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Nomenclature
cp = speci� c heat at constant pressure
k = turbulent kinetic energy
L = length of a laser plasma generator chamber
Ng = number of spectral groups
P = laser radiation power
p = pressure
Q = heat-release capacity
R = radius
T = temperature
U = medium radiation density
u = x component of velocity
v = r component of velocity
x; r = cylindrical coordinates
1Ä = total spectral region
1!g = group spectral region
" = dissipation rate of k
· = absorption coef� cient
¸ = molecular conductivity
¹ = molecular viscosity
½ = density
Â! = absorption coef� cient for the laser radiation caused

by inverse of bremsstrahlungmechanism

Subscripts

b = radial boundary of nonfocused laser beam
bb = black body
c = caustic surface
eff = effective parameters
g = group quantities
HR = heat radiation
L = radial boundary of laser beam
LPG = boundary of a laser plasma generator chamber
t = turbulent parameters
w = surface
! = spectral quantities

Introduction

A LASER plasma generator (LPG) representsone type of a laser
plasma accelerator.1 The geometry of the LPG is shown in
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Fig. 1. The LPG is represented as a cylindrical channel (labeled 2)
in which at some distance x1 from the entering section (labeled 4) a
low-temperaturelaser plasma (labeled3) is created as a result of ab-
sorption of focused laser radiation (labeled 1). Laser radiation � ux
(in this case with a CW CO2-laser with a wavelength ¸ D 10:6 ¹)
is less than what is needed for optical gas breakdown, but suf� -
cient for maintaining the plasma in the laser radiation � eld. The
characteristic size of the laser plasma is determined by transverse
size Rc of the laser beam in the place where this plasma is lo-
calized. Gas velocities at the entrance section of the LPG channel
are low, about 1–20 m/s. The temperature inside the laser plasma
ranges from 15,000–20,000 K, and the process takes place at almost
constant pressure. Air at atmospheric pressure is considered in this
study.

The numerical modeling of the thermal and gas dynamics struc-
ture of the LPG is carried out for the laser power 40–100 kW. Auto-
oscillations of the gas � ow are predicted as a result of the presence
of high temperatures localized in space. By numerical experiments
it is shown that arti� cial gas turbulence introduced at the entrance
of the LPG-channel suppressesthese auto-oscillationsand increases
the stability of laser plasma in the gas � ow.

Statement of the Problem and Governing Equations
To investigate the unsteady gas dynamic processes in the LPG, a

radiative gas dynamic (RGD) computational � uid dynamic model
is developed. This model is based on a system of equations of vis-
cous heat-conducting gas dynamics, laser and selective radiative
heat transfer. A peculiarity of the given model is the possibility to
simulatenonstationarysubsonic thermal and gas dynamicprocesses
at any density difference and also taking into account the turbulent
character of � ows in the LPG channel. Real thermophysical and
optical properties of high-temperature air are taken into account.
The reader is referenced to previous work in developing the RGD
models, speci� cally, Refs. 1 and 2.

The RGD model of the LPG in a two-dimensional cylindrical
domain includes the following equations for conservation of mass
and the momentum components and energy:

@½

@t
C

@.½u/

@x
C

1
r

@.r½v/

@r
D 0 (1)

½

³
@u

@t
C u

@u

@x
C v

@u

@r

´
D ¡ @p

@x
C 4

3

@

@x

³
¹eff

@u

@x

´

C 1
r

@

@r

³
r¹eff

@u

@r

´
C 1

r
@

@r

³
r¹eff

@v

@ x

´
¡ 2

3
1
r

@

@x

³
¹eff

@rv

@r

´

(2)

½

³
@v

@t
C u

@v

@x
C v

@v

@r

´
D ¡ @p

@r
C @

@x

³
¹eff

@u

@r

´
C @

@x

³
¹eff

@v

@ x

´

C 4
3

1
r

@

@r

³
r¹eff

@v

@r

´
¡ 2

¹effv

r 2
¡ 2

3
1
r

@

@r

³
r¹eff

@u

@x

´

¡ 2

3

1
r

@¹effv

@r
C 2

3

¹eff

r

³
@u

@x
C 1

2

@.rv/

@r

´
(3)

239



240 J. THERMOPHYSICS, VOL. 15, NO. 2: TECHNICAL NOTES

½cp

³
@T

@t
C u

@T

@x
C v

@T

@r

´
D @

@ x

³
¸eff

@T

@x

´
C 1

r

@

@r

³
r¸eff

@T

@r

´

C QL ¡ QHR (4)

QL D
Â! P

¼ R2
L

exp

³
¡

r 2

R2
L

´
;

@ P

@x
D ¡Â!.x; r D 0/P (5)

QHR D
Z

1Ä

·!.Ubb;! ¡ U!/ d! D
NgX

g D 1

·g.Ubb;g ¡ Ug/1!g (6)

@

@x

³
1

3·g

@Ug

@x

´
C

1
r

@

@r

³
r

3·g

@Ug

@r

´
D ¡·g.Ubb;g ¡ Ug/

g D 1; 2; : : : ; Ng (7)

Here spectral group characteristicsare introduced by averaging for
each of the Ng spectral ranges 1!g in a total spectral region 1Ä.

