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ABSTRACT

The dynamics of laser-produced plasma plume expansion involves complex
interactions between the ablated material and ambient air. This study
investigates and compares the performance of three OpenFOAM solvers,
namely twoPhaseEulerFoam (tPEF), rhoCentralFoam (rCF), and sonicFoam
(sF) using an identical initial setup of geometry and parameters. The primary
objective of this study is to affirm the applicability and reliability of the tPEF
solver in modeling the laser-produced plasmas for multispecies cases. The focus
is on the evaluating the tPEF solver’s ability to simulate plasma plume dynamics
under atmospheric air pressure. Propagation of plasma shockwave, mesh
generation, initial and boundary conditions, and hydrodynamics of single- and
multi-phase equations are analyzed. Critical flow variables, such as pressure,
velocity, temperature, and density, were monitored spatially and temporally to
evaluate the solver performance. The simulation results demonstrate that tPEF
produces stable and reliable results that align with physical expectations and
previously published data. It was found to be particularly effective in capturing
the plume’s hydrodynamic features, including multi-species behavior and
interaction with the ambient environment. The findings affirm applicability of
tPEF for modeling laser-induced plasma plumes, especially in capturing
complex fluid dynamics and species evolution. This study will provide
computational foundations essential for specific engineering applications
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involving pulsed laser ablation of multi-component materials.

1. INTRODUCTION

Laser ablated plasmas have been used for various
purposes over an extended period for producing and
removing nanoparticles and clusters, material deposition,
material sampling, and other applications (Chrisey &
Hubler, 1994; Miller & Haglund, 1998; Puretzky et al.,
2000). The plasma plume generated by laser ablation
undergoes rapid changes in both spatial and temporal
dimensions (Kelly, 1990). Its characteristics are heavily
influenced by various parameters such as laser fluence,
pulse duration, ambient gas pressure, and composition of
gases (Chrisey & Hubler, 1994; Amoruso et al., 2004).
With the process of laser ablation that is being discussed,
the produced plasma undergoes isothermal (temperature
of the plasma remains constant) expansion during the laser
pulse and subsequently experiences adiabatic expansion
after the laser pulse ends (Singh & Narayan, 1990). During

the phase of isothermal expansion, initially the laser light
interacts with the solid target. As a result, a plasma plume
with high density and low temperature is formed (Torrisi
et al., 2002). Subsequently, through collisional ionization
and excitation, along with the remaining energy from the
laser pulse, the plasma undergoes rapid heating and
ionization (Fazio et al., 2014). During the regime of
adiabatic expansion, the plasma undergoes expansion into
the surrounding air environment (Keidar et al., 2004;
Kundrapu & Keidar, 2009). The initiation of the plasma
plume can exhibit significant variability depending on the
characteristics of the laser (Biuerle & Bauerle, 2011). It is
accepted that the characteristics of the plasma plume are
significantly affected by the ablation procedure, which is
intrinsically linked to the fluence and wavelength of the
laser (Chryssolouris et al., 1990; Shaikh et al., 2007).
Additional fundamental factors that influence the
dimensions of plasma plumes are also present (Eliceiri &
Grigoropoulos, 2021). Some plasma regions may exhibit


http://www.jafmonline.net/
https://doi.org/10.47176/jafm.18.12.3664
mailto:semahaet@vcu.edu

E. T. Semaha and G. Miloshevsky / JAFM, Vol. 18, No. 12, pp. 2913-2926, 2025.

NOMENCLATURE

Acronyms

CFD Computational Fluid Dynamics

OpenFOAM  Open-Source Field Operation and
Manipulation

rCF rhoCentralFoam

sF sonicFoam

tPEF twoPhaseEulerFoam

Roman Symbols

a; phase fraction

Cp specific heat capacities

Cv specific volume

D deformation gradient tensor

e internal energy

E; total specific energy of the phases

Fp; lift, drag, and virtual mass

K kinetic energy

P pressure
i phase index (continuous or dispersed)

k heat conductivity

q heat flux

R gas constant

S; energy of the phase

T temperature

T; temperature of the phases

U velocity

U vector of fluid velocity

Greek Symbols

u dynamic viscosity

p density

y specific heat capacities at constant
pressure and volume

T viscous stress tensor

elevated levels of pressure, temperature, and energetic
particles, resulting in a conducive setting for the formation
of specific crystallographic structures (Saito et al., 2003).
When plasma is generated within a vacuum environment,
the resulting plasma plume undergoes adiabatic
expansion. The expansion of the ablated material can be
accurately characterized by employing the Navier-Stokes
equations of hydrodynamics. On the other hand, when the
medium surrounding the plume is either air, gas or a
liquid, the plume produces compression of the
surrounding medium, resulting in the generation of
shockwaves. The plasma plume is comprised of a
combination of atoms and ions originating from both
vaporized material and the surrounding gas (Winefordner
et al., 2004; Rai et al., 2007; Anabitarte et al., 2012).

Extensive research has been conducted by multiple
groups to thoroughly investigate the complete sequence of
events involved in nanosecond laser ablation, including
plasma formation and subsequent expansion (Kelly,
1990). These investigations have employed a variety of
plasma diagnostic tools and have also involved the
development of comprehensive computational models to
further enhance our understanding of laser-produced
plasmas (Singh & Narayan, 1990; Leboeuf et al., 1996;
Gusarov et al., 2000; Gusarov & Smurov, 2002; Harilal et
al., 2012). The findings of many studies show the shock
structures and fields of temperature, pressure, velocity,
and density.

