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Computation of Inviscid/Viscous Flowfield in Pulsed Lasers

B. Srivastava,* F. Faria-e-Maia,t and J. Moran*
Avco Research Laboratory, Everett, Massachusetts

This paper deals with two-dimensional flow and acoustic analysis in a pulsed laser system. The analysis
method utilizes numerical solutions of the two-dimensional Euler/Navier-Stokes equations in the laser flow
channel and one-dimensional Euler equations in the sidewall muffler volume with closely spaced baffles. Several
comparative studies with experiments have been performed to establish the validity of the approach. Idealized
laser-related problems have been computed to demonstrate the influence of sidewall muffler parameters on the
transverse wave decay process in a laser cavity. An assessment of viscous effects on the cavity flow and acoustic
clearing is also presented.

Nomenclature
a = nondimensional acoustic speed
e = nondimensional specific internal energy
Kml = normalized linear resistance in muffler backing vol-

ume, KmlL/prur
Kmn - normalized nonlinear resistance in muffler backing

volume, Kmn L
Kr = normalized linear resistance of muffler wall, Kr/pr ur
L = reference length
m = mass flux per unit area through the muffler wall

orifice
M = Mach number
p = nondimensional pressure
Pr = Prandtl number ( = 0.7)
Prt = turbulent Prandtl number ( = 0.9)
Rh - wall roughness height normalized with L
Rer = reference Reynolds number, pr urL/^r
t = nondimensional time
T = nondimensional temperature
u = nondimensional x component of velocity
ue — inviscid core velocity
ur - reference velocity, a0
v = nondimensional y component of velocity
x,y = dimensionless Cartesian coordinates
y = nondimensional normal distance from the wall
£ = nondimensional length scale
a = open area ratio of the muffler wall
y = ratio of specific heats
d = boundary-layer thickness
e = nondimensional eddy viscosity coefficient
ju = nondimensional first coefficient of viscosity
[ir = reference viscosity coefficient, p,0
p = nondimensional density
pr = reference density, p0
o> = vorticity

Subscript
0 = stagnation condition
t - partial derivative with time
w = wall values
y = partial derivative with y coordinate
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I. Introduction

IN a high rep rate pulsed laser cavity, necessary requirements
for obtaining a laser beam of high optical quality are good

baseflow medium homogeneity, efficient removal of waste
heat, and effective damping of acoustic disturbances during
the interpulse time. Baseflow medium homogeneity require-
ment issues are generally addressed through careful design of
various flow control elements such as flow mixer, flow
straightener, turbulence manipulator, contraction, and dif-
fuser.1'2 This paper does not address the baseflow medium
homogeneity issue. Rep-pulsed acoustic issues are typically
addressed through properly designed acoustic damping ele-
ments such as finite-capacity sidewall mufflers and flow-
through absorbers. Critical flow design evaluations can be
made using computational techniques that include appropriate
modeling of such flow elements. Several past technical
efforts1"6 in this area suggest the utility of these predictive
approaches. This paper deals with rep-pulsed acoustic issues.

In general, most of the predictive methods mentioned have
been restricted to one-dimensional computational approaches.
Progress to address transverse wave issues using two-dimen-
sional computational approaches has been limited7'8 due to the
complexity of the problem involved. More work in developing
two-dimensional inviscid computational approaches promises
much desired predictive tools for laser applications. Further-
more, a recent survey9 of the state-of-the-art in laser fluid
dynamics has identified the need to develop viscous models to
enhance further understanding of the complex flow phenom-
ena in the laser cavity. Several viscous laser cavity transient
flow phenomena such as boundary-layer growth, its interac-
tion with the laser initiated acoustic pulse, the effect of
muffler inflow/outflow on the channel flow, and the extent of
flow reversal (if any) due to the acoustic pulse might play an
important role in dictating a rational laser system design
approach for optimum laser performance. An understanding
of these flow phenomena is important for component system
design. A validated two-dimensional viscous unsteady flow
code with all the essential flow ingredients as previously
outlined will be a useful analytic tool for predicting such flow
phenomena.

