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Abstract Vapor expansion from Al target irradiated by a
continuous wave laser into a supersonic external air flow is
investigated in kinetic simulations performed for values of
pressure in the external flow ranging from 50 Pa to 10000 Pa.
The direct simulation Monte Carlo method enhanced with
a simplified description of Al vapor burning in air is used
in the simulations. The results of the simulations reveal a
significant effect of the external gas pressure on the flow
structures and the mechanisms of the alumina and oxygen
transport to the target surface. At small values of pressure,
the transport of both alumina and oxygen is controlled by
diffusion and the formation of alumina film on the surface
of the laser spot is dominated by the direct sedimentation of
alumina from the gas flow. In this regime, the flux of oxy-
gen to the laser spot is by an order of magnitude smaller than
that of alumina. At higher values of pressure, the diffusion
cannot directly deliver oxygen and alumina to the surface of
the laser spot, but the circulating flow generated upstream
the spot can effectively trap alumina formed in the flame
zone and deposit it to the target surface. In this regime, the
likely mechanism of the alumina film formation within the
spot is the heterogeneous oxidation and growth of the film
from the upstream edge of the spot in the downstream direc-
tion.
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1 Introduction

High-power continuous wave (CW) lasers are used in many
applications that involve welding, drilling, and cutting of
various materials [1]. The process of material removal from
the laser spot, usually called laser ablation [2], typically in-
volves melting of the target, evaporation from the laser spot,
and expulsion of the molten material under the action of re-
coil vapor pressure and thermocapillary stresses [3—5]. The
material removal can also be assisted and enhanced by an
external gas flow generated by a gas jet directed at the laser
spot or an unbounded gas stream parallel to the target sur-
face [1, 6, 7]. High-power laser ablation of metal targets
in air may result in heterogeneous oxidation of the laser
spot and formation of an oxide film on the surface of the
molten material. The presence of the oxide film can sub-
stantially change the optical, thermal, and mechanical prop-
erties of the surface, and thus affect the rate of the material
removal [6]. The energy release during exothermal hetero-
geneous oxidation can also contribute to the thermal energy
balance at the surface of the laser spot, and increase the rate
of material removal [8].

The interaction between the external gas flow and the
evaporating material can limit access of oxygen to the sur-
face of the laser spot, and strongly affect the growth rate
of the oxide film [8]. The growth of the oxide film in the
oxygen jet-assisted deep laser drilling has been analyzed in
simulations that do not account for evaporation of irradiated
material, e.g., [8—10] when oxygen can freely diffuse to the
oxidized surface. The effect of the interaction between the
evaporating material and external high-speed flow, however,
has not been investigated yet. In the case of Al targets, the
ejection of high-temperature vapor into the air stream can
also result in gas-phase combustion of the Al vapor. Chem-
ical reactions in the ablation plume are known to have a
strong influence on the dynamics of the ablation products
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Fig. 1 Schematic sketch of the
computational setup used in
simulations of two-dimensional

vapor expansion from a laser T,=300K
(evaporation) spot on an Al U, =600ms"
plate into a supersonic air flow pressure p,

Leading edge

[11, 12], and thus can affect the transport of oxygen from
the external flow to the laser spot. The deposition of the
combustion products on the surface of the target also makes
an additional contribution to the growth of the oxide film.
A realistic computational description of CW laser ablation
of an Al target in the presence of an external air flow, thus is
a challenging problem that requires the development of an
advanced multiphysics model properly accounting for laser-
material interaction, flow of molten material, heterogeneous
oxidation and diffusion of oxygen through the oxide film,
expansion and burning of the ablation products in an ex-
ternal gas flow, and deposition of the alumina back to the
surface of the target.

In this paper, we take the first step in the direction of
designing a comprehensive model for simulation of high-
power CW laser ablation of Al targets in a supersonic exter-
nal air flow. The model, described in Sect. 2, represents the
interaction of the external air flow and the ablation plume at
the kinetic level and is based on the direct simulation Monte
Carlo (DSMC) method adopted for simulation of multicom-
ponent chemically reacting mixtures. The model naturally
accounts for nonequilibrium effects and diffusive transport
of individual species, which are of primary importance in
laser induced plumes [12], and enables simulations for a
wide range of external gas pressures. The results of the sim-
ulations, reported in Sect. 3, reveal that the direct deposi-
tion of both oxygen and alumina to the surface of the laser
spot is only possible at low values of pressure in the external
flow, which correspond to the transitional flow regime with
respect to the Knudsen number. At higher values of pres-
sure, in the continuum flow regime, the simulations predict
that deposition of both oxygen and alumina occurs only up-
stream and far downstream the laser spot. In this case, the
growth of the alumina film at the laser spot is limited by het-
erogeneous oxidation of Al at the upstream edge of the laser
spot and slow growth of the oxide film in the downstream
direction. The summary of the results and future directions
in the advancement of the computational model are provided
in Sect. 4.

