flowfield is that
caused by the nozzle area change. This observation is in agree-
ment with the familiar approximation in combustion applica-
tions that low Mach number heat addition is a constant
pressure process. This qualitative statement concerning
pressure also holds true for the other cases presented here.

Movement of Absorption Region
with Variations in Laser Power

A series of calculations at a pressure of 25 atm, an inlet
stagnation temperature of 2200 K, and a nozzle pressure ratio
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of 1.2 have been made to show the manner in which the ab-
sorption region moves as the laser power is varied.
Temperature contour plots for five of these cases are shown in
Fig. 6. Starting from the contour plot at the top (Fig. 6a) and
moving to the one at the bottom, the laser power is con-
tinuously increased from 100 to 700 MW/m. At the lowest
laser power (100 MW/m), the laser passes through the
flowfield with almost no absorption. Only a very tiny region
of heating appears at the downstream end of the flowfield.
Although the grid is not sufficiently refined to resolve heating
regions this small, the results should be qualitatively correct.
This absorption region is seen to reside entirely downstream of
the focal point, in contrast to classical arguments9'10 that it
would be unstable here. Of course, if lower temperature con-
tours were plotted, they would show some heating in front of
the focal point as well; but for consistency in comparing the
various cases, similar temperature contours are shown in all
figures.

The temperature contours in Fig. 6b are for a laser power
that is twice that of Fig. 6a, namely 200 MW/m. Here, the
lowest temperature contour (2500 K) lies in front of the focal
point, although a substantial fraction of the heating still oc-
curs in the downstream section. The peak temperature is
higher than in Fig. 6a, as is the fraction of power absorbed.

Moving on to Fig. 6c where the laser power is 300 MW/m,
we see a further upstream advance in the heating region loca-
tion. The temperature increase on the centerline continues to
be quite rapid until near the focal point, indicating that
substantial power remains in the beam up to this point.

Additional increases in laser power continue to move the
heating zone forward as shown in Figs. 6d and 6e. The nearly
constant temperature region on the centerline at the
downstream end of the nozzle indicates that the power in the
beam is almost totally absorbed. Figure 6d, which is for a
power of 600 MW/m, is the case shown in Fig. 4. Figure 6e is
for 700 MW/m.

Attempts at calculating powers above 700 MW/m failed to
converge, but the manner in which they behaved is interesting.
At higher laser powers, the heating zone appears to jump from
a temperature profile like that shown in Fig. 6e to one where
the heating occurred very near the upstream boundary.
However, rather than staying at this forward location, it ap-
peared to oscillate between these two locations and, hence,
prevented convergence. Although these calculations are time

dependent, they are far from being time accurate during a
transient (in fact, considerable effort has been spent in making
the transient inaccurate in exchange for faster convergence)
and we cannot interpret this convergence failure as a physical
instability. Nevertheless, computations of other flowfields
(such as the wake behind a cylinder) have shown a similar
refusal to converge when the Reynolds number is raised to
levels at which an unsteady vortex street appeared and steady
solutions no longer exist. Thus, the present convergence
failure could be a suggestion that stable solutions no longer ex-
ist or it could be an indication of difficulties with the
numerical algorithm. Time-accurate transient calculations are
needed to resolve this issue.

Effects of Pressure and Laser Power
on Peak Temperature and Absorption Location

Figures 7 and 8 show the manner in which the peak
temperature in the flowfield and the location of peak heat ad-
dition vary with laser power for two different pressures, 20
and 25 atm. The 25 atm data correspond to the results shown
in Fig. 6. The 20 atm data represent an analogous sequence of
calculations at a lower pressure. The peak temperature and the
location of peak heat addition are obvious scalar parameters
of interest, but the latter deserves some additional comment.
In principle, the location of peak heat addition could occur
anywhere in the nozzle; but for focused Gaussian beams it is
constrained to occur on the axis of symmetry. Therefore, in
Fig. 8 only the x location of the position of peak heat addition
is indicated. Note also that the location of peak heating cor-
responds to the position of the maximum on contour plots like
that in Fig. 4b (heat deposition per unit volume).

Starting from zero laser power where the entire temperature
field remains at the inlet temperature, the peak temperature
increases rapidly with laser power at first and then becomes
more or less constant (see Fig. 7). The region of rapid increase
corresponds to conditions like those shown in Figs. 6a and 6b.
At these low laser powers, there are several factors that com-
bine to cause the peak temperature to rise with increasing laser
power. The first is the obvious factor that the peak
temperature rises because there is more power available. Sec-
ond, the absorption zone is just becoming established at these
laser powers and the fraction of power absorbed is increasing
from 0 to 100%. Thus, the total power deposited in the gas is
increasing at a rate much larger than the increase in power in
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Fig. 9 Temperature contours for 30 atm case (J/yv = 2445 K,
/?°/p = 1.2, AJ= 100 K) at laser powers of a) 100 MW/m and b) 200
MW/m.
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Fig. 10 Effect of nozzle pressure ratio on peak temperature
(TIN = 2445 K, /0 = 100 MW/m, p = 12 atm).

the incoming beam. Third, as the absorption region moves
forward from the rear of the nozzle toward the focal point, the
local area of the beam gets smaller and the energy is deposited
in a smaller volume of gas. This movement of the absorption
zone is indicated in Fig. 8.