This paper deals with two major technical issues related to
the laser cavity acoustic clearing process. The first part deals
with the impact of various design parameters on the transverse
acoustic wave clearing process in an inviscid sense. To date
this is an issue that has not been fully addressed using a
physically complete flow model. This is accomplished in this
paper by developing numerical solutions of the complete Euler
equations in the laser cavity as well as in the muffler backing
volume. This approach is distinctly different and physically
more realistic than prior efforts in this area,2"6 where muffler
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backing volumes were treated in an approximate fashion. The
second part of this paper deals with the impact of viscous
effects on the laser cavity clearing process. The degree to
which such effects may be important has not been previously
explored. In this paper we have developed viscous models to
assess these effects. The viscous model is based on the solution
of turbulent Navier-Stokes equations in the laser flow
channel.

This paper is divided into five sections. Section II describes
the physical problem and the relevant theoretical model.
Section III details the code validation tests and their results in
an effort to establish a validated baseline code. Section IV
describes several numerical studies aimed at developing an
understanding of critical design issues related to two-dimen-
sional and viscous effects. Finally, Sec. V summarizes the
relevant conclusions.

II. Physical Problem and Theoretical Model
It is highly relevant to first understand the physics of the

problem at hand. Figure 1 shows a typical near-cavity laser
flow system consisting of a cavity of length L preceded by a
sidewall muffler of length Ll9 depth hl and followed by a
muffler of length L2, depth h2. It is sufficient to consider near-
cavity components since these components control the domi-
nant acoustic damping processes. Also shown in the figure are
typical representative longitudinal and transverse electron
beam energy deposition profiles, which contribute to longitu-
dinal and transverse acoustic waves, respectively. In some
cases, a muffler placed directly above the laser cavity is used
for rapid attenuation of the transverse waves.

The theoretical model for the previously outlined problem
consists of solving the Euler/Navier-Stokes equations in the
main flow channel. These equations are solved in a generalized
coordinate system. For turbulent flow computations, the
Baldwin-Lomax turbulence model is employed. The effects of
wall roughness and suction/blowing are included in the
appropriate turbulent length and velocity scales, as discussed
by Van Driest10 and Cebeci.11 The complete channel equations
written in body-fitted coordinates are discussed in Refs. 12
and 13. We discuss here only the relevant turbulence modeling
method.

This model is a two-layer algebraic eddy viscosity model in
which e is given by

c = e, y<yc

= t0 yc <y (i)

where y is the normal distance from the wall and yc is the
smallest value of y at which values from the inner and outer
formulas are equal. The Prandtl-Van Driest formulation in
nondimensional form is used in the inner region:

(2)

where

t=ky [\ - exp(-60j> + K

A+ =A* e~5

In the preceding expression, co is the magnitude of the vor-
ticity, and rw is the magnitude of the shear stress at the wall.

In the outer region the classical Clauser formulation11 is
replaced by the following model:

e0 = Rer[KCcpPFwFk(y)} (3)

where K is the Clauser constant and Ccp is an additional
constant. Furthermore,

F = v F* w ./max -1 max

The quantities J>max and Fmax are determined from the function
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Fig. 1 Components of a typical pulsed laser system.
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is the maximum value of F that occurs in a
max is the value of y at which it occurs. The

The quantity F
profile, and J>
function Fk is the Klebanoff intermittency factor given by

F k ( y ) = [l + 5.5(Cky/ymax)6]~l

The various standard constants appearing in the preceding
equations are k = 0.4, A * - 26, K = 0.0168, Ck = 0.3, and
Ccp = l.6.

The two constants introduced by Baldwin and Lomax, Ck
and Ccp, can take different values for different flow speeds.
Typical values are Ccp = 1.6 and Ck =0.3 for equilibrium
boundary layers at transonic speeds,14 Ccp = 1.2 and
Ck — 0.65 for an equilibrium incompressible boundary layer.14

For applications to all turbulent flow problems here, the
values of constants chosen were Ccp = 1.2 and Ck = 0.65.

The muffler model is based on the solution of unsteady
one-dimensional Euler equations with source terms. These
source terms represent linear and nonlinear loss terms typical
of a porous material.15 These equations are also solved in a
generalized coordinate system to allow for variable muffler
depth in a computational procedure. In a rectangular coordi-
nate system, these equations are written as (see Fig. 1)

(4a)

(4b)

(4c)

(4d)

(4e)

These equations are written in a nondimensional form. Here,
Km( and Kmn are dimensionless coefficients representing linear
and nonlinear losses in the backing volume. The assumption
of zero axial velocity in the muffler backing volume is
physically realistic and is consistent with the closely spaced
baffle approximation.3 This muffler model is an improvement
over prior efforts3'6 that did not include the effects of muffler
depth in the computational effort. Acoustic reverberations in
the sidewall muffler would be important if the muffler depth
were not very small compared to the channel height.