2 Computational model

Computational setup for simulation of a two-dimensional
unsteady flow induced by the expansion of Al atomic vapor
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from a hot evaporation spot on the surface of a flat Al target
into a supersonic external air flow is schematically shown in
Fig. 1. The evaporation spot of size Lgpo; represents a spot
heated by a CW laser up to a steady-state temperature Typot
that corresponds to intense evaporation of the target mate-
rial. The spot is located at a distance L from the plate lead-
ing edge. The rest of the target surface is assumed to have a
smaller temperature Ty, that corresponds to absence of evap-
oration. The Al vapor expands into an external supersonic
air flow that is characterized by velocity Uy, temperature
Two, and pressure po, in the free stream that flows in the di-
rection parallel to the target surface. Partial mixing of the
high-temperature Al vapor with oxygen from the external
flow results in the gas-phase burning of Al and formation of
alumina that can deposit back to the target surface. Oxygen
can also diffuse through the stream of the evaporating vapor
down to the surface of the evaporation spot, leading to the
heterogeneous Al oxidation. The setup of the problem has
some parallels with the gas dynamics problem of transversal
jet expansion into an external supersonic flow, e.g., [13—15].

The flow of the multicomponent reactive gas mixture is
described at the kinetic level with the DSMC method [16].
In this method, the gas flow is represented by a large num-
ber of simulated molecules, which are subject of inelastic bi-
nary collisions, chemical reactions, free motion between the
collisions, and interaction with the gas-solid/liquid bound-
aries. A parallel three-dimensional DSMC code previously
developed for simulations of the pulsed laser ablation [17]
has been adapted in this work for simulations of multi-
component reactive flow. The code is capable of large-scale
kinetic simulations of near-continuum flows on thousands
of processor cores with hundreds of millions of simulated
molecules. In the present paper, the code is used for two-
dimensional simulations only.

The chemistry of the gas-phase Al burning is fairly com-
plicated and includes tens of reactions [18, 19]. For many
of the reactions, the reaction rates are only known with very
large uncertainties [20-22]. The formation of alumina goes
through several intermediate Al suboxides and ends by het-
erogeneous reactions of nucleation and growth of alumina
clusters (since alumina does not exist in the gas phase) [21].
The ignition temperature of Al in air depends on the flow
conditions and decreases with decreasing size of Al clusters.
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For instance, the ignition temperature determined in experi-
ments on combustion of ~10 nm Al nanoparticles is as low
as 900-1000 K [22, 23]. The maximum flame temperature of
the Al burning is limited by the temperature of the endother-
mic alumina dissociation [21, 24]. The alumina dissociation
temperature depends on the partial pressure of Al sub-oxides
and, e.g., at pressure 0.1 atm is equal to 3533 K [21].

To the best of out knowledge, the burning of Al vapor-
air mixtures has only been studied at continuum level and
no comprehensive gas kinetic model of Al combustion has
been developed so far. Although both chemical reactions
[16, 25, 26] and cluster formation [27-29] can be incorpo-
rated into the framework of the DSMC method, the model
accounting for the formation and dissociation of Al subox-
ides would suffer from the lack of reliable data on kinetic
parameters of individual reactive collisions. Moreover, an
accurate DSMC simulation of a multicomponent reactive
mixture, where some of the important species have fairly
small molar fractions, requires extremely high number of
simulated molecules. This makes simulations of flows at
relatively small Knudsen numbers, Kna = Aoo/Lspot <K 1,
where Ao is the mean free path of gas molecules in the free
stream, impractical.

In the present work, therefore, the DSMC simulations
are performed with a simplified model of Al burning that
implies the direct transformation of Al atoms and oxygen
molecules into individual “alumina molecules” according to
the following reaction [24]:

kJ
AH=-810.3 —, (1)
mol

Al + %Oz — %A1203,
where AH is the heat of combustion of one mole of Al
The number of species in the gas mixture reduces to four,
namely, Np, O3, Al, and Al,O3. Every molecule of species
o is assumed to have three translational and ¢, internal (ro-
tational) degrees of freedom. The collisional cross section
ogp for a collision between molecules of species o and
B with the relative velocity ¢ is described by the variable
hard sphere model, og = ndiﬁ (ca,g/c)w“ﬂ_l/z, where dyg
is the kinetic molecular diameter at a reference velocity cqg
and wyg is the viscosity index. For a reference temperature
Tref, the reference velocity in a single-component gas can
be calculated as cyq = +/2kp Tret/ Mg/ ?@ee=D(5/2 —
®qq), Where I'(x) is the gamma function, m, is the
mass of a molecule of species «, and kp is the Boltz-
mann constant [16]. The model parameters for various
species are chosen as follows: Mo, = 0.032 kgmol ™!,
0, = 2, do,0, = 4.07 A, wo,0, = 0.77 [16], Mn, =
0.028 kgmol ™!, ¢&n, = 2, dnyn, = 4.17 A, wN,N, = 0.74
[16], Ma; = 0.027 kgmol™!, ¢aj = 0, dajal = 4.1 A,
waial = 0.8 [30], and Maj,0, =0.102 kg mol ! , Where M,
is the molar mass of species o and all dg, are given for
Tref = 273 K. Since alumina does not exist in molecular
form, the kinetic parameters of “alumina molecules” can