In order to evaluate the capability of the
twoPhaseEulerFoam (tPEF) solver in modeling the laser
ablation of plasma plumes composed of two compressible
fluid phases, it is imperative to conduct a reliable analysis
with the single-phase rhoCentralFoam (rCF) and
sonicFoam (sF) solvers. This assessment aims to ascertain
the accuracy of a transient compressible solver tPEF
within the Open Source Field Operation and Manipulation
(OpenFOAM) framework (Wang et al., 2008; Harilal et
al., 2012; Dawood et al., 2015; Finko & Curreli, 2018).
Therefore, we conducted verification and validation of the
results obtained from tPEF, rCF and sF models. This was
done to ensure that the tPEF model is capable of accurately

simulating the plasma plume composed of different
species of gases. The results obtained from the tPEF model
are expected to closely align with those obtained from the
rCF and sF models. The assessment of multiple models for
addressing complex problems and determining their level
of applicability constitutes a distinct field of study. This
concerns the difficulties encountered in the modeling of
plasma plume expansion, including the complex rotational
dynamics and associated shock wave phenomena (Zhigilei
et al., 2009). To effectively tackle the difficulties
associated with modeling the expansion of plumes
containing diverse species, the utilization of a
computational simulation model becomes imperative.
Consequently, it is imperative to develop a
methodological model that enables the assessment of the
efficacy of these solvers, which can replicate outcomes
akin to those obtained from practical laboratory
experiments on the expansion of plasma plumes. The
present model will serve as a reference point and can be
employed as a criterion for subsequent experiments.

Our study employs identical parameters for the setup
of input data for all solvers, aiming to enhance
comprehension of the research. The expansion of plasma
plume was characterized at the nanosecond scale by
analyzing two-dimensional outputs with high temporal
and spatial resolution. This study investigates the effects
of initial pressure and temperature on the dynamics of the
plasma plume in an atmospheric air pressure.
Furthermore, we provide a comprehensive analysis of the
impact on the dynamics of the plasma plume.

It is important to note that the primary focus of this
paper is to affirm the applicability and reliability of
specifically the twoPhaseEulerFoam (tPEF) in modeling
laser-produced plasmas for special multispecies cases and
so, investigate the dynamics of tPEF plasma plume
expansion time evolution into background air. We first
compare and contrast tPEF solvers pressure, temperature,
density and velocity magnitude results to those produced
by single-phase rCF and sF solvers for the purpose of
ensuring its applicability to multi-species and compounds
for specific modeling. It is important to highlight that
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previous studies have also conducted similar but not the
same evaluations of different solvers like this study
(Karvatskii et al., 2015; Lorenzon & Elaskar, 2015).

2. METHODOLOGY

This section provides an explanation of the
parameters and methodology used, including the
utilization of OpenFOAM solvers that have the capability
to model the flow of compressible non-isothermal fluids
(density, viscosity, thermal conductivity, and specific heat
may change significantly with temperature). The
description of solvers, geometry utilized in the CFD cases,
as well as the initial and boundary conditions and the
governing equations are given.

2.1 OpenFOAM Solvers

To facilitate affirmation of the modeling results, the
three solvers were chosen from the OpenFOAM software
package (OpenFOAM v2306). OpenFOAM free-source
toolkit is written in C++. It is a widely utilized
computational tool in both industrial and scientific
domains. The OpenFOAM software package comprises
many different solvers that exhibit distinct computational
characteristics (Issa, 1986; Kurganov & Tadmor, 2000).
The three solvers described below are well suitable to
model compressible fluids where the fluid experiences a
density change.

The tPEF solver is capable of modelling the laser
ablation of plasma plumes with two compressible fluid
phases (OpenFOAM, v2306). It is designed to handle
scenarios where the phases share a common pressure,
while possessing distinct properties for all other quantities
(density, velocity, viscosity, etc.) (Kunsek et al., 2021).
The phase model of interest can be selected at runtime
with the additional capability of representing the model
plasma plumes and providing insights into atomic
processes, interactions, and phase properties. The various
forms of momentum, heat, and mass transfer models can
be selected and represented in the phase system (Amidu et
al., 2020).

The rCF solver is developed for modelling of the
compressible non-isothermal fluid flows and specifically
designed to handle density-based problems (Harilal et al.,
2012; Ayachit, 2015). The solver is based on the central-
upwind numerical schemes (this scheme is used to
discretize the Navier-Stokes equations for density,
momentum, and energy). The main aim of central upwind
scheme is to accurately capture shock waves, rarefaction
waves and contact discontinuities without relying on full
characteristic decomposition which have been widely
recognized for their accuracy and stability in various CFD
applications (Kraposhin et al., 2015). It is important to
mention that rCF, unlike tPEF and sF solvers, utilizes
density-based algorithms.

The sF solver represents a computational framework
(Harilal et al., 2012; Bai et al., 2015; OpenCFD Ltd, 2021)
capable of modelling the transient problems associated
with trans-sonic/supersonic, turbulent flow of a
compressible gas. It utilizes the Pressure Implicit
(PIMPLE) method (Issa, 1986; Kuvshinnikov &

2915

Bondarev, 2017). The fundamental concept behind the
PIMPLE approach involves the use of two coupled
equations to calculate the pressure, in order to correct the
pressure field obtained from a discrete model of the
equations of momentum and continuity. Given the
potential for velocities modified by the initial adjustment
to deviate from the continuity equation, an extra corrector
is included to calculate velocities and pressures that satisfy
the linearized equations of momentum and continuity. It is
worthwhile to note that, while using the same boundary
condition across our chosen solvers might seem like a way
to ensure a fair comparison, it can lead to inaccurate
results. This is because each solver is designed to handle
specific problems and boundary conditions must be
appropriate for the physical models and algorithms
employed by each solver.