Muffler walls are treated by a quasisteady model for flow-
through orifices.3'6 These equations are

= 0

V{ + PV Vy + Py = ~Dy

pet+ pvey+pvy=Q

p= (j-\) pe

m=uphvh

Outflow:

_
Ph Vh =

7 pc Mh______
(7 +0/2(7-1)

(5)

(6a)

(6b)

Inflow:

PH vh =
7 pmMh

(7+0/2(7-0

(7a)

(7b)

where Cd is the discharge coefficient (~ 0.6). Subscript c
refers to the channel side of the perforated wall, m refers to
the muffler side of the wall, and h denotes the properties in the
hole. A thin porous mat placed over the perforated plate
separating the channel and the muffler can be simulated by

replacing pc by pc + kr vh in the above equations. Here, the
coefficient kr is utilized to characterize a linear loss term in the
wall perforations.

It can be shown that for small A/?, Eq. (5) may be reduced
to the appropriate loss form (follows from a series expansion
for low Ap)

vh vh /2 Cd + kr vh (8)

Thus, the muffler wall typically is characterized by a linear
and nonlinear loss term. In the determination of discharge
coefficient Q, the grazing flow effects have been included.
Asymptotic values of the boundary conditions of Eqs. (5-7)
are used for small A/? to avoid numerical errors.

The transport of momentum and energy for outflow/inflow
follows from quasisteady flow-through orifices. For details of
this, the reader is referred to Ref. 3 where all relevant
equations are described.

An explicit time-marching MacCormack predictor-correc-
tor scheme is employed for all computations. A typical
numerical procedure consists of time-advancing the channel
and backing volume equations while all boundary conditions
are imposed explicitly at the end of both predictor and
corrector steps. For channel equations an unsplit cell-centered
MacCormack scheme is used.

III. Comparison with Experiments
The turbulent two-dimensional viscous/inviscid, steady/un-

steady problems in the laser flow are complex in nature.
Perhaps the most complex turbulent viscous flow phenomena
are the interaction of the base flow turbulent boundary layer
with the laser initiated shocks/expansions and the associated
thermal interfaces. These flow phenomena are characterized
by transient shock/expansion-boundary-layer interactions,
pressure-wave-induced muffler suction/blowing, and wall
roughness effects due to muffler material and wave interac-
tions with porous material. We have attempted to validate the
present computational approach by selecting appropriate
available data either from literature or from inhouse experi-
ments. Several of these validation tests have been based on
steady flow measurements characterizing a typical flow
process encountered in a transient laser environment. Lacking
further test data, these validation tests are considered ade-
quate. A large number of such steady-state validation tests
have been reported before, using this baseline code.12'13'16

Further code validation test results are presented here.

15 20 25

U (m/sec)

Fig. 2 Comparison of computed velocity profile with experimental
data for a rough wall; M*> = 0.1, Re^ = 5.4 x 106, 73.6 mil roughness
height.
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To characterize the effects of roughness in the viscous code,
the experimental configuration of Blake17 was simulated. This
experiment was conducted on a flat plate at a flow Mach
number of 0.1, Reynolds number of 5.4 x lO6 (based on
L =88 in. where profile measurements were taken), and a
roughness height of 73.6 mil (0.0736 in.). Figure 2 shows a
good overall comparison of the computed results and the cor-
responding experimental data.