only be roughly estimated and are chosen to be {al,0, = 3,
da,0; =8 10\, and wal,0, = 0.8, where the kinetic diameter
is estimated as 1.2 of the length of the linear O-Al-O-Al-
O chain [31], and the value of the viscosity index is just a
characteristic value for many gaseous species [16]. For col-
lisions involving molecules of different species, the param-
eters are calculated as dyg = (duo + dgp) /2, Wapg = (Waa +
wpp)/2, and cop = \/2kp Tret/Map TV O =D(5/2 — wyp)
at myg =2mgmeg/(mgy +meg).

The energy transfer between the translational and inter-
nal degrees of freedom during an individual binary col-
lision is described by the Larsen—Borgnakke (LB) model
[16, 32] with the collision number equal to unity for all in-
elastic collisions. The reaction given by Eq. (1) is assumed
to not be limited kinetically and is implemented as an addi-
tional procedure performed at each time step of the DSMC
algorithm. In this procedure, four Al atoms and three Oj
molecules are randomly chosen among the simulated parti-
cles in a collision sampling cell and replaced by two “alu-
mina molecules” until the cell does not contain enough par-
ticles of the raw species. The translational velocities and
internal energies of product “alumina molecules” are sam-
pled at random with the algorithm that corresponds to the
LB model and ensures conservation of total momentum and
energy, with the latter increased for product species by the
heat of reaction, Eq. (1). In subsequent collisions, the “hot”
“alumina molecules” transfer their excess energy to other
species, so that the mixture gradually evolves to the local
thermal equilibrium. Thus, the proposed model correctly ac-
counts for the release of the heat of reaction, but should
not be expected to provide a correct description of nei-
ther ignition conditions nor the maximum flame tempera-
ture.

The evaporation from the hot laser spot is described by
the Hertz—Knudsen model [33], which implies a Maxwell—
Boltzmann velocity distribution of Al atoms with a given
temperature Tpor and saturated Al vapor pressure that is de-
termined by the Clausius—Clapeyron equation p.(Tspot) =
poexp((Lomar/kp)(1/To — 1/ Typor)), where Lo = 10.75 x
1007 kg_1 [2] and Ty = 2793 K [34] are the latent heat of
vaporization and boiling temperature at pg = 10 Pa. It is
assumed that all Al atoms and “alumina molecules” collid-
ing with the surface of the target are absorbed, while the
reflection of incident O, and N molecules from the sur-
face is described by the Maxwell model of diffuse scattering
[35], where the surface relaxation temperature is assumed
to be equal to the local surface temperature (either 7, or
Tspot). Boundary condition of flow symmetry is imposed
at the boundary AO (Fig. 1), while at the entrance AB, top
BC, and exit CD sides of the computational domain the in-
flow of N and O, molecules is described by the Maxwell—
Boltzmann distribution with Uso, Teo, and pso. Molecules
leaving the computational domain through these boundaries
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are excluded from the consideration. In all simulations, the
size of the computational system is chosen to be sufficiently
large to prevent the influence of the positions of boundaries
AB, BC, and CD on the gas flow between the leading edge
and the laser spot, as well as in the immediate vicinity of
the laser spot. In particular, a series of auxiliary simula-
tions is performed, when the boundary positions are var-
ied as follows: Loo/Lspot = 0.05-10, L,/ Lgspot = 5-15, and
H [ Lgpor = 5-20. Based on these simulations, values of Lo,
L,, and H are chosen for final simulations, which ensure
the independence of the flow structure on further increase in
Lo, Ly, and H in the domain shown in Figs. 2-7.

The pressure in the free stream, po, and the laser spot
temperature Tpor are varied in the simulations within the
ranges poo = 50-10000 Pa and Tpor = 2041-2793 K (cor-
responds to p, = 10°-10° Pa). The laser spot tempera-
ture can be related to the irradiation conditions with the
help of the one-dimensional thermal model of [17] that
accounts for CW laser heating of Al target, heat conduc-
tion, and evaporation from the surface. The calculations
performed with this model show that the surface tempera-
tures considered in the simulations can be achieved at ab-
sorbed intensities of laser irradiation ranging from 6 x 10° to
6 x 103 Wm™2 or incident intensities ranging from 2 x 103
to 2 x 109 Wm~2 (estimated for reflectivity of 0.97 [2]).
With a proper focusing of the laser beam, such intensi-
ties can be achieved even with a compact CW laser sys-
tem based, e.g., on a single-mode fiber laser [36]. All other
model parameters are assumed to have constant values as
follows: Mole fractions of O, and N, in the free stream
are equal to x0,00 = 0.21 and xNy00 = 0.79, Too =Ty =
300 K, Uso = 600 ms~!. The corresponding Mach number
is Maso = Uso//VairRairco Ioo = 1.73, where yair = 1.4
and Rairoo = kB / (M0, X000 -+ MmNy XNyoo) = 288 Tkg ™' K~
are the specific heat ratio and the gas constant of air.

