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Abstract

We model the dynamics of a laser ablated plume in production of carbon nanotubes using computational fluid
dynamics techniques. A higher-order ENO scheme is used for modeling the plume. The exact physical phenomenon of
laser ablation plume dynamics is comparatively complex. For simplicity we model the plume and surrounding laser
furnace gas as a single-species ideal gas. We are aiming at capturing the basic features of a laser ablated plume that will
help in future to control the plume’s evolution using simplified models. We solve Euler equations, Navier-Stokes
equations, and Navier-Stokes equations with an appropriate model of the turbulent flow field. A Euler equations-based
model appears to be adequate for first dozens of microseconds. For modeling of several hundreds of microseconds after
the ablation, the viscous terms are needed to model the plume’s diffusion. For millisecond-range modeling, the influence
of unsteady turbulent flow in the laser furnace may become significant. The baroclinic and viscous deposition of
vorticity on the plume is obtained numerically and the interaction of the plume with reflected shock waves appears to be
the major source of the deposited vorticity. In this paper, a relatively simple analytical model of dynamics of plume will
be discussed. This model will be based on evaluation of vorticity on the plume and formation of the vortex couple.
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1. Introduction

In application of high-intensity lasers to material
processing, the formation of an ablated plume and its
dynamics are of high importance. In general, the ablated
plume is a multi-phase flow and may contain solid
particles and liquid clusters of molecules. Nevertheless,
the plume dynamics shows well-defined gas dynamic
effects [1]. As the ablation plume expands and interacts
with the background gas, local distributions of particles
velocities eventually evolve towards Maxwellian ones,
allowing for application of gas-dynamic continuous
computational models. Long-term plume evolution in a
near-atmospheric pressure background gas can be well
described by continuous gas dynamics. In most of pro-
cesses for synthesis of nanotubes, the nanosecond laser
pulses are applied to the target and the injection velocity
of plume is supersonic. Experiments by Puretzky et al.
[2] have shown that the initial gas pressure in the ablated
plume can exceed 100 atm that in turn, produces shock
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in the ambient gas. In turn, the propagation of incident
and reflected shock waves in a confined space of laser
furnace affect the plume behind the incident shock wave.
Before the shock wave hit the side wall of the furnace, its
propagation is adequately described by the self-similar
analytical solution [3.,4]. At later time moments, the
furnace chamber confines the plume and produces
reflected shock waves that are difficult or impossible to
account for in existing analytical models. These reflected
shock waves are crucial for plume dynamics since the
interaction of plume with reflected shock waves con-
tributes to baroclinically generated vorticity. In turn,
this deposited vorticity determines the formation of
vortex couple that controls the plume evolution in the
later stages of plume development. Temperature and
dynamics of the emitted plume catalyst particles are
crucial for modeling the growth of nanotubes deposited
on these catalyst particles. The previously developed
plume dynamics model by Lobao et al. [5,6] has been
based on compressible multi-species Euler equations
written in general curvilinear coordinates. The goal of
their model was to obtain the temperature of catalyst
particles as a function of time, show the influence of
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chamber pressure, injection velocity, and periodicity of
the plume on the temperature of particles, and discuss
physical reasons for non-monotonic temperature beha-
vior of catalyst particles. This temperature as a function
of time is needed to model chemical reactions leading to
the nucleation of nanotubes.

The effective viscous length-scale can be defined as
Lyise = +/vT, where v is effective viscosity and 7 is the
time-scale of the modeled phenomena. This method to
evaluate the influence of viscous forces has been used by
Quirk et al. [7] and other papers dealing with the shock
wave interactions with isolated flow inhomogeneities.
This criterion is based on analytical solution for the
penetration of boundary layer into the fluid in rest due
to the impulsive motion. For example, in the laser
ablation model in synthesis of carbon nanotubes [5] the
considered time interval was 200us and the viscous
length-scale is fyic ~ 100 pm. This length-scale is two
orders of magnitude smaller than the cross-section of the
plume and, therefore, the viscous effects seem to be
negligible for such a time interval. On the other hand,
the model of plume dynamics by Greendyke et al. [8] is
based on the Reynolds-stresses model of turbulence and
includes adjustment of plume initial conditions to laser
ablation experiments by Puretzky et al. [2]. The choice
between inviscid, viscous, and turbulent models for
plume dynamics is not straightforward since the highly
compressible ablated plume undergoes several interac-
tions with shock waves, and the above-listed simplified
criterion may not be adequate.

Furthermore, the modeling of multiple plume injec-
tion as a result of laser ablation is important for large-
scale production of carbon nanotubes where the laser
hits the target many times within a short period [5]. In
the limit case of a very short time between two con-
secutive pulses, the under-expanded jet analogy is used
by Bulgakov et al. [9] to predict the effect of plume
focusing and vortex formation. The choice between
inviscid and viscous models will become more sophisti-
cated than that for single plume.

In the current paper we compare our computational
results obtained by inviscid and viscous models for
plume dynamics. We study the shock-plume interaction
numerically and will present a simplified analytical
model for plume evolution based on evolving of
deposited vortex pair.