To characterize the effects of suction and blowing in the
viscous code, the experiments of Avidor18 and Simpson19 were
selected for simulation. Figure 3 shows computational results
and the corresponding experimental data of Avidor.18 These
suction experiments were conducted at flow Mach numbers of
0.1 and 0.2. We have simulated the suction experiments at a
flow Mach number of 0.1. For this experiment, the Reynolds
number based on 30 cms (where profile measurements were
taken) was 9 x 105. We have simulated these experiments at
suction velocities of 0.25 and 0.5% of core velocity. Figure 3
shows the predicted boundary-layer thickness as compared to
the experiments for the no-suction case and for the two-suc-
tion velocities previously mentioned. The comparison between
the predicted results and experimental data is reasonably
good. In an effort to compare the predicted velocity profile
with suction experiments, we selected the test data of Simpson
(where some detailed measurements were made). This experi-
ment was conducted at a Mach number of 0.04 and Reynolds
number of 9.3 x 105 (based on 42 in. length where profile
measurements were made). The suction velocity for this case
was 0.24% of core velocity. Figure 4 shows a fairly good
comparison of the computed and measured profile. Figure 5
shows the computed result for a blowing case corresponding
to the test data of Simpson.19 Here, the Mach number was
0.04 and Reynolds number ~ 4.0 x 105 (based on 18-in.
length where profile measurement was taken). The blowing
rate for this case was 0.4% of core velocity. It is apparent
from this figure that the comparison between predicted results
and experiments is very good.

An important and relevant code validation test relates to the
response of a porous material for an input wave typically
encountered in laser applications. We have conducted a code
validation test using a square wave input on a porous material
[characterized by linear and nonlinear losses; see Eqs. (4)].
The results have been compared with a recent shock-tube
experiment.20 Figures 6a and 6b show the results obtained
from the inviscid code as compared to the experimental result.
In Fig. 6a, the results are presented in terms of attenuation of
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Fig. 3 Comparison of computed boundary-layer thickness with
experimental data for various suction velocities; M* = 0.1,
/teoo = 9 x 10s.

the square pulse (Apx/Apf) vs distance traveled through the
porous material. Details of the porous material characteristics
are also shown in Fig. 6a. These were obtained from pressure-
drop measurements of the porous material. The comparison
between the predicted results and the experimental measure-
ment is reasonably good for both zero-flow Mach number and
at a flow Mach number of M = 0.026. Higher pulse decay rate
at a finite-flow Mach number is due to the increased flow
resistance of the porous material as the flow Mach number is
increased. Figure 6b shows a comparison of the computed
inlet and exit pressure variation with time for the porous plug
as compared to the experimental measurements. The magni-
tude of the reflected and transmitted pulses through the
porous material as well as their temporal variations compares
very well with experimental measurements.

IV. Laser-Related Acoustic Studies
The prime motivation (and therefore utility of the code

described) of this paper is to develop an understanding of the
controlling design parameters that can effectively damp
transverse waves in a laser cavity during an interpulse time. In
this section, we discuss specific studies demonstrating the
utility of such a design tool for single-pulse computations.

It is prudent to discuss some numerical results to show how
this computation can help develop insight into design consid-
erations for a laser system. For illustration, an isolated
muffler parametric study is shown. The two-dimensional
inviscid unsteady code was used for this study. Figure 7 shows
a sketch of the laser cavity and muffler arrangement with
controlling nondimensional design parameters. The muffler
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Fig. 4 Comparison of computed velocity profile with experimental
data with wall suction; Af* = 0.04, Re^ = 9.3 x 105, vw/ue =
- 0.0024.
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Fig. 5 Comparison of computed velocity profile with experimental
data with wall blowing; A/*, = 0.04, Re* = 4.0 X 105, vw/ue = 0.004.
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Fig. 6a Comparison of computations and experimental data for the
attenuation of an input pulse through a porous plug; shows
attenuation of the leading edge of the input wave.
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Fig. 6b Comparison of computations and experimental data show-
ing response of the porous plug shown in Fig. 6a; inlet and exit
pressures are shown for M^ = 0.026.

wall linear resistance is Kr, the open area ratio of the muffler
is a, the discharge coefficient is Cd, the muffler backing depth
linear resistance is Km(9 and the backing depth nonlinear
resistance is Kmn. Figures 8 and 9 show predictions of cavity
root mean square pressure perturbations clearing with time
normalized by sound speed and cavity height H for various
values of the muffler parameters.