The effects of rarefaction and nonequilibrium under
the simulated conditions are characterized by the Knudsen
number Kneo = Aoo/Lspor. The value of Ao is calculated
based on a simplified equation for single-component gas of
hard sphere molecules, Ao, = (ﬁndAir(nozoo ~|—nNzoo))_1,
where dajr =4.19 A [16] and nyoo is the number density of
species « in the free stream. The pressure range considered
in this work corresponds to the transitional (Kns, ~ 1) and
continuum (Kny, < 1) flow regimes. In the majority of the
simulations, both ps, and Tgpo are varied simultaneously
in order to reveal the effect of Kny, at a fixed value of the
momentum flux ratio J = ya pe(TSpot)Mag / (Vair pooMago).
Here, ya] = 5/3 is the specific heat ratio for Al vapor and
Ma, is the Mach number at the spot surface that can be esti-
mated as Ma, = U, //yatks Tspot/ma1 = +/6/(57) ~ 0.62,
where U, = ,/2kpTspot/(tmay) is the macroscopic veloc-
ity of vapor at the spot surface calculated with the Hertz—
Knudsen model under assumption of zero flux of atoms re-
turning back to the surface. The momentum ratio is known
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to be the key parameter that governs the flow structure in
a similar problem of transversal jet expansion into external
flow in the continuum regime [37]. In particular, the charac-
teristic penetration height of the jet in this regime is found
to be mostly defined by J [15].

The elements of the computational setup shown in Fig. 1
have the following dimensions: Lgpot = 0.5 mm, L /Lgpor =
14.6, L, =5.2 mm, Lo, =0.1-4 mm, and H = 4.5-9 mm.
The values of Lo, and H used in simulations are increased
with increasing Kn, in order to account for the decreasing
collision frequency that allows the Al atoms to diffuse over
larger distances from the spot in the upstream and normal
to the surface directions. The DSMC simulations are per-
formed on a homogeneous Cartesian mesh of square cells
used for collision sampling with the cell size of 0.5 to 10 pm
and the time step of 0.2 to 2 ns. The number of simulated
molecules in a cell located in the free stream is varied from
6 to 100. The total number of simulated molecules in the
simulations, e.g., at Kns, = 0.0022, is equal to about 10°.
The numerical parameters are adjusted for each Kn, in or-
der to provide an accurate description of the Knudsen layer
at the target surface. In order to capture unsteady features
of the flow, which are characteristic for transversal jet ex-
pansion [14, 37], the spatial distributions of macroscopic
flow parameters are calculated every microsecond by av-
eraging local molecular parameters over 0.2-0.4 ps. This
time averaging decreases the level of statistical scattering
of local parameters, but does not significantly affect the
time-dependant features of quasiperiodic flows that evolve
at much longer timescales, with the characteristic periods
of flow oscillations ranging from tens to hundreds of ps.
The distributions of macroscopic gas parameters obtained
in the averaging procedure are, therefore, referred to as “in-
stantaneous” (to distinguish them from distributions where
quasiperiodic oscillations are removed by time-averaging
over longer periods of time) in the description of the re-
sults below. In order to ensure the numerical convergence,
the mixture pressure is calculated in a few points evenly dis-
tributed along the target surface, and the flows are simulated
until the magnitudes of the pressure oscillations in these
points remain constant during two—three successive periods
of oscillation.

The formation of an ablation crater at the target surface
is not considered in simulations, since its effect on the mix-
ture flow at the initial stage of the ablation process is small.
At the highest laser spot temperature considered in simula-
tions, Typor = 2793 K, the surface recession rate due to the
evaporation, estimated assuming zero flux of back-scattered
Al atoms, @ = pe(Tspot)/\/m/pAl (pal =
2700 kgm~3 is the Al density), is equal to 0.016 mmms~".
Thus, during the initial ~10 ms, the crater remains relatively
shallow and the effect of the evolving surface geometry can
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be neglected. It is worth noting that the steady or quasiperi-
odic state of the mixture flow is established in the simula-
tions on a much shorter (tens to hundreds of ps) time scale.

3 Results and discussion

For each set of simulation parameters, the flow of chemi-
cally inert mixture is first calculated for 100-400 us with
the part of the algorithm responsible for sampling of chem-
ical reactions switched off. When the flow reaches a steady
or quasiperiodic state (Fig. 2), the simulation continues with
the oxidation reaction described by Eq. (1) turned on for
additional 100-200 ps until a new steady state or quasiperi-
odic state is achieved (Fig. 3). Such an approach is used in
order to identify the effect of oxidation on the flow struc-
ture. Below, the computational results are first considered
for chemically-inert flow in order to identify the basic flow
features and regimes in the range of the external gas pres-
sure considered in this work. Next, the effect of the Al vapor
burning on the flow structure is discusses. Finally, the depo-
sition of alumina to the surface of the irradiated target and
different scenarios of the formation of alumina film within
the laser spot are considered in different flow regimes.