2.2 Propagation of Plasma Shockwave

In this sub-section, we present a schematic sketch of
shockwave propagation into air ambient as shown in Fig.
1. When a laser is directed on a target, a crater is produced.
In our specific case, the plasma plume is formed within
the crater with a radius of 0.25 mm and it is generated at
a depth of approximately 0.1 mm at the center of the
crater. The crater is depicted in the drawing (Fig. 1) as
having an oval cross-sectional configuration. It also has an
arc that connects a point that is situated on the periphery
of the laser spot to a point that is located in the center of
the crater. It is symmetrically oval in shape, and the profile
of the crater is similar to part of an oval shape.

In our numerical experiment, we set the simulation
run time to be 2 ps. It is shown in the sketch that the
shockwave is moved away from the crater into the ambient
air during the simulation and spreads uniformly. The air
ambient within which the simulation was performed is
considered as a compressible ideal gas. Both the plasma
plume and background gas are motionless at time t = 0.

The initial background gas temperature T is set to
300 K. In all cases, the initial internal pressure of air is
assumed to be constant 0.1 MPa (1 bar). Also, gas phase
properties such as surface tension, drag force, virtual mass
heat transfer, lift, phase transfer, wall lubrication turbulent
dispersion, etc. were taken into consideration in modeling
(these properties will be expressed in the governing
equations). Velocity U was initially set to 0 m/s. At time
t = 2 ps the initial plasma pressure decreased from about
1 MPa to about 0.1 MPa and temperature also decreased
to about 300 K from about 2.5 x 10* K. The distance
travelled by the plasma plume is about 3 mm on both x-
and y-directions.

2.3 Mesh Generation,
Conditions

Initial And Boundary

The model parameters are configured within a 2D
OpenFOAM blockMesh domain with x and y dimensions
of 5 mm each. The y-axis is orthogonal to the target
surface. A non-uniform crater measuring 0.25 mm by 0.1
mm is positioned along the x and y axes, respectively.

A tetrahedral structured uniform mesh with a grid
resolution of 500 x 500 cells is employed to discretize the
domain. The domain is filled with air. The mesh with grid
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Table 1 Boundary conditions

Fig. 1 A schematic sketch illustrating the laser ablation crater and the uniform shockwave propagation into the

Boundary patch types Pressure (P) Temperature (T) Velocity (U)

Left symmetryPlane symmetryPlane symmetryPlane
Right zeroGradient zeroGradient fixedValue

Bottom zeroGradient zeroGradient fixedValue
Top zeroGradient zeroGradient fixedValue
Back Empty Empty Empty
Front Empty Empty Empty

Collapse Empty Empty Empty

sizes of 0.01 mm is applied to the crater along both the x
and y axes. The mesh configuration enables the precise
resolution of plume dynamics near a laser-induced crater.
The list of boundary conditions used in the modelling of
plume expansion is presented in Table 1. The
"symmetryPlane" condition is employed on the left
boundary of the domain to signify that the model displays
a characteristic that implies it is mirrored across the
boundary, thereby indicating the existence of a symmetry
plane, which means, model's geometry is effectively
reduced by using a mirrored half.

The boundary conditions for bottom, top, and right
boundaries are zero gradient condition for the plasma
dynamic quantities, denoted in the table “zeroGradient”.
The aforementioned boundary condition enforces a zero
gradient condition, whereby the internal field of the
domain is extended onto its boundaries. Back, front and
collapse boundaries are assigned “Empty” condition, a
condition to indicate no calculation or evaluation state
condition for cases involving dimensions, specifically 2-
D geometries for which our results are presented. The
empty condition is also applied to boundaries where the
modelling of fluid flow is not needed. The OpenFOAM
solvers have a system folder that stores files containing
parameters related to the solution process and
configuration files. To maintain accuracy, the same
Boundary patch types were used for all three OpenFOAM
solvers.

The initial ambient conditions of uniform pressure
and temperature at 0.1 MPaand 300 K are considered in
the simulation, respectively. The specific heat C, =
1.005 kJ/(kg - K) is used. The dynamic air viscosity W is
set to 1.84 X 1075 kg/(m-s) and Prandtl number Pr =
0.7. The value of molar mass M = 28.96 kg/mol is used.
The parameters mentioned above are applicable to all
three OpenFOAM solvers tPEF, rCF, and sF. Pressure-
based tPEF and sF solvers and density-based rCF solver
are designed for the modelling of viscous compressible
flows, respectively using the conservative formulation. It
is important to note that although using identical
parameters is an advantageous approach for OpenFOAM
solver comparison, there are some limitations to consider.
These include the following: (i) differences in solver
algorithms to solve specific fluid problems, such as
density-based methods, while others use pressure-based
PIMPLE algorithms; (ii) numerical sensitivities, which
can affect discretization schemes used and can impact the
result accuracy and convergence behavior; and (iii) the
process can be time-consuming and may require a deep
understanding of each solver's specifics in order to
produce exact results.

