LMSC-HREC TR D784744

STUDY OF LASER HEATED
PROPULSICN DEVICES

Final Report — Part i

ASSESESI,AENT OF LASER PROPULSION MODELING
AND SIMULATION REQUIREMEHTS

by

Jirgen Thoenes

- = rlockheed
Missiles & Space Company. Inc.
I’ Huntsville Research & Engineering Center
i 4800 Bradford Drive, Huntsville, AL 35807
} .
L , \
o Contract NAS8-33974 {
. FL28Y7
* AP"' 1982 30SPW/XPOT TECHNICAL LIBRARY
BLDG. 77!S
f Prepared for g/(.)xgﬁgg‘.wm AHS}:\CA 93437-5223
, NASA-GEORGE C. MARSHALL SPACE FLIGHT CENTER
MARSHALL SPACE FLIGHT CENTER, AL 35812
' (NASI-CR-179526) STUDY )¢ LASER HEATPD NB2-3 3097
PROPULSIUN DEVICES, PAKRT <: ASSESSARNT OF

LASGER PRUPUL.LION PRODPLING Ad4D CIMULATICN
KEQUIREMENTS Pinal Pepore (lockheed Unclas
' Bisslles and Space Co.) "4V p HC AQI/BRE ADY G1/36 135455




FOREWORD
The work described in this report was performed for the Auxiliary
Propulsion Branch of the Propulsion Division, Structures end Propulsion
Laboratory, NASA George C. Marshall Space Flight Center-under’Contract
NAS8-33974. The NASA technical monitors were Lee W, Jones and T.D. McCay.
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This report repcesents Part 1I of-the Final Report., Part [ deals with
the evaluation of alternste laser devices as well as slternate propellants

and energy coupling schemes.
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ABSTRACT

The present status of theoretical models for the laser heated thruster
is reviewed, It is concluded that existing models neither agree with each
o.her nor with the limited experimental date available. The requirements
for an improved laser heated thruster theoretical model are discussed. The
spplication of a time-dependent finite-difference Navier-Stokes equation
solution to the laser heated thruster problem is described, along with a
simple closed form solution which was developed in order to gain insight

into lie difficulties encountered in the pursuit of the numerical solution.
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l. LASER HEATED PROPULSION MECHANISM

The concept of laser heated propulsion is based on using a laser beam
to remotely heat a working medium 1n a rocket thruster. Such a scheme
appesrs to be attractive because 1t might be possible to generste propellant
gas temperatures which are much higher than those possible in chemical pro-
pulsion devices. 1In particular, i1n conjunction vith propellants of low
molecular weight, 8 very high thrust chamber tempersture will result in a
specific i1mpulse much ‘higher than that achievable in combustion driven
rocket motors., Even through the concept ic simple, the sttendant high

tempersture presents difficult engineering problems.

The use of continuous wave lasers for laser heated propuleion can be
divided into a very high specific impulse, high temperature regime and a
high specific impulse, medium temperature regime, while the first regime
would be realized by utilazing hydrogen as the propellant and a laeser
supported absorption wave generated and sustained by inverse bremsstrghlunu
absorption, in the medium tempersture regime laser energy would be coupled
into a suitable propellant by molecular or aerosol absorption. Details of

these and other schemes are discussed in Part I of this report.

The wvork described here i3 mainly concerned with an assessment of laser
propulsion fluid mechanics modeling and siculetion requirements for the very
high specific impulse, high tempersture regime., Here the essential feature
13 that the propellant gas, which 1s normaily a transparent, non-conducting
medium, becomes 1oniged by the laser beam and then strongly absorbs energy
from the beam (Ref. 1).

1f & few free electrons are present i1n the focal volume, they can gain

sufficient energy from the beam to produce further ionization via collisions
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with neutral gas particles. Breakdown will occur if the electron density
reaches a critacal value despite losses due to diffusion, sttachment,

tecombination and other mechanisms.
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Mice a plasma iias been formed, 1t emits radiation whose wavelength dis-
tribution depends on the temperature and the density., Most of the energy
! emitted is in the far ultraviolet and s believed to be more readily
absorbed 1n the surrounding cold gas rather than in the plasms itself.