In chemically inert flows, simulations predict a pro-
nounced effect of the external gas pressure on the flow struc-
ture that is mainly determined by the flow Knudsen number
Kn, (Fig. 2). At relatively large Kny (e.g2., Knoo = 0.22),
which correspond to the transitional flow regime, flows are
steady-state (within the computational error and statistical
noise intrinsic to DSMC simulations) and are characterized
by the absence of vortex regions and distinct shock waves,
Fig. 2a. Due to relatively large values of the molecular mean
free path, the disturbances introduced into the free stream
by the plate and the expanding Al vapor propagate some
distance upstream the plate leading edge located at x = 0.
At smaller Kny,, a boundary layer tends to form in a re-
gion between the plate leading edge and the evaporation
spot, while the expansion of Al vapor induces the separa-
tion of the boundary layer from the plate and the forma-
tion of a region with circulating flow upstream the evapo-
ration spot. The separation point is located in a close vicin-
ity of the plate leading edge in Figs. 2b and 2c, but shifts
downstream from the leading edge for smaller J or larger
L/Lgpot. At Kneo = 0.022, when the flow occurs in the con-
tinuum regime, the separation of the boundary layer, for-
mation of a circulating flow region with two circulation
zones, and generation of a separation shock wave are ob-
served, although the flow remains steady state within the
level of statistical noise. Further decrease in Kno,, down
to 0.0022, results in the formation of multiple circulation
zones and bow shocks, as well as in pronounced oscilla-
tions of the whole flow structure, Fig. 2c. In simulations per-
formed at smaller Knudsen numbers, Kns, = 0.0011 with

Fig. 2 Instantaneous fields of local Mach number Ma and
stream line patterns in the flows of chemically inert mixture at
Poo = 50 Pa, Typor = 2041 K (a, Kne = 0.22), poo = 500 Pa,
Tspot = 2358 K (b, Kneo = 0.022), and po = 5000 Pa, Typor = 2793 K
(¢, Kneo = 0.0022) for Ma, = 1.73, L/Lgpor = 14.6, and J = 3.04.
The evaporation spot is marked by the black rectangle. The Mach num-

ber Ma is defined as Ma = U,\/“,(/\/Z)/NﬁX E; mix/(3pmix), where Unmix,
pomix. and E; mix are the local mixture velocity, mass density, and trans-
lational thermal energy density, ymix = (5 + &mix)/ (3 + Omix)» {Mix 1S
the local average value of internal degrees of freedom per particle of
the mixture

J =1.52 and Kns, = 0.0005 with J = 0.76 (in both cases
Tspot = 2973 K and p, = 10° Pa), the intermediate bow
shocks disappear and the flow structure resembles the one
observed for a two-dimensional transversal continuum jet
expanding into a supersonic free stream, e.g., [13, 15]. An
important distinction of the conditions considered in this
work as compared to the ones in [13, 15], however, is that a
complete adsorption of Al atoms colliding with the surface
is assumed in the present model, whereas no condensation
at the surface of the plate is present in the simulations of
the transversal jet expansion [13, 15]. This results in qual-
itative differences in the structure of the expanding vapor
jets at small Kns. Although the subsonic flow at the sur-
face (Ma, < 1) rapidly accelerates to supersonic speeds, the
“barrel” structure with the Mach disk that is characteristic of
underexpanded jets [13, 15] is not formed in Fig. 2¢. Instead,
the Mach disk in the vapor jet is replaced by a curved shock
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x (mm)

Fig. 3 Instantaneous fields of local Mach number Ma and stream line
patterns in the flows of burning mixture at poo = 50 Pa, Tspor = 2041 K
(@, Kneo = 0.22), poo =500 Pa, Tgpor = 2358 K (b, Kno = 0.022), and
Poo = 5000 Pa, Tgpor = 2793 K (¢, Kneo = 0.0022) for Mas, = 1.73,
L/Lspot = 14.6, and J = 3.04. The evaporation spot is marked by the
black rectangle

wave that encloses the supersonic part of the expanding Al
vapor. A region of highly rarefied flow, which is formed right
behind the evaporation spot, induces a significant increase in
the thickness of the shock front that becomes smeared closer
to the surface.