2.4 Governing Equations

The equations implemented in the three OpenFOAM
solvers are presented in this Section. Solver tPEF includes
two phases as well as the models for their interactions.
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Solvers rCF and sF use the same set of the following
continuity, momentum and energy equations

2+v-(pl)=0 (1)
2D +v- (U(pU))=-VP -V -7 )
9(pE) _ _

L9 (U6oB)) = ~v- (Tp)

V- (U-7)—-V-§ 3)

Equation (1) represents the mass conservation
equation for continuity in single-phase flows. Equation (2)
gives the conservation of momentum neglecting body
forces. Equation (3) is depicted as the conservation of total

energy. Here p represents the mass density, U denotes the
vector of fluid velocity, T = —2uV(D) is the viscous
stress tensor and can be expressed by Newton’s Law
(Greenshields et al., 2010), where u is the dynamic
viscosity, the deformation gradient tensor D = %{Vl_j +
(Vl7 )}, and its deviatoric stress component V(D) = D —
(%)tr(D)I with I the unit tensor. P is the pressure, E =
e + U? /2 is the total specific energy with e represents the
specific internal energy, and ¢ = —kVT represents the
heat flux, where T is the temperature and k denotes the
heat conductivity. Given the fact that we are considering a
plasma plume whose thermal state is determined by the
density and pressure, therefore, the equation of state for
the perfect gasis P = pRT and e = (y — 1)RT is used to
close Egs. (1 - 3). Here, R is the perfect gas constant and
the ratio of specific heat capacities at constant pressure and
volume is denoted as y = C,/C,. Note that the above
equations implemented in both rCF and sF solvers are all
for a single phase.

The numerical solution of the transport of viscous
compressible plasma in the ablated plume can be obtained
using different numerical solvers (Chen et al., 2014; Finko
& Curreli, 2018). The implementation of numerical
algorithms is aimed to achieve a precise resolution of
shocks and contact discontinuities in compressible
subsonic and supersonic flows. Two-phase pressure-based
tPEF solver eliminates the need for characteristic
decomposition and Jacobian evaluation. This approach
offers computational efficiency while utilizing the finite
volume method for solving the Navier-Stokes set of
equations that govern compressible fluid motion.

The tPEF solver is based on the PIMPLE algorithm to
solve the coupled velocity-pressure equations. The
equations provided below are applied to a plume
consisting of two compressible fluid phases (Greenshields
et al., 2010; Freeman et al., 2011; Harilal et al., 2012;
Cappelli, 2018; OpenFOAM, 2021). Equation (4)
represents the mass conservation of two phases. The index
i = 1,2 denotes the phase (continuous or dispersed) with
the phase fraction «;. The phase velocity and density are
represented by U; and p;, respectively. Equation (5)
describes the momentum conservation, where (z; + t¥)

9(aipi
L1V - Uiap) = O, (4)

o(a:p:U:
Yap) +V = —a;VP + V[a;(1; + 1F)]

ot
+a;pig + Fpi, )
d(a;p;E) d(a;p;K)
# + V- (aipihiUp) + # +
a(a;P)
V- (a;p;UK) = —gtP —V[a;(g; + g+ V-
(a;T;Uy) + a;p;Uig + S;. (6)

provides the combined effects of Reynolds viscous and
turbulent stress and the average transfer of momentum at
the fluid interface. The fluid pressure is P; and g states the
gravitational constant. The generalized inter-phase
momentum drag force term is denoted by Fp; (Ishii &
Mishima, 1984; Issa, 1986), which guarantees the
momentum conservation, especially with multiple phases.
Factually, Fp; primarily contributes to lift, drag, and
virtual mass. The energy equation (6) provides the
conservation of total energy of two phases, where the total
specific energy of the phases is given by E; and kinetic
energy is indicated by K. Thermal and turbulent
convection heat fluxes in the phase are represented by
(q; + q}). The interfacial supply energy of the phase is S;
and T; symbolizes the temperature of the phases (Gomez-
Zarzuela et al., 2021). The set of six equations (4-6) is
solved simultaneously for two phases.

It is worth noting that Equation (4) was solved for the
phases of fluids and their interactions are incorporated into
the solution as implicit corrections in Equations (5) and
(6). It is important to point out that the formulated
equations are viscous and treat the interfacial supply
energy to the phase, species mass diffusion, lift, drag,
virtual mass, frictional forces, and viscous stresses. These
assumptions are made primarily based on the supersonic
characteristics of the later microseconds of plume
expansion. During this period, the influence of viscosity
becomes apparent as the plume pressure readjusts to
atmospheric conditions after the initial expansion caused
by the shockwave. Nevertheless, given that the primary
focus of this research is on the behavior seen later in the
plume development process, an Euler formulation is used
to reduce computational complexity. Finally, it is
important to note that the sF and tPEF algorithms are
pressure based, whereas the rCF (single phase) algorithm
is density based (Harilal et al., 2013; Kraposhin et al.,
2017; Ghazanfari et al., 2019).

3. RESULTS

3.1 Validation of Shock Front Position in Expanding
Plasma Plume Produced by the Fs Laser Pulse

We chose to test the tPEF solver for a position of
shock front in an expanding plasma plume against the
measured positions using shadowgraphy, Intensified
Charge-Coupled Device (ICCD) imaging, and calculated
one using CFD simulations that are taken from the
previous work (Miloshevsky et al. 2014). As a result, we
provide these data gathered for the shock front position
and compare them in Fig. 2.

