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1.  Introduction

Plasma formation that appears above the surface of a metal 
barrier, or directly in a gaseous substance as a result of the 
action of laser radiation, can be used to ignite a combustible 
mixture in perspective aircraft engines, as well as for creating 
laser plasmatrons. We also note that laser radiation and the 
associated volumetric energy release in a definite region of 
the supersonic flow can allow us to change the flow structure 
(a system of shock waves interacting with each other) in the 
desired direction.

From the viewpoint of numerical simulation, the task is 
rather complicated. Here we note its multicomponent nature, 
the high rigidity of chemical kinetic equations, etc [1, 2]. The 
complexity of the problem is also associated with a sharp 
temperature dependence of the chemical rate and a strong 
change in the density of the gas mixture due to a change in 
the average molecular weight. To overcome these difficulties, 
both significant computing power and the development of spe-
cial algorithms are required.

2. Task and model

The mathematical model of the processes occurring in laser 
plasma is based on the multicomponent Reynolds radiation 
equations  taking into account spontaneous electromagnetic 
fields and the turbulence of the plasma. A special feature 
of this model is the account and description of the contact 
boundary motion that separate the substance’s plasma of the 
metal barrier and the surrounding gas.

To solve this system of equations using a finite-difference 
method, it is convenient to introduce a coordinate transforma-
tion of the form: r = r (ξ, η, ζ), z = z (ξ, η, ζ), ϕ = ϕ (ξ, η, ζ). 
When the coordinates of the grid nodes in the computational 
domain are known in physical space, ξ, η, ζ, the metric 
coefficients in the general case, can be found by numerical 
differentiation.

Plasma dynamic processes occurring in laser plasma can 
be determined using a system of equations for viscous ther-
mal equilibrium radiation plasma dynamics. In dimensionless 
variables this system of equations takes the following form:
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where the quantities Sr, Sz  mathematically describe the 
forces [3, 4] that arise in the laser flare due to the presence 
of viscous friction forces, and Se is the three-dimensional 
energy liberation, which appears from the work of frictional 

forces µ∑D (where D is the dissipation function), of heat 

transfer by heat conduction processes div
Ä
λ∑gradT

ä
 and 

energy liberation QL, caused by the laser’s radiation action 
on the plasma of the environment and the vapors of the bar-
rier material. Re is the Reynolds number, Pr is the Prandtl 
number, u(r, z, t), v(r, z, t) are projections of the velocity vec-
tor �V(r, z, t) on axes R and Z, e is the specific internal energy 
of plasma, J = ∂ (r, z)/∂ (ξ, η) is the Jacobian transition from 
a cylindrical coordinate system r, z to the curvilinear coor-
dinates ξ, η, Vξ = ξru + ξzv, Vη = ηru + ηzv are the contra-
variant components of the velocity vector �V  in the curvilinear 
coordinates ξ, η, ρ, P are the plasma density and pressure, 
and 

∑
i qiξ,

∑
i qiη are projections of the flux density vector of 

radiant energy �q  on the axis of curvilinear coordinates ξ and η, 
α  =  0 corresponding to the plane flow, α  =  1 corresponding 
to axially symmetric flow.

Hydrogen oxidation is considered as a multi-stage process  
described by nine chemical equations: H2 + O2 = 2OH, H2+ 
M = 2H + M, H2O + M = OH + H + M, H2O + O = 2OH,  
O2 + M = 2O + M, OH + M = H + O + M, O2 + H = 
OH + O, H2 + O = OH + H, and H2O + H = OH + H2.

To determine the ablating vapor’s plasma density of 
a metal barrier material ρg ∈ [0, 1] in the system of the 
above equations  we add an additional continuity equation: 
∂ρg

∂t + �V∇ρg = 0. This equation  allows us to determine the 
spatial position of the contact boundary, which separates the 
‘boundary’ of the ablating vapors of the metal barrier material 
from the ambient gas. When a laser radiation with a flux density 
of 109 W cm−2 acts on the target, the magnetic field will be due 
to thermal EMF. In this case, the main mechanism is the gen-
eration’s gradient of the magnetic field, when the eddy currents 
in the plasma are formed as a result of the noncollinearity of 
electron concentration gradients ∇ne and the temperature ∇T .

The equation  of the magnetic field’s generation �B , tak-
ing into account the source of the magnetic field in the laser 
plasma and the superposition principle, is:

∂�B
∂t

= rot
î
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ó
− c2

4π
t∗
L2
∗
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Ç
rot�B
σ

å
− Pg,
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∗

ck
ene

[∇ne ×∇T] ,

where ne is the electron concentration, and T is the temper
ature of a laser flare’s plasma.