To calculate the heat-releasecapacity Q L , a geometric optics ap-
proximationis used [see Eqs. (5)]. The focusedlaser beamradius RL

is modeled as RL D Rc C .x1 ¡ x/.Rb ¡ Rc/=x1 at x < x1; RL D Rc

at x1 < x < x2; RL D Rc C .x ¡ x2/.Rb ¡ Rc/=x1 at x > x2 .

Fig. 1 Laser plasma generator schematic.

Fig. 2 Gas dynamic parameters of the LPG for u0 = 3 m/s and PL = 40 kW for laminar entrance � ow: a) temperature contours (numbers near the
curves are the temperature in K); b) heat release capacity caused by laser radiation QL , W/cm3; and c) stream function.

The equation of selective radiation transfer is integrated in the
form of a multigroup P1-approximationof the spherical harmonics
method.3 It is necessary to integrate a system of the Ng Eqs. (7) in
order to calculate the heat-releasecapacity caused by radiation heat
transfer QHR.

An internal cylindrical surface of the LPG channel (r D RLPG;
labeled as 2 in Fig. 1) is taken as absolutely black, and its tem-
perature Tw is taken as constant equal to 300 K. The laser beam
direction coincides with the x axis. At the input section of the chan-
nel (x D 0; labeled as 4 in Fig. 1), one speci� es the axial veloc-
ity u D u0 and the laser power P.x D 0/ D PL . At the exit section
(x D LLPG; labeled5 in Fig. 1) the followingboundaryconditionsare
used: x D LLPG; @u=@x D @2v=@x2 D @T =@x D @Ug=@x D 0. The
Gaussian distribution for the plasma temperature at x D x1 with a
maximum temperature of 18,000 K was assumed at an initial con-
dition for the background of the undisturbed gas � ow.

The processdevelopsat approximatelya constantpressure,which
causes signi� cant problems for a numericalsolutionof the problem,
because the available disturbances for the pressure are hundreds of
times less than the background pressure. However, in this case it
is suf� cient to take into account only the temperature dependen-
cies of the thermophysical and optical properties (½; ¸; ¹; Â!; ·g/
using the local thermodynamicequilibriumapproximation.The 18-
group spectral model of a hot air in a spectral range 1Ä D 1,000–

150,000 cm¡1 has been calculatedwith use of the computer system
MSRT.4

Within the framework of the model, the process of turbulentmix-
ing is taken into account using the Bousinesq hypothesis by intro-
duction of the effective factor of turbulent viscosity ¹t , which is
determined by one of the turbulence models. The mean effective
viscosity is determined by using the formula ¹eff D ¹ C ¹t , and the
effective thermal conductivity is calculated through use of a tur-
bulent Prandtl number Preff D ¹effcp=¸eff, which is assumed to be
unity.

The turbulent viscosity was modeled using the k-" model of
turbulence.5 In this model the turbulent viscosity is determined by
¹t D C¹½k2=". The functionsk and" are calculatedby the following
set of equations:
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Fig. 3 Temperature contours for case u0 = 20 m/s and PL = 100 kW for laminarentrance � ow at three sequential instants with a period 2 ms. Numbers
near the curves are the temperature in K.
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C¹ D 0, 09; C1 D 1, 44; C2 D 1, 92; ¾k D 1, 0; ¾" D 1, 3; ¸t D cp¹t .
The method of unsteady dynamic variables6 was used to solve
Eqs. (1–4). All � nite difference equations are of second order in
space (on an inhomogeneousgrid, 81 £ 81) by using the successive
overrelaxationby lines method.

Numerical Simulations
To calculate the thermal and gas dynamic structure of the LPG,

the following input data were set: PL D 40–100 kW, u0 D 1–20 m/s,
x1 D 3 cm, x2 D 3:5 cm, Rc D 0:21 cm, Rb D 0, 5 cm, LLPG D 11 cm,
and RLPG D 1:3 cm.