2917



E. T. Semaha and G. Miloshevsky / JAFM, Vol. 18, No. 12, pp. 2913-2926, 2025.

14 -

A -o-Shadowgraphy
12 5
1 -A-ICCD

Plume Front Position (mm)

0 500 1000 1500 2000

Time (ns)

(a)

-6-Shadowgraphy
E
£
=
2
=
<)
o
€
o
e
)
£
=]
= J
0 & T T T T T T T |
0 500 1000 1500 2000
Time (ns)
(b)

Fig. 2 The y-coordinate of the shock front in a plasma plume expanding into argon gas calculated using the tPEF
solver and compared to experimental data (shadowgraphy, ICCD imaging) and previous CFD result at pressure
of (a) 1 atm and (b) 0.5 atm. The profile of shock front obtained from the tPEF solver matches well the
experimental and CFD results

The plume shock front predicted by the tPEF solver is
seen to be in alignment with previous results at pressure
of 1 atmosphere (atm) (0.1 MPa) and 0.5 atm (0.05 MPa).
We show the tPEF profile of shock front position in Fig.
2(a) obtained at t = 500 ns (0.5 ps). It can be observed
that tPEF predicts a shock position of about 0.4 mm while
shadowgraphy shows a position of 0.5 mm with 0.1 mm
difference. At 1000 ns (1 ps) tPEF shock front moves 0.6
mm while shadowgraphy and CFD show a position at
0.73 mm, with 0.13 mm difference. It is noticed in Fig.
2(a) that the shock front position calculated from tPEF and
CFD computational models are almost similar with
shadowgraphy profile located between them.

The expansion of plasma plume is found to slow
down at about 375ns — 400ns. It is seen that
shadowgram is steadily spreading at increasing distances
away from the crater. This shows that electron mass
mobility is the primary source of emission from the
plasma, whereas the plume ambient boundary only
produces visible emission from changes in the medium's
refraction.

The shock front predicted by ICCD has expanded
rapidly during about 300 ns and moved a distance of
0.4 mm. This rapid development could be because of
preliminary ambient gas excitation, ionization and rapid
illumination of the plasma. The shock front stagnates at
about 0.4 mm from 300 ns until 1500 ns. It is an
indication of no further increase in plasma gas excitation,
hence illumination or most probable inaccurate resolution
hampering difficult calibration of the shock front at later
moments. Overall, the tPEF solver, shadowgraphy, and
CFD findings match well. The shadowgraphy profile
shows misalignment at later times, between 1500 and
2000 ns. This could be due to inadequate image quality,
making it difficult to measure the position of a shock front.

As illustrated in Fig. 2(b) the position of shock front
in argon at 0.5 atm determined by ICCD, shadowgraphy,
CFD modeling (previous work), and also calculated using
the tPEF solver compare well, especially with the previous

CFD computational result until t = 500 ns (Fig. 2(b)). The
difference between the curves is smaller than in the case
of plume expansion at pressure of 1 atm. It can be
observed that the ICCD technique predicts higher position
for the shock front from the beginning than the
shadowgraphy methodology does comparatively in Fig.
2(a). It can also be observed that the tPEF and CFD
computational profiles are behind the shadowgraphy
profile before t = 500 ns. The ICCD approach has lower
accuracy after t = 500 ns.

Throughout the time evolution of the plume front
under consideration, the outcomes of tPEF solver, CFD
computational modeling, and shadowgraphy remain in a
good alignment. The plasma plume expands very fast at 1
atm and 0.5 atm for the first 300 ns and then starts to slow
down. According to the tPEF solver profile in Fig. 2(a)
and 2(b), the difference in position of the shock front is
only 0.13 mm at t = 2000 ns.

3.2 Investigation and Comparison of Performance of
tPEF, rCF, and sF Solvers Using an Identical
Computational Setup

The profiles of pressure, temperature, density, and
velocity of the ablated plume along the centerline (axis
taken along the y coordinate) are analyzed. The modeling
is carried out on ps timescale and the plasma expansion is
studied on millimeter space scale. The profiles exhibit
characteristics that are typical of a shock wave
propagating away from the target surface into the
surrounding atmospheric ambient gas. The pressure
profiles are shown in Fig. 3. The modeling was carried out
during 2 ps. The highest pressure at the shock wave front
predicted by rCF solver has the value of 1.4 MPa. At the
same time, tPEF and sF solvers predict the pressure peaks
approximately 2 MPa and 0.86 MPa, respectively. Thus,
rCF solver demonstrates the highest pressure, while
computation from sF solver shows the lowest pressure
peak amongst all pressures calculated by the solvers. All
three OpenFOAM solvers produce results that are similar.
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Fig. 4 Comparison of temperature profiles from tPEF,
rCF, and sF solvers along the y-coordinate at 2 ps

The pressure at the front of shock wave from the rCF
solver is wavy as it travels into the ambient, this is an
indication of the shock wave that the pressure carries. The
pressure of rCF was notably high because of the density-
based nature of the solver algorithm, which implies that a
denser gas exerts higher pressure than a less gas at a
constant temperature. The algorithm considers gases that
are more densely packed, resulting in increased collision
frequency and greater force per unit area, at a constant
temperature, consequently results in increased pressure.

The temperature profiles calculated using tPEF, rCF,
and sF solvers are shown in Fig. 4. At time = 2 ps, the
highest temperature calculated by tPEF solver is
approximately 20,000 K. At the hottest region of the
plasma plume, the temperature predicted by rCF and sF
solvers are approximately 18,000 Kand 14,000 K
respectively.