The radiation transfer equation is represented in the form 
of an equation system for the diffusion many-group approx
imation [5]:

1
J
∂ (Jqiξ)

∂ξ
+

1
J
∂ (Jqiη)

∂η
+ χicUi = 4χiσiT4,

c
3
∂Ui

∂ξ
+ χiqiξ = 0,

c
3
∂Ui

∂η
+ χiqiη = 0,

where Ui(y, z, t) is the radiant energy density in the ith spectral 
group, and χi is the spectral absorption coefficient.

A system of equations describing the processes of heating 
and the surface material’s evaporation of a metal wall under 
the influence of thermal radiation from a plasma volume 
with a radiation flux density q (which takes into account the 
laser radiation incident on the wall qlas), without taking into 
account the hydrodynamic processes in a condensed medium, 
consists of a quasi-one-dimensional heat equation in a moving 
(connected with the front of the evaporation wave) coordinate 
system with an axis r, which is perpendicular to the evapora-
tion surface:

∂Ts

∂t
= aM

∂2Ts

∂r2 + V0
∂Ts

∂r

with initial and boundary conditions:

km
∂Ts

∂r
(0, t) = qlaz (0, t)− Lvρ (0, t) v (0, t) ,

Ts (z → ∞, t) = T0, Ts (0, t = 0) = T0,

and an equation system that determines the evaporation kin
etics of the condensed matter’s surface within the framework 
of the Knudsen layer model [6]:
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Here Ts (r, z, t) is the temperature of the condensed medium 
at the point (z, t), am, km, ρm  are the coefficients of heat dif-
fusivity, thermal conduction and density of the material; V0 
is the evaporation velocity; Ps, ρs are the pressure and den-
sity of a condensed substance’s saturated vapor at the surface 
temperature Ts (z = 0, r, t); R is the universal gas constant; T1 
is the value of the condensed medium’s surface temperature, 
which corresponds to the saturated vapor pressure p 1, Lv is the 
latent heat of vaporization; � is the molar mass of the vapor; 
T (0, t) , ρ (0, t) , V (0, t) are the temperature, density, and 
velocity of the plasma at the outer boundary of the Knudsen 
layer at the point (z = 0, r) at the time t; γ is the adiabatic 
exponent of condensed matter vapors.

The absorption coefficient of laser radiation for a CO2 laser 
and Nd laser in the air plasma is found using the formulas 
given in [7].

Calculation of the equation system of optical χi (T , ρ) with 
characteristics of working mediums was carried out using the 
computer system ASTEROID [8]. In calculating the optical 
characteristics, the entire spectrum was divided into seven 
groups with interval boundaries [0, 1–3, 14–5, 98–6, 52–7, 
95–9, 96–18, 6–200] eV, for air.

Turbulent viscosity coefficients µ∑ and λ∑ and ther-
mal conduction are calculated using equations q − ω of the 
Coacley model in a curvilinear coordinate system ξ, η [9].

3.  Method of numerical simulation

The numerical solution developed in the work of the non-
stationary two-dimensional radiation-gas dynamic model is 
based on the method of splitting by physical processes and 
spatial directions. In this case, the solution of a 2D non-
stationary equation  system for viscous single-temperature 
radiation plasma dynamics, written in a vector semi-diver-
gent form in the curvilinear coordinate system ξ, η, is as 
follows:
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.

At the first time fractional step t ∈ [t, t +∆t/3], using the 
explicit integro–interpolation method and the corresponding 
boundary conditions, the ‘hyperbolic’ (‘inviscid’) part of the 
equation system is solved. We use the nonlinear quasimonotone 
compact polynomial difference scheme of improved accuracy 
[10, 11], which in the spatially smooth part of the numerical 
solution allows us to achieve the seventh order of accuracy:
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For the ‘hyperbolic’ (convective heat transfer) part of the 
equation system, the nonlinear quasimonotone compact poly-
nomial difference scheme is developed in the work with an 
increased order of accuracy:
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enth degree (in this case a nonlinear quasimonotone compact 
polynomial difference scheme with higher order of accuracy 
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polynomial distributions Y(ξ), are calculated as follows. For 

the discrete function Yi we determine the approximate value 

of Fi of the first partial derivative with respect to the space 
variable ξ with an eighth order of accuracy [12, 13]. For this, 
in each cell with the number i, for each recoverable value Yi,j  
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where ∆0fi = fi+1 − fi−1, ∆2fi = fi+1 − 2fi + fi−1, and E is 
the unity operator.