The region in which the peak temperature is nearly constant
is one in which the heating zone is moving rapidly forward, as
can be seen from Fig. 8. For these laser powers, the fraction of
power absorbed remains at 100%, but the increases in incom-
ing power are offset by the increasing volume of fluid that is
heated as the absorption region moves from the focal point
where the beam is narrow to the upstream boundary where it is
much more diffuse.

For the purpose of making comparisons at the two different
pressure levels, the laser power in Figs. 7 and 8 has been nor-
malized by the mass flow lA/m. (For a fixed nozzle pressure
ratio, the mass flow decreases in proportion to the pressure if
heat addition is neglected.) Thus, if the laser power were
uniformly distributed over all the mass in the nozzle, equal
values of lA/m would correspond to equal temperature rises.
Figure 7 shows that even when normalized in this manner, the
peak temperatures are higher at the lower pressures. However,
the thermodynamic energy balance is not the only factor that
determines the heating characteristics. In addition to decreas-
ing the mass flow, the reduction in pressure also decreases the
absorptivity, as seen from Fig, 3. Figure 8 shows that this
lower absorptivity causes the location of peak heat addition to
lie further aft at the lower pressure. Thus, the absorption zone
for the lower-pressure case is situated in a region where the

m=15.4

1=0.305-*.

m=12

=0.262-*.

m=io.4

Fig. 11 Temperature contours for various nozzle pressure ratios
(T,N = 2445 K, /0 = 100 MW/m, p = 12 atm, AJ= 50 K).

laser beam is narrower and the resulting temperature rise is
larger.

Also shown in Fig. 8 are data for an inlet temperature of
2445 K at pressures of 25 and 30 atm. Comparison of the two
sets of data for 25 atm shows that increasing the inlet
temperature causes the absorption zone to move forward.
Once again, this forward movement occurs because an in-
crease in the inlet temperature corresponds to increasing the
absorptivity (see Fig. 3); this agrees with the results found for
the effect of pressure. At the higher inlet temperature, the
peak absorption location lies very close to the upstream
boundary. The change from 25 to 30 atm should accentuate
this shift, but the results show that a further increase in ab-
sorptivity (by increasing pressure) does not affect the peak ab-
sorption location. This suggests that the absorption zone loca-
tion is being dictated by the upstream boundary. To give an in-
dication of the shape of the temperature contours in this
upstream limit, temperature contours for the largest and
smallest laser power cases at 30 atm are shown in Fig. 9.

Effect of Gas Velocity
The results of a parametric study of the effect of gas veloc-

ity on the absorption process are shown in Figs. 10 and 11.
These results are for a fixed-laser intensity of 100 MW/m and
an inlet temperature of 2445 K. The pressure for these calcula-
tions was 12 atm and the focal point was situated at the mid-
point of the nozzle substantially upstream of its location in the
previous results. The velocity changes were imposed by vary-
ing the nozzle back pressure, while holding the upstream
stagnation pressure fixed. The results are plotted as a function
of the nozzle pressure ratio, p°/ps, The variation of peak
temperature with nozzle pressure ratio is shown in Fig. 10. As
the velocity is reduced (i.e., as the nozzle pressure ratio is
decreased from 1.2 to 1.05), the peak temperature increases
substantially. These higher temperatures occur because the in-
creased gas transit time through the nozzle allows each fluid
element to absorb more photons. Also note that reducing the
nozzle pressure ratio while holding the laser power fixed cor-
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Fig. 12 Variation of peak temperature with inlet temperature
(70 = 100 MW/m, p = 12 atm, p°/p = 1.1).

responds to increasing the ratio lA/fn^ again suggesting in-
creased temperatures.

Temperature contours for three of the cases shown in Fig.
10 are given in Fig. 11. The revised location of the focal point
is noted on these curves. Note that a different spacing (A7"= 50
K) has been used. For all three flow velocities shown, the ma-
jority of the heating occurs downstream of the focal point.
Again, the convergence rate for these cases suggests that these
zones are stable to disturbances.