The density profiles obtained from the three solvers
are displayed in Fig. 5. Before the start of the simulation,
the densities are calculated from the ideal equation of
state. At 2 ps, the peak density of sF increases to about
4.4 kg/m3. The peak density calculated from tPEF solver
is observed to be about 6.1 kg/m? and that from rCF is
5.7 kg/m3. At about 2.25mm and after, the density
predicted by all three solvers dropped to 1.6 kg/m3. sF
solver recorded the lowest followed by tPEF solver at
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Fig. 5 Comparison of density profiles from tPEF,
rCF, and sF solvers along the y-coordinate at 2 ps
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Fig. 6 Comparison of velocity profiles calculated
using tPEF, rCF, and sF solvers along the y-
coordinate at 2 ps

midway, and rCF solver recorded the highest density, as
stated earlier, the algorithm of rCF solver is density based.
Density and pressure are directly proportional, meaning as
density increases, pressure also increases. When a gas is
compressed, as in our shock wave front, its density
escalates due to the increased pressure of gas inhabiting
the volume. Nevertheless, these differences are negligible
and do not suggest any significant deviation.

The profiles of velocity magnitude obtained from the
three solvers are shown in Fig. 6. Prior to the
commencement of the simulation, the velocities are noted
to be at rest at time 0. At time = 2 us, the velocity
magnitude of sF reached a peak of approximately
1.3 km/s. The peak velocity calculated by tPEF solver is
approximately about 1.4 km/s and rCF solver calculated
around 2.2 km/s. At a distance of 2.25 mm on the y-
coordinate, the velocities calculated by all three solvers
drop to zero, signaling the conclusion of the simulation.
The lowest peak was recorded by sF solver, while the
computation from rCF solver recorded the highest
velocity, followed by calculated velocity from tPEF solver.
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However, these minor variations are negligible and do not
indicate a significant deviation. As shown in Fig 6, it is
evident that rCF consistently maintained the highest
velocity throughout the simulation.

The color maps of pressure field calculated using
tPEF, rCF, and sF solvers are shown in Fig. 7. It can be
seen that plasma expands outward from the target into the
surrounding ambient atmosphere. The low-pressure
region begins to form at the plume origin and extends
outward from the plume's crater (start point). All three
solvers predict a sharp rise in the pressure exerted in the
normal direction. The lowest pressure at the center region
is seen from tPEF solver, but it predicts the mid-highest
pressure at the shock front. This is because the shock wave
is sucking plasma out of the center to create greater
pressure at the shock wave front. The tPEF and rCF
solvers predict the highest pressure at shock front, while
the pressure calculated from sF solver at shock front is the
lowest. An intriguing characteristic can be observed in the
plasma core from rCF solver, which consists of a distinct
vortex that can be seen to be spreading outward, this is as
a result of gas that is more densely packed, resulting in
increased collision frequency and greater force per unit
area, consequently, results in increased pressure. All tPEF,
rCF, and sF maps indicate significant increase in pressure
as plasma moves away from the surface of the target.
Within the vicinity of the plasma plume, there can be seen
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to be a great number of oscillating shock waves. The
overall evolution of the flow is dominated primarily by
rapid transport of the plume front. Although this is
difficult to discern from the pressure map.

The temperature color maps showing the plume
expansion at 2 us are illustrated in Fig. 8. In a general
sense, the temperature exhibits a high value within the
target region of the plume from all three distinct solvers.
Also, the main temperature front can be seen to some
degree in the maps between 0 and 2 mm on the x-
coordinate, and its elevation decreases as the expansion of
the plume progresses. The plume exhibits ongoing
expansion and subsequently undergoes cooling, resulting
in a decrease in temperature as it approaches the leading
front. This implies that the temperature of plasma at the
shock wave front is relatively low. The high temperature
regions shown in all three maps in Fig. 8, form as a result
of a decrease in air density behind the main shock front.
The higher temperatures in this area also cause the
formation of a layer of plasma- There are also temperature
variations which are primarily governed by layer of air gas
density variation. It should be noted that these higher
temperatures are due to slower expansion of the plume
close to the wall induces an inward spinning motion of the
outer edge of the plume. The phenomenon of “vortex
transport” (Finko & Curreli, 2018) describing the
organized formation of convective flow structures within
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the plume caused by the fluid expansion past the crater
edge geometry significantly increases the thermal energy
within the central area of the plume, even during the later
stages of plume expansion. In contrast, interactive heating
predominantly takes place in the central area of the plume
because electrons are ripped away from their atoms
forming an ionized gas medium. There is also a faint
appearance of the primary shock front, which can be seen
in all color maps as the region of slightly elevated
temperature that is propagating in front of the plume. This
area can be seen from after 2 mmto3 mm on the x-
coordinate in Fig. 8. As the plume continues to expand, it
cools even further, reaching temperatures of
approximately 300 K at 2 ps, with temperatures even
lower near the leading edge.

The maps of velocity vector fields calculated using
tPEF, rCF, and sF solvers at 2 ps are shown in Fig. 9.
Although there are similarities in the vector field maps, it
is important to note that there are also differences among
the velocity vector fields produced by the three solvers.
The initiation of vortex transport becomes apparent at a
distance of 1.5 mm from the origin of cavity, as evidenced
by the inward twisting expansion of the plume, which
subsequently progresses towards the plume's center. The
presence of the vortex is observed to be more pronounced
in velocity vector field maps of tPEF and rCF solvers
compared to that from sF solver. It is noteworthy that in
all three instances of the velocity vector fields, there is a
discernible trend of supersonic velocity towards the
periphery of the plasma plume.