Thus, a layer of gas outside the plasma, although transparent to iaser

s =y 3

radiation, is heated by the plasma radiation, and upon reaching & suifi-
ciently high tempersture, will be ionized to such ar extent that it will
also bBecome absording for the laser begm, This laycr will then be further
heated rapidly until its temperature becoases suv high that it in turn will

become transparent to ultraviolet plasma radistion. By this time & new

layer of plesma nearer the laser will have become absorbing, so the boundar,
of the plasms, called an absorption wave, will move toward the laser. 1f

this occurs in a flow of propellant gas, the tlow velocity of which is equal
. , YW magnitude but opposite an dirvection to the motion ol the absorption wave,

we have s stationary propellant plesma which can function as the heating

mechanism for a propulsion device,

Various laner heated prupulsion devices have been conceived and
proposed. Since it would be difficult to discuss the modeling and simula-
tion requirements in complete generality, one particular configuration for a
laser heated thruster is shown in Fig. 1 (schematically). This is the
arrangement used i1n the subsequent discussion of modeling snd simulation
requitrements. In perticular, we gre interested in describing or modeling
the intersction of the initie'ly cold propellant ges (Nz) as it flows
through and around the laser supported plasma region, then mixes and exits

through the subsonic-supersonic notzle, producing thrust in the process,
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For the actual design of such a device 1t 18 most wmportant to predict
the propellant velocity required to achieve a stable plasma as well as the
cooling requivements for the plasma and mixing chamber walls. Hydrogen is

of particular interest as a propellant btecause it promises the highest
specific impulse,



7. REVIEW OF EXISTING MODELS
2.1 ABSORPTION WAVE MODEL

Although much has been achieved in modeling the physics of the laser
heated thruster, much must be done toward obtaining agreement with experi-
ment if these mathematical models are to serve as useful tools in the design
of laser heated propulsion devices. Most of the existing models deal with
absorption waves in air and have numerous simplifying assumptions in common,
Verv little work so far has been done with hydrogen as the propellant.

Experimental data for absorption waves in hydrogen are also very sparse.

The first model to appear in the litersture was that of Raiser (Ref.

2). His model is based on the assumptions of one-dimensional flow at
constant pressure with heat conduction considered to be the principal heat
transfer mechanism. The plasma is consicdered to be optically thin to ite
self-radiance, and in thermsl equilibrium. This allowe the electron density
to be determined from the Saha equation. Also, the sbsorption coefficient
for the absorption of laser rsdiastion via inverse bremsstrahlung as well as
an approximate function for the overall radiation losses can dbe specified as

functions of temperature and pressure.

Finally, in order to arrive at an analyticsl solution, the absorption
coefficient as well as the ratio of specific heat to thermal conduction are
assumed constant, The neglectiuvn of radiation losses limits the applic-
ability of the solution to small plasma volumes (diameters less than a few

millimeters at p = 1 atm),

With the goal to i1mprove upon the analysis by Raizer, Jackson and

Nielsen (Ref., }) presented s wodel which includes the mechanism of radiative
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transfer into the ambient gas (air). Apart from this, other assumptions
made are basically the same as those invoked by Raizer. Jackson and Nielsen
derive an analytic solution, the evaluation of which 1s performed by iterat-
ing on the value of the radiative loss function. The authors point out
seveial shortcomings of their analytical solution: (1) interferograms taken
of absorption waves show clear evidence of radial flow, rendering the prob-
lem two-dimensional, and (2) their calculated propagation velocity of the
absorption wave as a function of incident laser intensity does not agree

with experiment,

Shortly following the analysis of Jackson and Nielsen, Batteh and
Keefer (Ref, 4) presented a two-dimensional generalization ¢{ Raizer's
analysis for the subsonic propagation of laser spaiks in sir. To be pre-
cise, Batteh and Keefer combined a one-dimensional flow velocity description
with a8 two-dimensional temperature field description, retaining Raizer's
assunption of ordinary thermal conduction ae the principal propagation
mechanism, with plasos radiation serving only as an energy loss mechanism.
The importance of this two~jimensional temperature field model is that it
provides insight into the effect of houndaries on spark propagatiun in a
channel, Other assumptions such as constan: pressure, constant rstio of
specific heat to thermal conductivity are also retained. The absorption
coefficient was assumed 2o be piecewise constant, zero in front of the
absorption wave, and non-zero within the plasza region. An analytic solu-
tion in terms of Bessel functions was obtained to evaluate the relationship

between laser intensity and spark propagation velocity.

Batteh and Keefcr found that their calculated propigation speeds are
roughly an order of magritude lower than those obtsined experimentaily,
while the maximum temperature in the wave as calculated mstchea that of the
experiment., The authors suggest that this 1s due to considering thermal
conducrtion only as the primary propagation mechanism., They essentially
argue that plasma radiation, causing iorization and edditional laser energy

absorption via inverse bremsstrahlung in front of the absorption wave must



be included in the model to achieve realistic predictions of the propagation

velocity as a function of laser intensity.