The � rst series of the calculations was carried out for a laminar
gas stream entering the LPG channel. The calculations began by
assuming u0 D 1 m/s. After achievement of a solution (which could
beunsteady), thevelocitywas increasedon2 m/s, and thecalculation
was repeated. At speci� c velocity of the gas stream (u0 < 5 m/s),
the laser plasma moves toward the laser radiation, and its forward
front terminates at a distance of approximately 2.5 cm from the
channel entrance. In these cases the distributionsof all thermal and

gas dynamic functions were quickly stabilized and did not vary in
time, that is, the steady-state solution was obtained.

Figure 2 shows the distributionsfor the thermal and gas dynamic
functions in the steady-state case at u0 D 3 m/s and PL D 40 kW.
Here the stream function is de� ned as

Ã D
Z r

0

r½u dr

¿Z RLPG

0

r½u dr

With increasing velocity u0 the laser plasma is displaced closer
to the geometric focal point (in this case at x1 D 3 cm). At velocity
u0 of approximately 6–8 m/s, oscillations appear for the velocity
and temperature.The amplitudes of these oscillationsincrease with
u0. Analogous phenomena are observed when increasing the laser
power.

The temperature contours in the LPG channel at u0 D 20 m/s and
PL D 100 kW in sequential instants of 2 ms are shown in Fig. 3.
Separate phases of the self-oscillating process are clearly visible.
Acousticperturbationsof pressure, large-scaleperturbationsof den-
sity and velocity vary with time in accordancewith the temperature
changes.

From the point of view of fundamental gas dynamics, the pro-
cess of auto-oscillationsof a stream behind a localized area of en-
ergy release is interesting and is worth further study. But from an
applied point of view, the origin of auto-oscillations is an undesir-
able phenomenonbecause these can promote the cancellationof the
laser-supportedplasma.

Studies that explain the possibility to suppress these auto-
oscillations of a gas stream are planned using the model presented
here. It is assumed that in an entering section of the channel it may
be possible to create arti� cial turbulence in the gas stream. It was
establishedby the numerical calculations that suppressionof large-
scale stream auto-oscillationscan be reached at high (but realizable
in practice) 20% oscillationamplitudeof the entrance � ow velocity.
Steady-state distributions for the thermal and gas dynamic func-
tions obtained for 20% turbulence of the entrance � ow are shown
in Fig. 4. In this case the initial turbulence of the stream was sim-
ulated by the setting k D 0:1 and " D 0:1 at the entering section
(x D 0). At a smaller level of initial turbulence, the suppression of
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Fig. 4 LPG gas dynamic parameters for u0 = 20 m/s and PL = 100 kW with turbulence entrance � ow: a) temperature contours (numbers near the
curves are the temperature in K), b) heat release capacity caused by laser radiation QL, W/cm3, and c) stream function. Steady-state solution.

auto-oscillationsof the stream is less. For example, at k D 0:01 the
in� uenceof initial turbulenceon thermal and gas dynamic functions
is negligible.

Conclusions
An unsteady radiative gas dynamic numerical simulation model

of a laser plasma generator with turbulent gas stream is presented.
This model is based on a system of coupled Navier–Stokes equa-
tions, laser radiation transfer and selective radiation heat-transfer
equations, and also equations for the k-" model of turbulence.

It is determined that auto-oscillations of gas stream in the LPG
do appear at certain critical input parameters. It was shown that a
practical way to stabilize the gas dynamic structure in a LPG is by
arti� cial turbulenceof the inputgas � ow.The intrinsicgas-� ow auto-
oscillationsin the LPG chambermay be suppressedbygenerationof
as little as 10–20% amplitude oscillation for the input gas velocity.
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Nomenclature
Bi = Biot number, ht=k
c = inner-to-outer radii ratio, r1=r2

h = convection coef� cient, W/m2 ¢ K
Iº.¢/ = modi� ed Bessel function of � rst kind and order º
Kº .¢/ = modi� ed Bessel function of second kind and order º
k1 = thermal conductivityof material 1, W/m ¢ K
k2 = thermal conductivityof material 2, W/m ¢ K
Nk = generic spatial mean of the thermal conductivities

k1 and k2 , W/m ¢ K
L = length, r2 ¡ r1, m
L t = total length, r2 ¡ r1 C t2 , m
Q = heat transfer rate, W
Q i = ideal heat transfer rate, W
R = normalized dimensionless r; r=r2

r = radial variable, m
r1 = inner radius, m
r2 = outer radius, m
T = temperature, K
Tb = base temperature,K
T1 = � uid temperature, K
t = total semithickness, t1 C t2, m
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