3.3 Time Evolution of Pressure Field in Plasma Plume
Calculated Using Tpef Solver

Since the goal of this paper is to examine the
dynamics and time evolution of tPEF plasma plume
expansion into background air, this subsection
concentrates on specifics of tPEF-predicted plume
dynamics. The pressure results obtained from tPEF's
solver are analyzed. The time evolution of pressure maps
is shown in Fig. 10 at four distinct time moments. The aim
is to acquire and provide the details of pressure field at
specific times. The color map illustrates the pressure
distribution in the surrounding atmosphere ambient. At
time 0.1 ps, the plume expands approximately 0.33 mm
in the x-direction, however, in the y-direction it expands
to 0.25 mm. This occurs due to the fact that the initial size
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of a plasma plume crater in the y-direction is shallower
than that in the x-direction (see Fig. 1). At this same initial
time, pressure rises significantly high to about 7.1 MPa.
At time 0.4 ps the plume expanded about 1 mm
symmetrically in both x-and y-directions at a pressure of
2.8 MPa. At time 1 us pressure inside the plume drops to
1.6 MPa, though exceeds the ambient atmospheric
pressure. Plume also progresses to about 1.8 mm in all
directions. Looking at the color maps it can be seen that,
pressure continues to be elevated more in the y-direction.
Nevertheless, the force in the x-direction also increases
and emerges at the center hence the symmetrical shape. At
time 2 ps, the plasma plume expanded symmetrically in
both the x-and y-coordinate to =& 3 mm under a pressure
of 1.1 MPa, there is also consistent elevation of pressure
at the leading edge of the plume. Uniform pressure
establishes across the entire shock front. At the core of the
plume, the pressure consistently diminishes compared to
the surrounding environment. The decrease in pressure at
the center of a plasma plume occurs due to the rapid
outward expansion of the plasma from the crater. This
expansion results in a reduction in density, which in turn
leads to lower pressure at the core of the plume as a
consequence of adiabatic expansion principles.
Furthermore, based on the principles of gas behavior,
when the volume expands while the quantity of particles
stays the same, the pressure inevitably diminishes.

3.4 Pressure, Temperature, Density and Velocity
Profiles Calculated Using tPEF Solver for Different
Times

The profiles of pressure, temperature, mass density,
and velocity along the y-component (directed along the
target normal) are illustrated in Fig. 11 for various time
moments. It is clear that intense shock waves are generated
as the plume expands into the surrounding ambient air. As
depicted in (Fig. 11(a)), the pressure of the plume rises
swiftly within the initial microseconds. The complex
movement of plasma plume appears as created shock wave
within 0.1 us and at this time, the pressure within the
expanding plume reaches about 5.3 MPa. At time 0.4 ps,
plume expands to about 0.64 mm along the y-coordinate
and the pressure attains a downward value of 2 MPa.
There is also distinct evidence of boundary between the
ambient medium and the remaining atmosphere. There are
observations of plume transitions into a stage of oscillation
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during its expansion, with not less than 3 shock waves
observed in Fig. 11(a). The internal shock waves move
multiple times between the center and the front of the
plume. These shocks are caused by interactions between
the expanding high-pressure plasma and its surrounding
gas with lower pressure. Fig. 11(a) aligns with prior
experiments (Harilal et al., 2013; Miloshevsky et al.,
2014). Figure 11(b) illustrates temperature profiles for
different times. At a preliminary moment, the background
temperature experiences a significant increase of
temperature. At time t = 0.1 ps, the temperature of the
plume (Fig. 11(b)) rises rapidly to around 33,500 K from
roughly 24,900 K. At time t = 2 ps, the temperature
experiences a rapid decline to 300 K at the shock front.

The mass density profile is illustrated in Fig. 11(c),
which shows that the mass density increased rapidly to
3.4 kg/m3 at time t = 0.1 us. At time 1 us the plasma
density rapidly reached its peak at about 6.5 kg/m3. At
time 2 ps the mass density of the shock front of the plume
decreases below the background gas mass density,
resulting in the formation of a small shock layer that
moves in conjunction with the shock wave. This low-
density area left in front is about 0.8 kg/m®. The mass

density of the inner plume is roughly four times less than
that of the ambient air background density.

The velocity experiences a rapid increase from 0 to
2.5 km/s (Fig. 11(d)) in a period of 0.1 ps. The velocity
value is even higher at shorter durations (not displayed),
which aligns with the initial temperatures of the plasma.
The speed of the shock wave diminishes considerably at
time 0.1 ps. At time greater than 0.4 s, there appear
multiple internal shock waves emerging in and around the
center of the plume. They move in the same direction as
the primary wave expands and then curls back towards the
center of the plume. Following the internal shock the
plasma movement is directed back toward the center of the
plume. This can be because of higher velocity in the
surrounding allowing the expanding plasma to be
compressed by the surrounding gas, which results in a high
recoil velocity. This high recoil velocity may create
backward reflections, which are shock or pressure waves
that propagate back toward the target. Due to the creation
of a ring-like vortex that pulls denser gases back toward
the target, the flow of plasma in the plume near the target's
surface is very complicated at this point (also see Fig.10).