The i.ext model, that of Keup and Root (Ref. 5), in fact does include
the effect of forward plasma radiation 1n & one-dimensional numerical
model. This model assumes one-dimensional flow at constant pressure in a
constant area channel, Since the equations are solved by numerical integra-
tion, 1t 18 possible to treat the thermodynamic properties as well as the
various transport phenomena (absorption, thermal conduction and radiation)
in a much more detailed manner than 1n the previously discussed anslytical
solutions. The solution of Kemp and Root's formulation requires an itera-
tion on the mass flux for specified laser intensity., Only one particular
mass flux value will yield a physically reasonable temperature distridution
in the absorption wave (saddle-point singularity). Calculations are pre-
sented for pressures of 1, 3, 10 and 10 atm, and for laser powers of 10 kW
and 5 MW. The authors observe a very steep rise in temperature at the
leading edge of the absorption wave and csutioca that for such conditions the
“radiation conduction approximation," used to consider the heating effect of
plasma radiation on the (old gas 1n front of the wave, is not really valid,
llowever, since energy 18 properly conserved in the model, they suggest that
the tempersture frofile in the wave proper should be qualitatively correct.
No experimental data for absorption waves in hydrogen were avairlable at the
time to confarm the theoretical predictions. Also, the authors realize that
the one-dimensional nature of the model presents serious limitetions on the
validity of the results. It 1s pointed out that thermal conduction in the
radial direction becomes important for small plasma regions at low pressure.
A very obvious two-dimensional phenomenon 1s the focused laser beam., In
this case, the i1ntensity will not only change due to absorption but also due
to varying cross-sectional area. A convergent beam behaves as & hagher
intensity beam - relative to a collimated beam of the same initial intensaty
- and requires a higher propellant flow velocity to keep the "plasmatron'
stationary. Finally, there 18 the transverse velocity component. 1t 1is

suggested that i1ts effects should be less 1n a confined flow = such as 1n a
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thruster - than in the unconafined case. Since neither treoretical nor ex-
perwmental resuits are available, 1t 1s diificult to assess the importance

of two-dimensional flow for absorption waves in a channel,

In concluding this brief discussion, 1t appears that the modeling of
absorption waves 1s still in a stage of infancy. In Fig. 2 (adopted from
Ref. 3) we have summarized results for sbsorption waves in air from the work
reviewved here. Some experimental results are slso shown. No attempt has
been made to systematically correlate these results. It 1s evadent, now-
ever, that theoretical predictions are in considerable disagreement with the
experimental data (Refs. 6,7) and with each other, even for similar assump-

tions 1n the theoretical models.
2.2 THRUSTER AND NOZZLE FLOW MODELS

In order tc produce thrust, the heated gas exating from the sbsorption
wave must be accelerated through a supersonic nozzle which basically
converts thermal energy into kinetic energy. Just as for the absorption
wave, the modeling of this flow can be approached at different levels of

sophistication,

The firsl of such models to be discussed here is that of Kemp and Root
(Ref. 5). 1t is a one-dimensional model, obtained by explicitly including
the area term and retaining the momentum equation in th# set of one-
dimensional equations used for the one-dimznsional absorption wave model by
the same authors, The results of the absorption wave calculations serve as
init1al values ‘or the thruster problem, 1.e., the solut. ns are joined at
an appropriate location downstream of the wave. The model described 1n Ret.
5 represerts an "inverse method.,'” 1In Ref. 5, rather than specifying the
thruster and nozzle contout, the velocity is specified as & function ot tlow
distance. While this or variations of this procedure are common in order to
avoid the sonic singularity at the throat, 1t means that many iterations me:
have to be performed until a reasonable or specified nozezl2z contour 1is

obtained.



1L.SC Wave Velocity, u tem/s)

10

10

)
A
T T T TP T T

O~

(SO ]
WAL FaAl- ¢
3? POOR QUALITY.

T 1 TT]
>

Data, Ref. 7
(Conrad) \\

A A

—/BA
Data, Ref. 6

(Klocterman & Byron)

Ref. 3 Ref. 3 (Jackson & Nielsen)
(1-D Upper Limt) ~ (Conduction and
Radiation)
/ Ref . 2 (Raizer)
/ (p=1atm)
- /
e
o / Ref. 3
- {Conduction
O Only)
- /
L
/ Ref, 4 (Batteh and Keefer)
e
/ tp: 1 atm)
1 Lol 1 Lot o3 3l
c
l()4 10° 106

Lascr [ntensity (W/cmz)

Fig. 2 = Summary of Absorption Wave Velocity Results as a Function of co,

Laser Intensity (1n Air)