In chemically reacting flows (Fig. 3), the simulations at
Kny = 0.22 and Knyo = 0.022 predict flow structures that
are similar to those of corresponding chemically inert flows.
At Kno, = 0.0022, the burning of Al vapor results in the
formation of an essentially unsteady flow structure, where
the positions and shapes of the separation and bow shocks
vary with time. In this case, during the simulation time from
~40 ps to ~100 ps after the oxidation reaction is “turned
on,” the flow structure exhibits cyclic changes illustrated in
Fig. 4. During a cycle, initially “thick” circulating zone with
complex, irregular flow (Fig. 4a) is rapidly taken away by
the external flow and gives way to a new circulating zone
developing between the leading edge and the spot (Fig. 4b).
The growing circulating zone eventually becomes unsta-
ble (Fig. 4c) and evolves into a new zone of irregular flow
(Fig. 4d). The characteristic frequency of these large-scale
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Fig. 4 Instantaneous fields of local Mach number Ma and stream
line patterns in the flow of burning mixture at ps = 5000 Pa,
Tspot = 2793 K (Knyo = 0.0022), Mas, = 1.73, L/Lspor = 14.6, and
J = 3.04 obtained at time 45 pus (a), 75 ps (b), 95 ps (c), and 107 ps
(d) after “turning on” the oxidation reaction, Eq. (1), in the initial flow
of chemically inert mixture shown in Fig. 2c. The fields in Figs. 3c,
6¢, and 7c are obtained at time 105 ps in the same simulation. The
evaporation spot is marked by the black rectangle

oscillations is ~20 kHz. Although the magnitude of the flow
oscillations may continue to evolve after the first cycle, the
simulation was not extended to longer times to avoid an ex-
cessive use of limited computational resources.

The basic quantitative difference between the chemically
inert and reacting flows is that the heat released due to the
Al burning increases pressure in the flow region between
the leading edge of the plate and the evaporation spot. In
the transitional flows (Kne, = 0.22), this pressure increase
results in the expansion of the region of disturbed flow up-
stream the plate leading edge (the region of undisturbed free
stream is not present in Fig. 3a). In continuum flows, the
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Fig.5 Instantaneous fields of translational temperature 7; in the flows
of chemically inert (a) and burning (b) mixtures at ps, = 500 Pa,
Tspot = 2358 K (Kneo = 0.022), Ma, = 1.73, L/Lgspor = 14.6, and
J =3.04. The evaporation spot is marked by the black rectangle

release of heat results in the increase in the angle of the
oblique separation shock with respect to the free stream di-
rection (Fig. 3b) or formation of a curved separation shock
(Fig. 3c).

In the flow of chemically-reacting mixture, the flame
zone can be approximately identified as a zone of elevated
temperature. The analysis of the fields of translational tem-
perature (Fig. 5b) shows that the flame zone is located in
the mixing layer separating the external flow and the ex-
panding Al vapor. Since the reaction of alumina decompo-
sition is not included in the model, the temperature in the
flame zone may exceed the dissociation temperature of the
alumina. The observation that the maximum temperate in
Fig. 5b is indeed substantially higher than the dissociation
temperature of alumina implies that the results of the sim-
ulations can only provide an upper bound estimate of the
rate of alumina formation. On the other hand, in all flows of
chemically-inert mixtures considered in this paper, the tem-
perature in the Al vapor—air mixing layer at the boundary
between the external flow and the Al vapor exceeds 1000 K
(e.g., Fig. 5a), which is sufficient, according to data on Al
nanoparticle combustion [22, 23], for ignition and burning
of Al vapor.

It is seen from Fig. 5b that the flame zone is located rel-
atively close to the target surface, so that the Al burning
can rise the gas temperature near the surface in excess of
2000 K within a relatively large (~2Lgpot in Fig. 5b) re-
gion upstream the laser spot. The formation of such high-
temperature region near the surface is a common feature
of all simulations of reactive flows considered in this pa-
per. In the transitional flows at large Knudsen numbers, e.g.,
at Kn., = 0.22, the gas temperature rises at both sides of

the evaporation spot. The exposure of the target surface to
high-temperature gas mixtures can induce melting and even
heterogeneous burning of Al, leading to additional target
damage and material removal outside the laser spot. Al-
though this effect can not be described quantitatively with
the current model, the simulations suggest a potentially pro-
nounced effect of additional target heating due to the gas-
phase Al burning.

The processes responsible for the formation of alumina
film on the surface of the evaporation spot at various pres-
sures of the external flow can be identified from analysis of
instantaneous fields of number density of oxygen (Fig. 6)
and alumina (Fig. 7) in the reactive flows as well as the
distributions of number fluxes of oxygen and alumina in-
cident to the plate surface (Fig. 8). At Knoo = 0.22, the dif-
fusive mixing and reactive interaction of Al and O result
in the formation of a large region with substantial density
of alumina that extends in both upstream and downstream
directions with respect to the evaporation spot. The num-
ber density of oxygen, however, drops inside this region by
two—three orders of magnitude as compared to the oxygen
density in the free stream, 10,00 = 2.82 X 1023 m=3. The
number flux of oxygen molecules incident to the surface,
Fo,, approaches a value ~2 x 102! m™2s~! at the edge
of the evaporation spot, which is in almost two orders of
magnitude smaller than the number flux of oxygen incident
to the surface from the undisturbed free stream, Fo,o0 =
n0,y00v/ kBToo/(2mo,), shown by the red dashed line in
Fig. 8a. The incident flux of alumina, Faj,0,, in the center of
the spot is equal to 1022 m~2 s~! i.e., more than five times
larger than the oxygen flux. This flux corresponds to the
growth rate of alumina film equal to m 1,0, FA1L,0;/PALO; =
0.446 ums~! (pal,0, = 3800 kgm™2 is the alumina den-
sity [5]). Thus, in the transitional flow regime, the formation
of an alumina film on the surface of the evaporation spot
is dominated by direct deposition of alumina formed by the
gas-phase burning of Al vapor.