Two cases are shown here. Figures 8a-8c show the situation
when the transverse energy deposition is uniform. The
uncorrected curves in these figures relate to root mean square
cavity pressure perturbations with piston term removed, while
the linear correction relates to the same with a linear term
removed. For laser application, the first implies medium
perturbations over the instantaneous average value, while the
second relates to medium perturbations after an instantaneous
tilt term correction through cavity mirrors. In this case,
uniform overpressure in the cavity causes a transverse wave
whose strength is primarily controlled by the muffler wall
resistance. In the absence of a cavity muffler (i.e., infinite wall
resistance), the overpressure in the cavity causes only longitu-
dinal waves, which are expected to clear the cavity in nearly

Fig. 7 Schematic showing a muffler placed over the active laser
cavity for acoustic damping; basic nondimensional design parameters
are frn/H, b/H, Kmt, Kr, and ctCd.
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Fig. 8 Computations showing the influence of muffler wall resis-
tance on the clearing of pressure perturbations in the laser cavity with
uniform deposition in transverse direction.
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one acoustic transit. However, the presence of cavity muffler
with finite muffler wall resistance causes transverse expansion,
resulting in the generation of transverse waves. Figure 8a
shows the nature of the transverse wave when the wall
resistance Kr = 0.0. Figure 8b shows the nature of the same
transverse wave when Kr = 0.3. As one would expect, the
strength of the transverse wave for the latter case is less than
the former. These results can be compared with Fig. 8c when
muffler wall resistance is infinite (i.e., the hardwall case). It is
of interest to note that, in Figs. 8a and 8b, the early time (i.e.,
less than one transit) wave phenomena is dominated by longi-
tudinal wave clearing, whereas later (greater than one transit),
the cavity is dominated by the transverse wave effects. The
latter, however, decays very slowly. This is reflected in the
change of slope for the wave clearing process. From these
results it is clear that cavity muffler would be harmful in cases
where no significant energy deposition nonuniformity exists in
the transverse direction. In most practical applications,
however, this is not so. Thus, we must analyze situations
where substantial transverse nonuniformity in energy deposi-
tion exists. Only in such cases one can demonstrate the benefit
of using a sidewall cavity muffler. Figure 1 shows the
deposition profile that we have used for the computations
outlined next.

Figures 9a-9c show a series of calculations where the linear
backing depth resistance was gradually increased to assess the
influence of this parameter on the transverse wave decay rate.
The various curves in these figures have the same meaning as
in Fig. 8. However, we have also presented here the cavity root
mean square pressure perturbations with a quadratic term
removed. This relates to instantaneous focus correction
through cavity mirrors. Figure 9a shows the decay behavior
when the linear resistance Kml in the backing depth was taken
to be zero. The cavity clearing process is clearly dominated by
strong transverse wave reverberations. Figures 9b and 9c show
corresponding results when the value of Kmt was increased to
0.2 and 1.0, respectively. The decay behavior is clearly altered.
It appears, however, that there is an optimum linear muffler
backing depth resistance beyond which the gain in transverse
wave clearing is marginal. These observations and decay
behavior are qualitatively similar to what has been determined
in a recent controlled shock-tube experiment.20

An interesting physical picture emerges, however, if one
looks at the details of the pressure variation in the muffler and
the laser cavity for the computation shown in Figs. 9a and 9c.
Figure 10 shows such a result. This figure shows pressure
variations near the muffler wall on the two sides of the muffler
wall for two different muffler linear resistance parameters
(Resistance parameters are normalized with freestream value
pa, where p is the density^and a is the acoustic speed.) Notice
that at a large value of Kmi = 1.0 (as compared to Fig. lOa with
Kmg = 0.0), as in Fig. lOb, the muffler first behaves like a solid
wall (due to high induced transverse velocity causing the
resistance to flow to be very high). At a later time, —0.6
transits, when initial waves have subsided, the muffler be-
comes soft, and a damped acoustic wave pattern is estab-
lished. Notice from comparison that the wave pattern and its
decay is significantly different for the two values of Km(9
indicating the usefulness of such predictive tools in assessing
the influence of various parameters on the overall design.