9

- o~



While the one~dimeneional thruster flow model has the advantage of

simplicity, it cannot properly account for lateral heat condution and radia-

tion to the walls of the thrust chamber. As pointed out ir Ref. 5, a pre-
cise evaluation of the transverse heat loss due to thermal conduction and
radiation requires a two-dimensional model. Such @ model was presented by
the same author (et al.,) in Ref, 8. This model is based on the boundacy
layer equations and thus includes radial gradients. Added terms for laser
energy absorption, eguilibrium chemistry and plasma radiation losses
complete the equations. Although this model is an improvement over the
previously mentioned oje-dimensional model, it does not contain any terms
for forward energy transport by rauiation or conduction, and therefore
cannot be applied to model the absorption wave. A method to join the one-
dimensional absorption wave calculations to the two-dimensional thruster

caleculations is deszribed 1n Ref. 9, According to the authors, the two-

dimensional thruster code needs a nuuber of refinements to make it generally

useful. Required are a generslization of the radistion model, more exper-
1ence or a rationale to choose the axial pressure gradient to obtain a
desired flow channe: contour, and a variable coordinate grid structure to

concerntrate grid points i1n areas of steep gradients.
2.) THERMODYNAMIC AND TRANSPORT PROPERTIES

As compsred with other fluid flow problems, the description and
analysis of the flow in a laser-heated thruster is severely compliceted by
the large tempersture rang.s over which thermodynamic and transport phe-
nomens have to be considered. As & consequence, the early investigations,

in particular thoae that produced analytical solutions, had to employ many

simplifying assumptions (Rets, 2, 3 and 4). While the qualitative nature of

the results from these analyses 18 useful 1n furthering an understanding ot

the phenomena involved, the pursuit of quantitative results probably demands
numerical solutions and much more detarled thermodynamic and transport prop-

erties, such as used by Kemp et al, (Refs, 5, 8 and 9), In fact, a substan-

t11l portion of the work by Kemp et al. deals with the development, evalu-

ation and assembly of supporting data such as laser absorption coefficients,
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as well as thermodynamic and transport properties (conduction and radia-

tion). It is anticipated that any future modeling effort will rely heavily
on that work.

While all the existing models so far have assumed thermodynamic equi-
librium conditions, it might be necessary to consider nonequilibrium condi-
tions in the futute, as pointed out by Batteh and Keefer (Ref. 4) in their
discussion of the discrepancy between observed and predicted absorption wave
propagation velocities. A calculation of radiative properties of nonequi-
librium hydrogen plasma has been presented by Park (Ref. 10) in terms of a
computer code which calculates emission and absorption coefficients from
given electron temperature, electron density, neutral particle density and
intensities of incident radiation. In calculating radiative transport the
program shows that there is s large difference between calculated intens- )
ities of radiation emitted by a bulk of equilibrium and nonequilibrium

hydrogen plasma.
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3. THRUSTER MODEL REQUIREMENTS

Based on the preceding discussion of existing models it is now possible
to establish the basic features which an improved laser-heated thruster

model should incorporate. These features are:

l. Axisymmetric, two-dimensional flow so that effects of radial
velocity components can be ajsessed

2. Axial as well as radial heat transfer, both by thermal
conduction and radiation, and

3. Converging (or focused) laser beam configuration to
determine the required mass flow more accurately.

Requirement (2) has implications which need further elaborations., It will

be shown that this leads to additional requirements.

As previously discussed, the propagation of plasma radiation (Vuv)
upstream to the front of the absorption wave will likely lead to a non-
equilibrium ionization situation., The reason is that electrons have the
speci1al property that their particle mass is much less that of any of . he
other constituents. Because of the inefficiency of energy exchange in
elastic collisions between particles of disparate mass, the electron temper-
ature may differ appreciably from the tempersture of the heavy particle
species (Ref. 11), Additional equations must therefore be included in the

model to account for electron mass and energy conservation.

A second, and probably more serious implication of requirement (2) is
the fact that the inclusion of upstream i1nfluences renders the mathematical
protlem elliptic., This means that a solution cannot be attempted using a
single pass forward marching scheme., Instead, the problem has to be solved

considering the entire domain i1n a time-dependent fashion,



The stated requirements render the potential model more difficult to
evasluate than previou- models, particularly so if it is visualized that the
basic set of equations governing the fluid mechanics (conservation of wmass
and energy plus the Navier-Stokes equations for conservation of momentum)

will have to be solved numerically.