This method of calculating the first derivative Fi is used in 
the formation of boundary conditions in the case of an approxi-
mate ‘monotonized’ value ofF̃i, the first partial derivative with 
respect to the space variable ξ with the error of approximation 

O
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. In this case, calculations should be carried out on 

the basis of solving the equation system with a five-diagonal 
matrix [12, 13]:
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Spatial second-order derivatives are determined from 
formulas [12–14]. By means of the reconstructed function Y 

(ξ) the gas dynamic parameters are ‘recoverable’; YR,L
i±1/2 ‘on 

the right’ (index—R) and ‘on the left’ (index—L) from the 
border of computation cells. Then, ‘diffusion-resistant’ cor-
rection of the ‘recoverable’ parameters Y (ξ) at the edges of 

the cell YR,L
i±1/2 [15, 16] is completed. In order to reduce the 

amplitude of the ‘parasitic’ oscillations of the numerical solu-
tion in the initial function’s neighborhood of discontinuities, 
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it can be expanded in a Lagrange–Burman series in powers of 
a certain monotonic function [17, 18].

For example, by function f  (ξ):

f (ξ) = ∆ξth
Å

β

∆ξ
(ξ − ξi)

ã
,

β = 4 · Ind(Y) + 6 · (1 − Ind(Y)) ,
Å
∂f
∂ξ

ã

i
�= 0.

Then, for the reconstructed function Y (ξ) near strong discon-
tinuities the conditions of the conjugation and persistence can 
be written in the form of a system (analogous to that form
ulated above) of linear algebraic equations [11]. The remaining 
details of the nonlinear quasimonotone compact-polynomial 
difference scheme are given in [10, 11]. The proposed differ-
ence scheme is a further development of WENO [19].

The above differential system of equations relative to the 
time variable t is a system of ordinary differential first-order 
equations which can be solved with the help of a multi-step 
Runge–Kutta method (in this paper we use the three-step 
version of the method). At the second time fractional step 
t ∈ [t +∆t/3, t + 2∆t/3] we use an explicit method using the 
boundary conditions of ‘sticking’, and the ‘parabolic’ (‘vis-
cous’) part of the equation system. In this case, the first and the 
second order derivatives included in the system of equations of 
the second time fractional step under consideration were 
found using the compact scheme, with sixth order of accuracy. 
At the third time fractional step t ∈ [t + 2∆t/3, t +∆t], the 
‘hard’ part of the q − ω Coacley’s model is calculated using 
the implicit Rosenbrock method.

Time step ∆t , necessary for integrating the above-men-
tioned difference scheme, is chosen from the condition that 
the Courant–Friedrichs–Levy stability criterion is performed 
[10]. When solving the radiation transfer equations, the modi-
fied alternating-triangular method is applied using a three-
layer iterative scheme in which the iterative ‘time’ step is found 
using the conjugate direction method [20, 21]. The combus-
tion process of hydrogen–oxygen mixtures is described by the 
corresponding equations  of chemical kineticism, which are 
solved by the Rosenbrock method, which makes it possible to 
overcome ‘rigidity’ of this system of equations.

4.  Results of calculations

In our numerical experiments we will give an initial assess-
ment of the possibility of intensifying the mixing and igni-
tion of a hydrogen–oxygen mixture by laser plasma in the 
channel of the engine of a prospective aircraft. In this case 
powerful radiation, turbulent mixing and shock waves can 
initiate combustion processes in a mixture of oxygen and 
hydrogen. Now we discuss the results of numerical modeling 
of optical-included breakdown and the possibility of igniting 
a stationary and moving hydrogen–oxygen mixture near a flat 
stationary aluminum barrier when exposed to the laser radia-
tion fluxes of a CO2 laser (10.6 µm) and ambient air pressure 
of 1 atm. We note that the numerical modeling of this task is 

rather complicated; for example, the high rigidity of the chem-
ical kinetic equations, etc. The sharp temperature dependence 
of the rate of chemical reactions, and a strong change in the 
density of the gas mixture due to a change in the average 
molecular weight, also add to the complexity. To overcome 
these difficulties both significant computing power and devel-
opment of special algorithms are required.

We present a scheme consisting of eight reactions as a 
model of hydrogen–air mixture combustion. The scheme 
is a reduction of the model consisting of 25 reactions and 
described in [22]. The constants of these reactions are also 
taken from [22]. The influence of the choice of the kinetic 
model on the combustion of the mixture is also discussed 
there. The formation rate of the component is determined by 
the law of mass action:

Wk =

Nr∑
r=1

(brk − frk)

[
kfr

∏
s

Å
ρYs

ms

ãfrk

− kbr

∏
s

Å
ρYs

ms

ãfbr
]

.