Based on these results, a design strategy for transverse wave
control can be formulated. Three competing effects must be
considered for choosing a wall muffler in the laser cavity.
These are bulk overpressure generated transverse waves,
transverse waves due to the cavity loading nonuniformity, and
the outflow of hot gas from the muffler backing volume at late
times. The last of these could be of severe consequence if not
confined within the wall boundary layer (which is excluded
from the cavity active volume) from a laser beam quality
standpoint. Sometimes even if confined within the wall
boundary layer, it may not be acceptable due to its impact on
cavity electrodynamics. Thus, a choice of cavity muffler must
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Fig. 9 Computations showing the influence of linear resistance in the
backing volume of the muffler on the clearing of pressure perturba-
tions in the laser cavity with nonuniform transverse deposition.
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Fig. 10 Computed pressure at cavity side of the muffler wall and
muffler side of the muffler wall showing the transient behavior of
acoustic waves for the case shown in Fig. 9.
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be carefully weighed from these three considerations. In
general, the transverse wave due to nonuniform cavity loading
is only a few percent of the cavity overpressure. A typical
cavity acoustics decay process is, therefore, first dominated by
longitudinal clearing (a more rapid process) and then later a
slower transverse clearing process (see Figs. 9a-9c). The design
strategy should be based on changing the acoustics decay rate
at late times (i.e., greater than 2-3 transit times as in Fig. 9).
This can be done by choosing cavity wall muffler and backing
depth resistance such that the muffler remains acoustically
stiff at early times (when cavity pressures are very high) and
thus not allowing any substantial amount of hot gas to
penetrate muffler backing volume during this time. This
strategy also prevents generation of strong transverse waves
due to the initial large cavity overpressure. At late times, the
wall muffler resistance decreases (a transient effect since the
wall resistance is proportional to the induced velocity caused
by the transverse waves), leading to the wave and hot gas
penetration into the muffler volume. The amount of hot gas
injected into the backing volume, however, will be substan-
tially smaller using this strategy. Whether it is possible to
select muffler parameters to achieve this or not is demon-
strated in Figs, lla and lib, where muffler parameters were first
selected to make the wall muffler acoustically stiff, as in Fig.
lla, and then were readjusted to relieve this stiffness, as in Fig.
lib. The evolution of this philosophy is attributable to the
studies shown in Figs. 8-10. This design strategy is being used
currently in most of our laser applications where a cavity
muffler is necessary for damping transverse waves.

Viscous effects can influence the predicted results outlined,
even though boundary layers near the cavity sidewalls are
typically excluded from the active cavity laser volume. The
basic physical mechanisms are through generation of addi-
tional waves by the shock-boundary-layer interaction process,
suction/blowing mechanisms of boundary layer through
sidewall muffler, and possible flow reversal of the low-mo-
mentum flow near the wall. The primary issue is whether any
of these effects alter the basic cavity clearing predicted by
inviscid models.

We have conducted a transient viscous simulation to
understand the early time behavior for a problem by incorp-
orating viscous turbulent effects. A typical problem that was
chosen consisted of base flow Mach number of 0.055, b/H —
0.5, and Re — 106 (based on cavity height H). For assessing
viscous effects, it is not necessary to perform a complete
calculation during the interpulse time, since such effects, if
significant, will show up in our early time computations. For
upstream and downstream propagating waves, the wave
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A-/^
BACKING

(A)

b)
(B)
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Fig. 11 Computations demonstrating control of cavity muffler re-
sponse; a) acoustically stiff muffler, b) acoustically soft muffler.

boundary-layer interactions would result in additional waves
that travel with acoustic speed. Thus, these effects should
show up in early time computations. For acoustic waves
moving into the backing volume, through boundary layers
near the wall, an appropriate time scale is two times the
acoustic transit time through the depth of the backing volume.
Thus, all viscous-related effects can be observed in an early
time transient simulation. There is, however, one exception to
this. Particle motion within the backing volume is expected to
be small, and its effect in the main cavity channel can show up
much later in time as entropy disturbances. This, however, is
not of interest in current studies, since any leakage of such a
flow is primarily confined within the boundary layer. This
happens due to very low momentum associated with such a
leakage. Thus, our viscous simulations are confined to about
2.0 acoustic transits based on cavity height H.

The problem shown in Fig. 7 for inviscid computation was
recomputed by including turbulent boundary layers near
cavity walls. This was done by first developing a steady-state

3 3 3 3 ! 1 3 5 5 5 B 2 2 2

5.0 5.4 5.8 6.2 6.6 7.0

X
Fig. 12 Viscous flow computation showing eany time flow pattern in
the laser cavity; injection into the muffler, boundary layer flow
reversal and transient wave effects are evident in this figure.

- MUFFLER

3———I——I—s~B~g ggggi

Fig. 13 Viscous flow computation at t = 0.9 showing recovery of the
bulk flow in the active laser cavity; significant muffler reverberations;
transverse wave in the main channel and near muffler boundary layer
perturbations are evident.