2. Governing equations and numerical methods

The governing equations are the two-dimensional
unsteady compressible Navier-Stokes equations. The
conservative equations are given by
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the state equation for an ideal gas in thermodynamic
equilibrium can be written as
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Since the flow field involves shock waves and smooth
areas of flow field, we use the Essentially non-oscillating
(ENO) scheme as given by Shu [10] to discretize the non-
linear terms in above equations. The ENO scheme not
only discards the stencil giving the oscillations in the
flux, but also chooses the smoothest stencil. The choice
is made using the Newton divided difference. After
choosing the smoothest stencil, reconstruction is done to
find the numerical flux function at the cell interface. The
numerical flux function
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is calculated using the stencil chosen by ENO scheme
with the following k points:
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where r + s = k — 1. The numerical flux function fi+l is
expressed as 2
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where the constants c,; are given by Shu [10].

We study the plume evolution during a time period of
the order of a single millisecond, which is comparable to
the lifetime of a few turbulent eddies. Therefore, the
turbulence in the flow is modeled in the following way:
First, the turbulent kinetic energy and the rate of dis-
sipation are calculated using the 3%-level of turbulence
in the laser furnace:

3
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where ¢/ = 0.1D, and D is the diameter of the laser
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furnace. Next, using the discrete random model
employed by Povitsky et al. [11], the average lifetime of
turbulent eddies is calculated as

K
t=c— (7)
€
This provides the semi period in the space of the eddies,
which is

L=ut (8)
As a first guess, the initial turbulent gust can be set as

= 1) Sin () 9)

and adding a proper phase shift along the vertical
direction, we get a gust-type turbulent flow-field.

3. Results and discussion

Solutions for an ablation plume are presented at post-
ablation time of 300 us (see Fig. 1). The plume rapidly
disperses into the base flow and evolves into a down-
wards-moving vortex pair.

When viscous effects are included, the plume shape
agrees satisfactorily with the experimental shadow
photos [12]. Some difference between experimental and
simulation results can be attributed to fact that the real
plume in actual carbon nanotube synthesis involves
multiple species of carbon, as against the single-species
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ideal gas in the present study. The effect of the turbulent
gust is minor at the considered time interval of 300 us.

It is possible to develop an analytical model that
determines the plume shape from the amount of
deposited vorticity. Such a model could be viewed as an
extension of the shock—bubble interaction by Yang et al.
[13]. This model can be used to predict the behavior of
the plume through vorticity dynamics — baroclinic and
viscous vorticity deposition on the plume. The current
problem is significantly more involved than the single
shock wave—bubble interaction since the plume interacts
with several oblique shock waves and possibly with
expansion waves.

Following Yang et al. [13], extensive numerical
simulations for various initial conditions are needed to
validate such a simplified model. The behavior of the
vortex pair that, in turn, controls the plume evolution
can be analyzed using the vorticity transport equation:

Dw

Dw Vp x Vp
Dt

=w-Vg+Viuw+ 2 (10)

In the above equation the cross product of the density
and pressure gradient is the baroclinic vorticity source.
The density gradient exists inside the plume and the
strong pressure gradient is provided by reflected shock
waves of the incident shock wave. This gives rise to
vorticity generation inside the plume. The source of
vorticity about one of the vortical structures is shown in
Fig. 2(a). It is calculated by evaluating the integral

Fig. 1. Plume concentrations: (a) Euler, (b) NS, (c) NS + Turbulence.
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Fig. 2. (a) Vorticity source, (b) viscous diffusion of vorticity.

Fig. 3. Density contours at (a) t = 68 us, (b) t = 140 us, (c) t = 220 us.
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where the area of integration is the upper half region of
plume with plume concentration greater than 2%. The
three peaks corresponding to time moments of interac-
tion of reflected shock waves with the plume are clearly
visible in Fig. 2(a). At the corresponding time moments,
the density field is shown in Fig. 3. The interaction of
reflected shock waves with the plume is clearly seen.
The second term on the r.h.s. of Eq. (10) represents
the viscous diffusion of vorticity. It is calculated by
evaluating the integral

1 [(Pw Pw
N//@(W-Fa—yz) dA (12)

where the area of integration is same as the area for
source term. This source term is plotted in Fig. 2(b)
which shows that viscous diffusion of vorticity, as time
evolves, attains a fairly stable value. Although this value
is smaller than the peaks of the baroclinic vorticity
source term, the viscous source term adds vorticity to
the plume at all time moments and eventually the vis-
cous effect becomes dominant.

Both terms, the vorticity source and viscous diffusion
of vorticity, depend on the injection velocity and on the
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Fig. 4. Density contours (a) high injection velocity, (b) low injection velocity.

base flow conditions. The parameters of the flow and
injection velocity determine the distance between the
plume and strong shock waves. At higher injection
velocities the plume penetrates the reflected shock wave,
giving rise to a baroclinic vorticity source and, as a
result, the plume immediately turns into the downwards-
moving pair as seen in Figure 4.

4. Conclusion

The numerical simulations have captured the basic
features of ablation plume. The vorticity source term
plays a prominent role at earlier stages of plume evo-
lution. In conducted simulations, the role of viscosity in
plume formation is comparable with the baroclinic
generation of vorticity for longer simulation times of
plume evolution. During the initial time of plume evo-
lution the effect of turbulence on plume evolution is less
prominent than viscous and baroclinic effects. However,
turbulence may affect the plume evolution in its later
stages when its speed of propagation slows down.
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