-
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4. MODEL FORMULATION, ANALYSIS AND RESULTS

4.1 DETAILED MODEL FORMULATION

A major goal of this effort was to investigate the effect of two-
dimensional fluid mechanics on the conditions in a laser heated thruster by
utilizing the available lockheed GIM code (Ref. 12) which numerically solves
the full Navier-Stokes equations (in conjunciion with mass and energy con-
servation equations), Using this code we can therefore satisfy requirement
1, and, as far as thermal conduction is concerned, also requirement 2, as

stated in the previous section,

The basic equations for axisymmetric flow as used in the CIM code are:

U + OE

1 9 - (1)
ot ox r or (rF) + C °

wvhere U, E, F and G each represent four components for the equations of con-

versation of mass, momentum in x- and r-directions and energy as follows:

—

p
U - pu
pv
LPE

o

()

pu
2
+ -
F - |Pu P Tix

uv -
p Txr

Ltt(pE* p)-uTxx-vT - Kk >—

(3)
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pv
F = puz.rxl‘ - (4)
pv® - T
Tr T
bv(pé”p)-\.l‘rxr-\‘r'r”-k-b—l-.-J
0
v
G = 220 ..g.e. (5)
ar r
h- Q -t
where
& = e+-;-(uz+v2) (6)
- Ju -
Tax - 2u -b?o- APV %))
v -
- ov . 8
Tep = ZH ST HAVV (8)
- Jdu v
™r - Plgp ¢+ 53%) 9
= hd .
Tog = 2H(F)1eA0 . ¥ (10)
and
V. u, 1 ¢
7.v- = T o) (11)

The above equations represent four equations for the four unknowns - P, u, v
and T = 1f we express the pressure through the equation of state as s func-

tion of pand T, i.e.,

P ® PRT (12)

which is valid for & perfect gas, The term Q 1n the energy equation (see
Eq.(5)) denotes the net rate of cnergy addition to the flow which is repre-~
rented by the difference between laser energy absorbed and plasma redistion

emitted. Since & primary goal was to compare out reeults with those

I N L



obtained from the Batteh and Keefer analysis (Ref. 4), we uWe their

formulation to express Q as

-ox

Q= alo e -mk (T - Tx) (13)

where l° represents the incident laser energy flux of a collimated beam

i v e e -

and @ is the absorption coefficient. The second term represents a rather
crude approximation for the energy loss due to plaswa radiation, with rhe ]
form of this term chosen so as to make the Batteh-Keefer anaytical solution

possible (op. ci%.).

At the present time, the GIM code is formulated in terms of constant
thermodynamic and transport properties. The rather wide range of tempera-
tures of i1nterest in the lases propulsion problem therefore requires us to
select suitably averaged quantities for the specific heat, the thermal
conductivity and the viscosity. In particulsr, since we want to compare ,
results with those of Battebh and Keefer, we want to use the same average
value tor the ratio of specitic heat to thermal conductivity that was used
in their calculstions. For consistency, the same averaging procedure 18

applied to the gas constant.

Figures 3 through 5 show the thermal conductivity (Ref, 5), the
specific heat at constant pressure (Ref. 13) and the molecular weight (Ref.
13), respectively, for vquilibrium hydrogen at p = 1 atm as a function of
temperature., Integrated averages for cp, k and the gas constant R are
also shown., From these¢, we : an obtain, for use in the GIM code calcula-
tions, average values for the ratio of specific heats and the viscosity by

applying standard relatioaships such as

’ C
1 ° ‘% (14)
and c
15 5
k-R[-—aolJZ(EE -3)] u (15)
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with the latter taken from Svehla (Ref. 14). Finally, the constant m in the
radiation loss function has been evaluated by Keefer et &l., to be

@ = 14,3 cm2

(at p = 1 atm).

Before we attempt a numerical solution of the full set of equations
given in this section, it is useful to investigate possible simpli‘ications.
As it turns out, for the contemplated conditions such simpliticat.ons are
possible, With additional assumptions, this leads to an e ,iicsc analytical
solution which can easily be evaluated. This will be discussed in the

following section,
4.2 A SIMPLE ANALYTICAL SOLUTION

Whiie it is our primary goal to obtain a numerical solution of the full
set of equations presented in the previous section, obtaining such a solu-
tion will be facilitated by some advance knowledge of what that solution
might look like, With this in mind, let us non-dimensionalize the equations
by introducing suituble reference quantities for all relevant variables.

Drfining dimensionless variables as

p' = p/p,

u', v' = u.v/uo

M A= gy A/

&n =xy/tl, b =t u/t (16)
T =T/T, & - /e, T,

C'V : cV/cVO

k' = k/ko

and introducing these .nto the equations, the equations (with primes dropped

for convenience) take on the folléving form:
I
t )
q'\

|
0
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Contmmtz:

) 2 1 9

gte* Bz(pu)l' -a-a-q- (npv)=0
x-Momentum:

) Q 2 1
w (Pu) + b4 [pu 1+ ;u% - Tefeé]

1] 0 1
f—r-‘ﬁ(s-;'[n (puv-m Tén)] = 0

r-Momentum:

“Jag- (pv) + “% [puv - -p\l-é f("]

and

F.m-rgx:

A
f'a—'!
=
“*-
[5¢]
pA

J
e (PO

a7

(18)

(19

+ %-5% ’n[v (A€ + Ep)

(20)
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vhere we have defined

pouol
Re = m (Reynolds number)
o
and
_ uocvo
Pr = k
o
“Z
o
E =<
vOo 0o

Due to the non-dimensionalizing process all flow variable groupe are
now of order unity, and we must investigate the order of magnitude of the
dimensionless parsmeters Re, Pr and E, While Pr is generally of urder unity
for all gases, it can be shown that, for the conditions in the laser heated
thruster, the Reynolds number is 3lso of order unity, while E is several
orders of magnitude smaller. We can conclude chat all terms are of equal
importance in the continuity and momentum equations, but in the energy
equation, however, the pressure terms, all carrying the £ as & multiplier,

will be orders of magnitude smaller than the convection and conduction terms.

In pursuit of a simple analytic solution we now examine steady state,
inviscid one-dimensional flow at constant pressure. With thesa assumptions,

the governing equations reduce to

Continuity:
d -
Enersz:

d P
a;[pu(€+p)-k (22

Q1Q
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Recognizing that (& + p/p ) represents the total enthalpy which, for our

case, consists of mostly thermal energy, we ignore the kinetic energy and

write

€+

o

= Hah = cp T + constant (23)

Knowing that the GIM code presently requires cp and k to be constant, the

energy equation reducee to

a’t PAT | @
dx® STk dx T "X (24)
x
where, from Eq. (13)
Q= al e %% kK(T-T
= al_ e -mk(T-T) (25)

Of course, this ordinary differential equation for T(x) 18 almost the same
equatiosn used by Raizer {(op, cit.) except tnat we further simplified it by
introducit.g an integrated average k and by neglecting radial conduction. As
a matter of fact, we can easily include radial conduction in the same manner

as Raizer did by modifyirg the constant m in the plasma radiation loss term.
We can rewrite the differential equation ae

2
g%-a%—}-m'l‘:-?p e ™ . mT (26)
X

d 1
and arbitrarily specify that the laser power density P = aolo obeys
P = 0 for x<90

)3

"

P for x>0
o 2
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such that x = 0 designates the location of plasma ignition (onset of ioniza-
tion and laser energy absorption). Solutions are then obtained separately
for x € 0 and x > 0, and the solutions T, and T, ure joined by requiring
that both T and its derivative match at x = 0. Thus, the bcundary condi-

tions take the following form:

x = 0 =
'I'l TZ'TO
d'I'l ] dT&
dx - Tdx

X—+20 T =T

X —= 4 0

Standard procedures for nonhomogeneous linear differential equations then

yield for x ¢ 0:

atb
=% 4
T (x) = (T -T)e 1 27
and for x _>_0:
'.a
. A -ax
rz(x) C‘c + Cze + 'I'i (28)
where
b+ at 2a
C, = o ——=__== -
| b-a-2a (To- T;) (29)
c, - L (T_-T)
2 b-a-la o 1 (30)

b = \/u’w 4m >0 (31)

S



Imposition of the boundary conditions on Tz(x) generates an additional

relationship for the laser power density as a function of a, b and a, i.e.,

_ Zk[m-a(cn a)]b
Po b-(at 2a) (Ty-T)) (32)

The above equations show that the solution has one free parameter, namely
the "ignition" temperature T,. Alternativcly we could consider the
initial laser power density P, as given and determine the ignition

temperature T  required to satisfy the boundary conditions.

Results for typical conditions represented by a, a, and m as used by
Keefer (Ref. 15) are shown in Fig. 6. The initial temperature, Ti’ was
anssned Lo be 100 K, and the ignition tempetature Tu was taken as Y000 K
representing the onset of ionization for hydrogen at p = 1 atm (see Frg.

5). The temperature distribution through the laser absorptio- wave is in
excellent qua.itative agreement with results obtained by Keefer (Ref., 15)
for the sawe choice of parameters. Of course, since our results represent a
strictly one-dimensional situstion (i.e., radial conduction and finite laser
beam dimensions are ignored), exact quantitative agreement with Keefer's

results cannot be exvnecte-.

Another point learned trom this one-dimensional exercise is that, with-
out the explicit inclusion of the radiation loss term in the differential
equation, the differential equation does not have a solution which 1s able
to satisfy the downstream boundary conditions, Both the temperature and its
derivative will become i1nfinite as x approaches infinity, i.e., the solucion
diverges. Evena though the full conservation equations used in the GIM code

contain the radial conductior term, and therefore provide an energy loss

25
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term, (this may not be ol sutlicient mugnitude Lo prevent the temperdture
trom reaching unreasonable values. As can be seen trom the example
presented by Keefer, the power loss due to plasma radiation far outweighed

that due to thermal conduction i1n the radial directior.