In continuum flows at smaller Kno, the effect of diffu-
sion drops, leading to the decrease in the thickness of the
region of high density of alumina. At Kny, = 0.022 and
Knso = 0.0022, the alumina cannot diffuse through the ex-
panding vapor of Al to the surface of the spot, but is carried
away by the Al vapor away from the spot. These alumina
can only be deposited to the surface far beyond the spot
(green curve at x > 10 mm in Fig. 8b). A fraction of alu-
mina formed in the flame zone is trapped in the circulation
zone and can be transported far upstream the spot (Figs. 7b
and 7c). Although the formation of new alumina in the cir-
culation region does not occur due to the lack of available
Al atoms, the number density of alumina trapped in this re-
gion is high and increases with reduction of Kn, from 0.022
to 0.0022, Figs. 7b and 7c. This results in a substantial in-
cident flux of alumina to the part of the surface below the
circulation zone. A relatively high level of statistical noise
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Fig. 6 Instantaneous fields of oxygen number density no, (m~3)
in the flows of burning mixture at po, = 50 Pa, Tgpor = 2041 K
(@, Kneo = 0.22), poo =500 Pa, Tgpor = 2358 K (b, Kneo = 0.022), and
Poo = 5000 Pa, Ty = 2793 K (¢, Kno = 0.0022) for Mas, = 1.73,
L/Lspot = 14.6, and J = 3.04. The evaporation spot is marked by the
black rectangle

in this region at Kn., = 0.0022 makes an accurate calcu-
lation of the time-dependent distribution of alumina depo-
sition flux difficult. This flux, however, abruptly drops at
the upstream edge of the spot. At Kny, = 0.022, Fal,0, is
equal to 3 x 1022 m~2s~! at distance of ~0.02 mm up-
stream the spot, but no alumina is deposited directly to the
spot itself. Similarly, the oxygen flux at the same distance
upstream the spot has the same order of magnitude, about
(1 —4) x 102 m~2s~! (more accurate determination is not
possible due to the statistical noise), but no oxygen incident
to the surface of the spot is observed. At Kns, = 0.0022,
both Fp, and Faj,0, drop to zero at the upstream edge
of the spot, but the characteristic feature of this case is
a relatively large value of Fp, very close to the edge of
the spot. For instance, at a distance of 0.03 mm from the
spot Fo, ~ 10 m~2s~!, which is only about three times
smaller than Fo,o0, Whereas Faj,0, is one to two orders of
magnitude smaller than Fp,. In this case, the distributions
of both incident fluxes, Fo, and Faj,0,, are subject of time-
dependant variations due to large-scale cycling changes in
the flow field demonstrated in Fig. 4. In the region close to
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Fig. 7 Instantaneous fields of alumina number density ny,0, (m?)
in the flows of burning mixture at poo = 50 Pa, Tgpor = 2041 K
(@, Knoo = 0.22), poo = 500 Pa, Tgpor = 2358 K (b, Kn, = 0.022), and
Poo = 5000 Pa, Tepor = 2793 K (¢, Knoo = 0.0022) for Mas = 1.73,
L/Lgyot = 14.6, and J = 3.04. The evaporation spot is marked by the
black rectangle

the spot (2-3 mm upstream the spot), Fp, and Fj,0, vary in
time within the order of magnitude. The distributions shown
in Fig. 8 approximately correspond to the time when both
fluxes are minimal in this region.

In contrast to the results of CW laser cutting simulations
of [8], where the heterogeneous oxidation of the irradiated
surface was considered under assumption of the absence of
the evaporation, the present simulations show that strong
evaporation in the continuum flow regime prevents the gas-
phase diffusion from delivering oxygen to the laser spot. It is
worth noting that simulations of chemically inert flows can-
not predict correct values of the oxygen flux in the vicinity of
the evaporation spot (thin black curved in Fig. 8a) and, there-
fore, cannot be used for calculation of heterogeneous Al ox-
idation. For instance, at Knyo = 0.22 and Knso = 0.022, the
values of Fo, near the evaporation spot are one to two orders
of magnitude larger in the flows of chemically inert mix-
tures as compared to the corresponding fluxes in the flows
of burning Al vapor.