Effect of Variations in the Inlet Temperature
The effect of variations in the inlet temperature on the peak

temperature is shown on Fig. 12. Variations in the inlet
temperature at about 2200-2850 K cause the peak temperature
to increase rapidly at the lower temperatures and more slowly
at the higher temperatures. The major physical effect of the
increased inlet temperature is to increase the absorptivity of
the gas. As noted earlier, increased absorptivity tends to move
the absorption region forward. The calculations in Fig. 12 are
for a pressure of 12 atm, an incoming laser power of 100
MW/m, and a pressure ratio of 1.1. These calculations were
performed with the beam focus at the point indicated in
Fig. 11.

Summary and Conclusions
The interaction between a focused laser beam and a flowing

gas has been analyzed by means of a two-dimensional
numerical model. Hydrogen gas seeded with 1% cesium has
been used as the working fluid. The cesium provides signifi-
cant absorption in the low-temperature ranges and allows
stable heating at relatively high subsonic Mach numbers. The
peak temperatures reached with this mixture are quite low,
typically in the range of 3500-4000 K for the cases calculated.
Both the high velocity and the low peak temperature make the
numerical solution easier. Real-gas properties corresponding
to those of equilibrium hydrogen were used for all quantities
except the absorptivity, for which properties of the
hydrogen/cesium mixture were used.

By varying various parameters, it was possible to position
the absorption region any place in the flowfield from the
downstream end to the upstream end. In general, any change
that causes the absorptivity to increase will also tend to move
the absorption region forward. Examples of such changes in-
clude increasing the gas pressure, inlet temperature, or laser
power. The peak temperature may also increase with these
parameters, but forward movement of the absorption zone in
the converging part of the beam causes the energy to be
deposited in a larger volume of gas, thus counteracting the

temperature rise. The cases computed included ones for which
the absorption occurred primarily in the diverging section of
the beam downstream of the focal point and these solutions
appeared to be stable.

The pressure calculations were all for laser beams with
Gaussian intensity distributions at the inlet plane. Focused
beams with maximum intensity in the center ensure that the
peak temperature in the flowfield will occur on the symmetry
plane j but these higher temperatures also lead to preferential
absorption on the symmetry plane. As the beam propagates
through the gas, the power in the center is absorbed more
rapidly, so that the partially attenuated beam may take on a
"donut"-shaped profile with maximum power in some off-
axis position and a point of relative minimum at the center.

Extension of the present analysis to conditions analogous to
those being used in current experiments in hydrogen and
argon6"8 is being attempted, but it appears that the numerical
algorithm will have to be modified considerably to obtain
solutions at these very low-velocity conditions. Modifications
allowing rapid convergence at Mach numbers as low as 10 ~4

have been developed and are currently being tested.

Acknowledgment
This work was sponsored by the U.S. Air Force Office of

Scientific Research under Grant AFOSR 82-0196 and by
NASA through CFD Training Grant NGT 39-009-802.

References
I Jones, L. W. and Keefer, D. R., "NASA's Laser-Propulsion Pro-

ject," Astronautics and Aeronautics, Vol. 20, Sept. 1982, p. 66.
2Kemp, N. H., Rosen, D. L, and Legner, H. H., "Laser Energy

Absorption in Gases: Research Problems," AIAA Progress in
Astronautics and Aeronautics: Orbit Raising and Maneuvering Pro-
pulsion: Research Status and Needs, edited by L. H. Caveny, Vol. 89,
AIAA, New York, 1984, pp. 73-94.

3Keefer, D., Elkins, R., Peters, C., and Jones, L., "Laser Thermal
Propulsion," AIAA Progress in Astronautics and Aeronautics: Orbit
Raising and Maneuvering Propulsion: Research Status and Needs,
edited by L. H. Caveny, Vol. 89, AIAA, New York, 1984, pp.
129-148.

4Merkle, C. L., "The Potential for Using Laser Radiation to Sup-
ply Energy for Propulsion," AIAA Progress in Astronautics and
Aeronautics: Orbit Raising and Maneuvering Propulsion: Research
Status and Needs, Vol. 89, edited by L. H. Caveny, AIAA, New
York, 1984, pp. 48-72.

5Kemp, N. H. and Krech, R. H., "Laser Heated Thruster—Interim
Report," NASA CR-161666, Sept. 1980.

6Keefer, D., Crowder, H., and Peters, C., "Laser Sustained Argon
Plasmas in a Forced Convection Flow," AIAA Paper 85-0388, Jan.
1985.

7Krier, H., Mazumder, J., Glumb, R. J., Bender, T. D., and
Rockstroh, T. J., "Experiments in Plasma Initiation and Laser Ab-
sorption in Flowing Gases," University of Illinois, Urbana, Annual
Tech. Rept. UILU-ENG-85-4004, April 1985.