Figure 1.  The spatial temperature distribution T [K] in the laser 
flare at the time t  =  1.6 µs.

Figure 2.  The spatial distribution of the molar concentration of 
H2O at the time t  =  1.6 µs.
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The rates of the forward frk and counter brk reactions are given 
by the Arrhenius formula:

kf = Af TPf e−Ef /RT , kb = AbTPb e−Eb/RT .
Specific calculations were made for the cases of the pulses’ 

action of the rectangular shape laser radiation with a pulse 
duration of 10–1000 ns. The value of the total energy of laser 
radiation was 0.1–3 J, and the size of the focusing spot was 
~100–500 µm. The material of the metal barrier in the compu-
tation research was Al. The ambient was a hydrogen–oxygen 
mixture.

Figures 1 and 2 show the structure of the laser plasma, and 
the combustion region an initially immobile (W∞ = 0) hydro-
gen–oxygen mixture at time t  =  1.6 µs. The combustion of the 
hydrogen–oxygen mixture at this time is observed in the region 
located between the contact boundary and the front shock wave.

We intensify the combustion process of the oxyhydrogen 
mixture under the action of laser radiation by an additional 
action: the leakage of a supersonic air stream compressed into 
the air, taken into the plasma formation of the near-surface 
laser plasma.

To do this, we perform a numerical analysis of the possibil-
ity of ignition of the hydrogen–oxygen combustible mixture 
that moves in the engine channel of a prospective aircraft. At 
the same time, we will concentrate on reproducing only the 

Figure 3.  Spatial temperature distributions T [K] in the geometric model of HEG.

Figure 4.  Spatial distributions of the Mach number in the geometric model of HEG.

Figure 5.  The structure of the temperature field of the laser flare 
and the combustion field of a hydrogen–oxygen mixture under laser 
action at t  =  4.18 µs.

Laser Phys. 29 (2019) 096001



V V Kuzenov and S V Ryzhkov﻿

7

key characteristics of the operation of the hypersonic plane 
(HP), therefore, as the simplest version of HP, we will con-
sider the high enthalpy shock tunnel Göttingen (HEG) [23].

When calculating the gas dynamic parameters of the flow in 
the channel of the HEG [23] at the boundary of the calculated 
region (figures 3 and 4), through which the undisturbed air-
flow enters, the following parameters were set: γ = 1.4, T∞ = 
223 K, P∞ = 2060 Pa, W∞ = 1860 cm s−1, where W∞, T∞, 
P∞ are the velocity, temperature, and pressure of the air flow 
coming through the boundary surface, respectively. From the 
calculations of the gas dynamic parameters of the flow in 
the channel of the HEG [23], it follows that the gas-dynamic 
parameters of the air compressed in the air intake and flowing 
onto the injection area of fuel in the HEG have the following 
range of values: P  =  1 ÷ 2 atm, T  =  0,3 ÷ 1 K, and Mach 
number M  =  2.

Figures 3–6 show the structure of the laser flare temper
ature field and the combustion field of the hydrogen–oxygen 
mixture. The parameters of the laser action are tlas  =  50 µs, 
qlas  =  2 · 107 W cm−2.

It follows (from figure 1 and the results of calculations in a 
stationary ambient) that when the external gas flow leaks into 
the laser flare in the interaction region, the pressure increases 
four-fold, and the molar concentration of H2O increases approx-
imately twenty-fold compared to the stationary gas ambient.

The calculations performed in this work allow us to hope 
that the proposed approach (ignition of oxyhydrogen mixture 
by erosive laser flame) can be used for extreme ignition of a 
combustible mixture in prospective aircraft engines.

5.  Conclusion

A mathematical model of a near-surface laser flare is devel-
oped, based on the equations of radiation plasma dynamics 

written in arbitrary curvilinear coordinates. For numerical 
resolution of the ‘hyperbolic’ part of the system of Reynolds 
equations, a nonlinear quasimonotone compact-polynomial 
difference scheme of an increased accuracy order is applied. 
This computational scheme is designed for a wide range of 
physical and technical problems: technical systems with a 
high energy density (due to the fusion reaction), based on 
magneto-inertial confinement (due to superstrong magn
etic fields); pulse radiation-magneto gas-dynamic systems 
designed to initiate extreme ignition of fuel mixtures in 
the working channel of the engine of prospective aircraft; 
the design determination of the characteristics of high-
brightness plasma radiation sources and shock wave gen-
erators. The calculations of all the main gas-dynamic and 
radiative parameters of a laser flare and a metal barrier have 
been performed. Numerical calculations of laser-stimulated 
combustion of a hydrogen–oxygen mixture have also been 
performed.
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