OCTOBER 1988 INVISCID/VISCOUS FLOWFIELD IN PULSED LASERS 1261

(a) T = 0.1

5—

6.0
X

6.2 6.3

(b) T = 0.35

y y

6.0
X

6.2 6.3

(c) T = 0.75

6.0
X

Fig. 14 Viscous flow behavior near the muffler wall for various
times depicting complex early time characteristics.

turbulent viscous solution at an inlet Mach number of 0.055
and a Reynolds number of ~ 106 in the laser cavity. The
unsteady turbulent viscous solution was then performed using
this steady-state solution as the base flow. Figure 12 shows a
typical flow pattern at an early time in the entire computa-
tional domain. Several interesting physical features are evident
from this figure. Strong longitudinal and transverse waves
have a dramatic effect on the flow pattern in the laser cavity.
Typical physical processes that are seen in this figure are bulk
flow reversal, complete suction of the boundary layer near the
muffler wall, and flow penetration into the muffler. The
primary question is whether any of these effects persist in time
to have a detrimental effect on the laser cavity performance,

either from a bulk flow behavior or acoustic behavior
standpoint. We have attempted to answer this question by
observing the development of the flow behavior with time.
Figure 13 shows the cavity flow behavior at a later time
t - 1.0. It is observed from this figure that the bulk flow
behavior has improved due to longitudinal wave clearing from
the cavity. This would imply that within a very short time
( — 1 - 2 acoustic transits), the bulk flow in the active laser
cavity volume (excluding the near-wall boundary layer)
essentially returns to the base flow state. A clearer picture
emerges when one examines the near muffler domain in time.
Figures 14a-14c show this result. Notice from Fig. 14a that at
an acoustic transit time t =0.1, the bulk flow has a dominant
upward particle motion caused by the transverse waves in the
cavity. The boundary layer near the upper wall is seen to be
completely sucked by the flow injection into the backing
volume. The particle velocity within the backing volume itself
appears to be small compared to the main channel. Further
continued injection is seen to increase the particle velocity in
the backing volume as in Fig. 14b at t =0.35. At a further
later time at t = 0.75, the cavity particle velocity has a
downward dominant motion caused by transverse waves
within the cavity itself. At t = 0.9, as shown in Fig. 13, the
cavity bulk flow is clear of any significant effect on the
particle velocity except near the walls. Assessment of such
effects is important for achieving high rep-rate high power
output lasers.

We also have examined the details of the cavity acoustic
clearing process for viscous simulation at early times in an
effort to identify any significant differences from inviscid
simulation. These findings suggest that pressure perturbations
averaged (root mean square) over the active cavity volume
(which excludes wall boundary layers) show a behavior similar
to those observed in inviscid simulations. This conclusion is
applicable primarily to the case that has been studied here.
Our detailed analysis suggests that a combination of high
Reynolds number (thin boundary layer), low cavity overpres-
sure (weak wave strength), and strong transverse nonunifor-
mity (dominant inviscid transverse clearing) results in a
physical situation that is primarily dominated by inviscid
phenomena.

V. Conclusions
This paper deals with the development of a validated

two-dimensional inviscid/viscous, steady/unsteady computa-
tional procedure that can address critical flow and acoustics
system design issues typical of a pulsed laser. The motivation
for this generalized approach is attributed to the need to
understand the decay of laser cavity transverse acoustics due
to the specific choice of various acoustic suppression design
parameters and near-wall viscous effects. This has been
achieved here by developing numerical solutions of the
Euler/turbulent Navier-Stokes equations in the laser flow
channel and Euler equations in the muffler backing volume.
Several code validation tests also have been performed to
establish the validity of this computational procedure.

Computational studies have been performed by simulating
idealized laser configurations in an effort to demonstrate that
the laser generated cavity transverse wave decay process can be
enhanced by an optimum choice of specific acoustic suppres-
sion design parameters. This optimum configuration selection
yields improved cavity acoustic performance.

Computational studies also have been performed to assess
the impact of viscous effects on the cavity flow recovery
process. These studies suggest that even though the instanta-
neous flow pattern due to the laser initiated acoustic pulse is
quite complex, the laser cavity bulk flow essentially returns to
the base flow state within a short time. Analysis of viscous
results suggests that for high Reynolds number flows with
weak cavity waves and strong transverse nonuniformity, the
inviscid acoustic clearing predictions are essentially unaltered.
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