8VanZandt, D. M., McCay, T. D., and Eskridge, R. H., "An Ex-
perimental Study of Laser-Supported Hydrogen Plasmas," AIAA
Paper 84-1572, June 1984.

9Kemp, N. H. and Root, R. G., "Analytical Study of Laser-
Supported Combustion Wave in Hydrogen," Journal of Energy, Vol.
3, Jan.-Feb. 1979, pp. 40-49.

10Raizer, Yu. P., Laser-Induced Discharge Phenomena, edited by
G. C. Viases, and Z. A. Pietrzyk, Consultants Bureau, New York,
1977, pp. 26-44.

II Jackson, J. P. and Nielsen, P. E., "Role of Radiative Transport
in the Propagation of Laser-Supported Combustion Waves," AIAA
Journal, Vol. 12, Nov. 1974, pp. 1498-1501.

12Gulati, A. and Merkle, C. L., "The Absorption of Elec-
tromagnetic Radiation in an Advanced Propulsion System," Journal
of Spacecraft and Rockets, Vol. 21, Jan.-Feb. 1984, pp. 101-107.

13Merkle, C. L., "Prediction of the Flowfield in Laser Propulsion
Devices," AIAA Journal, Vol. 22, Aug. 1984, pp. 110M107.



SEPT.-OCT. 1986 RADIATION GASDYNAMIC INTERACTIONS 473

14Merkle, C. L., Gulati, A., and Choi, Y.-H., "The Effect of
Strong Heat Addition on the Convergence of Implicit Schemes,"
AIAA Journal, Vol. 23, June 1985, pp. 847-855.

15Beam, R. M. and Warming, R. F., "An Implicit Factored
Scheme for the Compressible Navier-Stokes Equations," AIAA Jour-
nal, Vol. 16, April 1978, pp. 393-402.

16Batteh, J. H. and Keefer, D. R., 'Two-Dimensional Generaliza-
tion of Raizer's Analysis for the Subsonic Propagation of Laser
Sparks," IEEE Transactions on Plasma Science, Vol. PS-2, Sept.
1974.

17Merkle, C. L., Molvik, G. A., and Choi, D., "A Two-
Dimensional Analysis of Laser Heat Addition in a Constant Absorp-

tivity Gas," AIAA Journal, Vol. 23, July 1985, pp. 1053-1060.
18Briley, W. R. and McDonald, H., "On the Structure and Use of

Linearized Block Implicit Schemes," Journal of Computational
Physics, Vol. 34, 1980, pp. 54-73.

19Steger, J. L., "Implicit Finite-Difference Simulation of Flow
about Arbitrary Two-Dimensional Geometries," AIAA Journal,
Vol. 16, July 1978, pp. 679-686.

20Pulliam, T. H., Jespersen, D. C., and Childs, R. E., "An
Enhanced Version of an Implicit Code for the Euler Equations,"
AIAA Paper 83-0344, Jan. 1983.

21Merkle, C. L. and Choi, Y.-H., "Computation of Compressible
Flows at Very Low Mach Numbers," AIAA Paper 86-0351, Jan
1986.

From the AIAA Progress in Astronautics and Aeronautics Series.

ENTRY VEHICLE HEATING AND THERMAL
PROTECTION SYSTEMS: SPACE SHUTTLE, SOLAR

STARPROBE, JUPITER GALILEO PROBE—v. 85

SPACECRAFT THERMAL CONTROL, DESIGN,
AND OPERATION—v. 86

Edited by Paul E. Baiter, McDonnell Douglas Astronautics Company
and Howard E. Collicott, The Boeing Company

The thermal management of a spacecraft or high-speed atmospheric entry vehicle—including communicat ions
satellites, planetary probes, high-speed aircraft, etc.—within the t ight l imits of volume and weight allowed in
such vehicles, calls for advanced knowledge of heat transfer under unusual conditions and for clever design solu-
tions from a thermal standpoint. These requirements drive the development engineer ever more deeply into areas
of physical science not ordinarily considered a part of conventional heat-transfer engineering. This emphasis on
physical science has given rise to the name, thermophysics, to describe this engineering field. Included in the two
volumes are such topics as thermal radiation from various kinds of surfaces, conduction of heat in complex
materials, heating due to high-speed compressible boundary layers, the detailed behavior of solid contact inter-
faces from a heat-transfer standpoint, and many other unconventional topics. These volumes are recommended
not only to the practicing heat-transfer engineer but to the physical scientist who might be concerned wi th the
basic properties of gases and materials.

Volume 85—Published in 1983, 556pp., 6^ 9, illus., $35.00 Mem., $55.00 List
Volume 86—Published in 1983, 345pp., 6* 9, illus., $35.00 Mem., $55.00 List

TO ORDER WRITE: Publications Order Dept., AIAA, 1633 Broadway, New York, N.Y. 10019