2922



E. T. Semaha and G. Miloshevsky / JAFM, Vol. 18, No. 12, pp. 2913-2926, 2025.

6 4 0.1
—0.1 us
—0.1 ps ~ 45
. I | 0.4 us %3 - (1)3 Hs
£ 4 ——10ps 5 o
=) ——==20ps — ----20uys
Qo S 2 1/ ,‘\."\_-
2 s Il IR
) o - ' : \
o & o '
& £1 ! ) \
-:\.__-—’\ = I'. | \
0 . ' “\ L.\. ‘\_ \
| p— T T 1 O T ¥ T ¥ .-I’. 1
(a) 0 2 3 : 0 1 2 3
y-coodinate (mm) (b) y-coodinate (mm)
7
—O0lpus = — 0.1 ps
6 y T 0.4 us E ------- 0.4 ps
_ h — — 1l0ps = —-— 1.0ups
%5 ':----2.0ps %; ----20ps
24 | g \
23 : 29N
g2 =. N
] A3 II So -
1 ' 2 : | '
0 —— — e P |
2 3 1 2 3
(c)

y-coodinate (mm)

(d)

y-coodinate (mm)

Fig. 11 Profiles of pressure (a), temperature (b), density (c) and velocity (d) along the y-coordinate
(symmetry axis) for various times

We have observed that complex interactions may
control the development of vortex forms during plume
expansion in laser ablation. In the expansion dynamics of
laser ablation plasma plumes, mechanisms such as
Rayleigh-Taylor Instability (RTI), Richtmyer-Meshkov
Instability, Kelvin-Helmholtz Instability, and baroclinic
torque (baroclinicity) all play significant roles and
sometimes are interconnected with one another
(Mahamud et al., 2020; Peng et al., 2023). During laser
ablation, plasma plume pushes against the ambient air, and
RTI mechanisms develop at the boundaries, creating
protrusions which can enhance plume mixing. This
mechanism can be triggered by acceleration or
deceleration of a density gradient. Shock fronts generated
during expansion and plume collisions produce interfacial
instabilities,  particularly  during  shock-interface
interactions, resulting in impulsive acceleration from
laser-driven shock waves. During plume expansion,
strong shear develops at the edges of the plume, where
high-speed plasma slides past slower-moving ambient gas.
This shear leads to vortex roll-up and turbulence. This
mechanism can be triggered by velocity gradient across a
density boundary. In laser ablation, very strong pressure
gradients (from the laser pulse) interact with steep density
gradients (e.g., from ambient to plasma), generating
localized vorticity and feeding other instabilities. One
thing that is true is, these mechanisms are activated during
the early expansion of the plumes (Miloshevsky &
Hassanein, 2014). The development of RTIs during the
early stages of plume expansion is more clearly visible in
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Fig. 9 and Fig. 10. Additionally, the formation of a
Richtmyer-Meshkov instability caused by internal shock
propagation is more apparent in Fig. 10 (from 0.1 to 0.4

us).
4. CONCLUSION

The expansion dynamics of a laser-ablated plasma
plume in an air ambience is investigated using transient
and compressible flow solvers tPEF, rCF, and sF from
OpenFOAM software package. The profiles of pressure,
temperature, and mass density along the y-coordinate
normal to the surface of target are presented and analyzed.
The two-dimensional color maps of pressure and
temperature as well as vector fields of velocity evaluated
from tPEF, rCF, and sF solvers are reported.

The pressure undergoes a significant abrupt increase
at the shock front, followed by the evolution of a
rarefaction zone behind it, where, over time, the pressure
falls below the surrounding ambient air pressure. At the
initial stages, the pressure at the shock front is
significantly elevated in the direction that is perpendicular
to the surface of the target. Subsequently, the pressure is
evenly spread across the whole shock front which could
be pointedly relevance in engineering applications
involving smooth deposition of multiphase materials.
Specific applications are ablating the coating material
from a source and letting it deposit onto a surface to be
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coated by physical vapor deposition called pulsed laser
deposition.

A significant increase in mass density is noted within
a narrow layer at the shock front. Following the shock, a
wave of reduced mass density, significantly lower than the
surrounding air density, emerges within a time frame of
mere nanoseconds.

Also, the CFD simulations in quantitative detail
accurately replicate the position of the plume. The
outcomes of the tPEF solver are evaluated more in detail
alongside those from alternative solvers not shown
because tPEF comparison is especially intriguing. It
uncovers both similarities and differences in the expansion
behavior of plasma plumes. The results show how
oscillatory regimes of the plume can be significantly
relevant to specific engineering applications involving
pulsed laser ablation of two or multiphase materials.

The results from two-phase tPEF solver are
specifically compared to those produced by single-phase
rCF and sF solvers in order to evaluate tPEF’s accuracy.
Although the data from the solvers have all displayed little
differences in their plots and color maps in all cases, these
differences are extremely negligible and should have no
impact on the tPEF solver's accuracy. The results obtained
are similar, so much that tPEF solver can be used as a
standard for future work to model multi-species two phase
plasma plumes. Also, this study has determined that tPEF
solver yields stability and reliability and can be set to have
the capacity to simulate plasma plumes when it comes to
simulation of multi-species, something rCF and SF solvers
cannot be used for. Finally, and this is important for future
research, tPEF solver can be used to analyze plasma
dynamics and physics processes that take place in multi-
phase, multi-species laser-produced plasma plumes.
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