The purpose of investigating this simplified analytical model, although
it duplicates to some degree work previously accomplished, was to provide
insights which should be of help to obtain a solution from the GIM code.

This will be discussed in the following secticn.
4.3 TWO-DIMENSIONAL FLUID MECHANICS EFFECTS

The successful use of detailed numerical methods such as those usced 1a
the CIM code requires caretul planning with regard to grid selection,
initial values and boundary conditions, time step selection and possibly

scaling considerations to accelerate convergence.

The analytical results shown in the previous section (as well as
Keefer's results) show that we have to deal with very steep temperature
gradients in the laser sbsorp’ion wave. This immediutely suggests a rather
tiyht spatial grid, but how tight? Selecting too coarse a yrid can generate
oscillations in the solution; but too fine a grid will be costly it. terms of

computation time and storage.

U'sing a time-dependent method tor the computation of subsonic {low
fields, particular carec must be cxercised i1n order to ensure that boundary
conditions remawn well detined during the course ot the calculation., 1he
laser heated thruster 1s modeled as a8 straight circular duct with vanishing
velocity at the wall, specified uniform velocity at the intlow boundary and
an outflow velocity distribution to be determined by the analysis. In order
to keep the problem defined, the laser absorption wave must be positioned
far enough downstream from the subsonic inflow boundary such that the latter
18 not subjected to changes caused by the upstream influence exerted by the

former. The analytic solution discussed previously shows that, for the

27




or—r 4 o o A ———ar - b e i @

sample conditions chosen, the laser absorption wave must be positioned 1n
the duct no closer than approximately two ¢m to the inflow boundary (see
Fig. 6), assuming that the analytical soluticn is quantitatively correct

with respect to gradients expected in the axial direction,

[ e el

Initial conditions, and average values for thermodynamic and transport
properties must be chosen carefully to be representative of the enormous
temperature range that has to be covered (with constant values) and, simul-
taneously, they must be consistent in representing the parameters used in

the calculations with which we want to compare the GIM code results, viz,

Pu c |
= a = 50cm” (33)

C
—f = 2.75410% cm sec/g (34) (

A consistent set of variables can be selected as follows: According to
Keefer's results we expect a maximum temperature of around 20 '103 K.

From Fig. 4 1t 18 found that an integrated average value tor the specitic
heat covering this temperature range is ?; = 110 J/gK. The given ratio of
E;/f then yields k » 4,0 -10.2 J/cm sec K, a reasonable value as can be
seen from Fig. }. While the analytic solutions are determined on the basis
of global parameters such as pu cp/k, the GIM code requires specification
of these variables separately. 1In fact, the GlM code uses Y and R to com-
pute the specific heat. Sclecting an i1ntegrated aversge of R = 9.4 J/gK
from Fig, 5, we can compute the ratio of specific heats to be V= 1,094, The
equation of state and Eq. (34) then yield P = 3,593 ‘10-5 g/cm3 and u =

50.602 cm/sec, nssuming p = 1 atm and T = 300 K as initial conditions.

The selection of the spatial grid for this problem (21 stations in the

axisl direction, 26 points 1in the radial direction) represents & compromise



between anticipated requirements corcerning resolution and the limitations
of the MSFC Univac 1100 system with respect to computational speed and data

storage.,

Pure flow calculations without laser energy addition were perforwed
fiist, Results from these can be checked against exsct (i.e., analytical)
solutions for axisymmetric Poiseuille flow., Initial calculations with a
time increment as dictated by the CFL criterion showed extremely slow
convergence. Much faster convergence was eventually realized by scaling the
problem. Scaling as applied here involves multiplication of key variables,
1.¢., the velocity, the viscosity and the thermal conductivity in this case,
by a scale factor (1 -103. typically) such that Reynolds number and
Prandt]l number are preserved, This type of scaling does increase the Mach
number. However, because of the rather small velocity, evea the scaled Mach
number remains much smaller then unity, and therefore the basic subsonic

flow charscter of the problem is preserved.