In the range of Kny, considered in this paper, the maxi-
mal values of Fp, are approximately proportional to n0,e0,
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Fig. 8 Distributions of incident number fluxes of oxygen (a) and
alumina (b) along the target surface in the flow of burning mixture
at poo = 50 Pa, Tgpor = 2041 K (red solid curves, Kno, = 0.22),
Poo = 500 Pa, Tyyo = 2358 K (green solid curves, Kny = 0.022),
and poo = 5000 Pa, Tgpor = 2793 K (blue solid curves, Kny =
0.0022) for Mas, = 1.73, L/Lgpor = 14.6, and J = 3.4. Dashed

whereas the maximum values of Faj,0, have much weaker
dependences on n0,s. Namely, an increase of ng,« by two
orders of magnitude results only in about 8-fold increase of
Fa1,05. The dependence of the distribution of Faj,0, at the
surface upstream the spot on Kny, is defined by two coun-
teracting factors. First, the formation and expansion of a cir-
culating flow region with decreasing Kno results in the en-
trapment of alumina in the circulation zones and its transport
in the upstream direction. The entrapment is likely to be aug-
mented by the transition to unsteady, quasicirculating flow
regime observed upon further decrease of Kn,. Second, the
decrease in Kny, reduces the extent of diffusive mixing and
results in enhanced transport of alumina from the flame zone
in the downstream direction.

Unlike the well-defined constant temperature evaporation
spot, assumed in the simulations, the intensity of laser ir-
radiation in CW laser ablation experiments typically has a
Gaussian spatial profile and decreases from the center to the
periphery of the spot. The central region with active evapo-
ration, therefore, can be expected to be surrounded by colder
melted periphery with low Al vapor pressure. In this case,
the melted periphery will be exposed to oxidation and de-
position of alumina (high Fo, and Faj,0,), leading to the
formation of alumina film and possible diffusive-convective
transport of alumina in the molten material from the up-
stream edge of the spot in the downstream direction.

4 Summary

The application of a state-of-the-art DSMC method to in-
vestigation of CW laser ablation of an Al target in the pres-
ence of an external supersonic air flow reveals two possible
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lines in panel a show the number flux of oxygen in the free stream,

10,00y kBToo/(2mo,). Thin black curves in panel a correspond to
the number flux of oxygen incident to the target surface in the flows

of chemically inert mixture. Instantaneous distributions in the burning
mixture at Kno, = 0.0022 and the fields shown in Figs. 6¢ and 7c cor-
respond to the same time of 105 ps in the simulation

scenarios of the alumina film formation at and around the
laser spot. At small pressure in the external flow, when the
Knudsen number is relatively large and the transitional flow
regime is realized, the molecular diffusion is responsible for
transport of alumina and oxygen to the spot through the
stream of evaporating material. In this regime, the growth
of the oxide film on the surface of the laser spot is domi-
nated by heterogeneous oxidation of the melted Al and di-
rect deposition of alumina formed through gas-phase reac-
tions. The simulations based on a simplified model of Al
combustion, Eq. (1), suggest that the number flux of alumina
to the surface of the spot is much larger than that of oxygen,
so that the growth or alumina film is likely to be dominated
by the alumina deposition in this regime. This conclusion,
however, needs to be verified in simulations performed with
a model accounting for finite reactions rates and dissociation
of alumina at high temperatures.

At large pressure in the external flow and small Knudsen
numbers, when the continuum flow regime is realized, the
molecular diffusion is found to be unable to deliver neither
oxygen nor alumina directly to the spot surface. Instead, a
fraction of alumina formed in the flame zone is captured by
large-scale vortex motion occurring in the separation region
upstream the evaporation spot. The convection in the sepa-
ration region can also efficiently transport oxygen to the up-
stream edge of the spot. In this regime, the simulations sug-
gest a fairly complicated scenario of the alumina film forma-
tion. It includes deposition of alumina trapped in the circula-
tion zones upstream the evaporation spot, effective delivery
of oxygen to the upstream edge of the evaporation spot, and
possible growth of alumina film from the upstream edge of
the spot in the downstream direction. The rate of the direct
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deposition of alumina formed in the gas-phase burning of Al
vapor in this case appears to be very small. The burning of
Al vapor, however, plays an important role in defining the
flow structure upstream the evaporation spot and, therefore,
the rates of oxygen and alumina deposition in the vicinity of
the upstream edge of the spot.

Simulations also suggest a potentially strong contribution
of the heat released in the flame zone to heating and melting
of the target material outside the laser spot. The quantita-
tive characterization of this and some of the other aspects
of the ablation phenomenon, however, requires further ad-
vancement of the computational model. The DSMC simu-
lation of the complex flow patterns considered in this work
should be coupled with hydrodynamic modeling of melt ex-
pulsion under the action of recoil vapor pressure, thermo-
capillary stresses, and shear stresses from the external gas
flow, thermal modeling of the heat transfer and melting in
the irradiated target, and more accurate representation of
gas-phase and heterogeneous chemical reactions. The sim-
ulations reported in this paper reveal the flow regimes and
key processes responsible for the alumina formation, and
suggest that the DSMC method provides a solid framework
for the development of a more advanced multi-physics com-
putational model for simulation of CW laser ablation in an
external air flow.
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