Typical results are shown in Figs. 7 and 8. As seen in Fig, 7, ihe
initial velocity profile 18 uniform (over the entire spatial domain) except
for the velocity st the wall which is set to zero. As the parabolic velo-
city protile developes in time along the channel, 1ts magnitude in the
outtlow plane is continually adjusted by mass balance consideratio” ', This
adjustment causes a feed-back into the interiur of the tlow field a.nd
thereby enhances convergence of the solution, Ficure 7 shows the ontflow
velocity profile to have the proprr parabolic distribution with & maximum
velocity on the centerline at roughly twice the value of the average velo-
city (as represented by the inflow velocity distribution) as pred.cted by
the exact solution. A complete velocity vector plot is presented in Fig, 8
which very clearly shows the contraction and acceleration of the tlow 1n the
interior of the channel due to the boundary layer cevi-loping along the

channel wall,

These results also demonstrate well the viscous nature of the flow,

Note that the scaling factuor applied does not affect the dbalance between
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viscous and 1nertial forces because the Reynolds number is preserved. Wien
introducing the scaling tactor into the equations it can be seen that its
clicet 18 Lo wncrease the viscous dissipation Lerms relative to the convec-
tion and conduction terms in the emergy equation, This gives the scaling
factor basically the function of a convergence accelerator, particulariy so
since it was shown previously that the dissipation terms are negligible for
very slow flows, and remain so in spite of the scale factor. Typical calcu-
lations involving a time step of 4t = 1 -10-7 sec, and a thousand time

steps to obtain a converged solution require about one hour of Univac 1100

computer time,

All efforts to obtain a numerical solution for the flow with laser
heating were unsuccessful, In order to gain an understanding why solutivas
could not be obtained, it is useful to take a closer look at the time step
criteria which must be observed to control the stability of the numerical

calculations. The first one is the CFL condition, which can be expressed as

A
Stepr < e (35)

where A4 is the smasllest spatisl ygrid cpacing used, and a is the speed of
sound, The second is a thermal stability criterion, which, when speciatized
to flows with constant przssure (which is very nearly true for our case),

reads

M€ g ('n&r) (B) ——— (36)



ERC

Specialized to our case for constant properties and pgrid spacings of Ax =

0.2 cm and Ar = 0.05 cm, these criteria become

-7 300 :
Atepp < 2.25-10 47 (sec) 7
.1a-7 (300
Atr < 11610 (—T)(sec) (38)

It is immediately evident that AtT presents the more stringent criterion,
especially for flows with high temperatures as they are expected in th»
laser heated propulsion problem. Since typical cases, using At = 1 10”7
(sec) require about one hour to converge on the Univac 1100, & temperature
rise to about 20,000 K will reduce the permissible time step by nearly two
orders of magnitude. Assuming that the total time required to obtain a
converged solution remains the same as before, we are faced with computer
times of the order of a hundred hours per case. This is clearly an impos-
sible proposition, The only remedy here appears to be s computer such as ,'
the STAR or the CRAY, both of which can better handle the storage require-

ments i1mposed by this problem, and both of which work at much faster compu-

tational speed. Additional computationsl time savings can most likely be

realized by utilizing a variable time step to be evaluated as & function of

temperature as given by the time step criteria. This feature 18 included 1in

the GCIM code version for the STAR computer, Unfortunately, the latter (with

1ts GIM code version tailored tu {t) was not aveilable for this study.




5. CONCLUSIONS

The numerical analysis of two-dimensional fluid mechanics effects in
the laser heated thruster is characterized by low density, very high temper-
atures and extremely large gradients in both variables, Because of subsonic
flow throughout, the governing equations are of the elliptic type and
require a solution by a time relaxation method with extremely small step
sizes 1n time as dictated by the stability criteria. The first prerequisite
for 8 successful solution of this problem therefore is a computer facility
which can handle the storage requirements and is sufficiently fast so that
the problem can be solved in reasonable time, The Univac 1100 system does

not meet these requirements,

Simplified analytical solutions have shown that there exists a partic-
ular relationship between the gas flow velocity and the laser power which
the flow can absorb and simultaneously satisfy the downstream boundary
condition of a finite temperature. While this relationship is easily
obtained as part of the analytical solution of the simplified equations,
most likely it can only be satisfied in a numerical solution via an
1terative approach. This implies repetitive calculations and therefore

amplifies the requirements for a large and fast computer.

Numerical solutions of subsunic flow problems via time dependent
methods require particular attention to the specification of boundary
conditions at the inflow and outflow boundaries, This is # subject of
current research, 1t is not known at present to what extent the lack of
appropriste boundary conditions has contributed to the fsilure of the

present effort.

The fact that the GIM code version usable on the Univac 1100 systea 1s

restricted to constant thermodynamic and transport properties should by
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itsed £ not prevent a solution. Clearly though, when the temperature varies
to the extent as 1t does in the laser heated thruster problem, the use of
temperature dependent properties would appear to be more realistic.

Finally, considering the critical dependence of the permissible time
step on the temperature, any future attempts at solving the flow problems in
the laser heated thruster should use a variable time step methodology in

order to minimize computer time (and cost).
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