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I. Introduction

IGH-ENERGY lasers have a wide range of industrial appli-

cations, including cutting, welding, machining, and directed
energy systems [1,2]. They also hold promise in diverse fields such
as laser beam propulsion, rock drilling, and wireless power transfer
[1,3,4]. After generation, the laser beam propagates inside the beam
director and then travels through the atmosphere before reaching the
target. When a high-energy laser beam propagates through a fluid
medium, the fluid medium gets heated due to the absorption of the
laser beam photons by the molecules of the medium. This heating
changes the fluid’s temperature, and thus its density and refractive
index. The changed refractive index of the fluid medium then
distorts the laser beam passing through it, which again affects the
fluid’s refractive index. Thus, the laser beam intensity distribution in
the three-dimensional space and the refractive index of the medium
affect each other in a coupled manner. The presence of natural
convection due to gravity further complicates this laser—fluid inter-
action, leading to beam deterioration. Initially, when the convection
effects are insignificant, the refractive index decreases due to the
expansion of the fluid in the laser’s path, forming a negative lens.
This results in the swelling of the beam profile, a phenomenon
known as thermal blooming. Thermal blooming is a well-reported
phenomenon [35].

In the atmosphere, when a laser beam is slewed for targeting or
when wind is present transverse to the beam axis, the laser beam
experiences a normal flow that sweeps away the heated air. Conven-
tionally, laser—fluid interaction has been studied in the presence of a
prescribed transverse flow [6-9]. Fleck, Morris, and Feit conducted
a detailed study on laser beam propagation in the presence of
horizontal wind at subsonic, transonic, and supersonic speeds [9].
The presence of external flow or wind modifies the fluid dynamics
of the medium because the thermal convection effect induced by the
applied flow dominates other effects. However, this also simplifies
the computations. The effect of atmospheric turbulence on the laser
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beam has been simulated using discrete random phase screens, and
adaptive optics have been employed to mitigate beam distortions
[8,10]. To include the effect of buoyancy, Akers and Reeger solved
the fluid dynamics in two-dimensional planes transverse to the beam
motion, and interpolated the results to obtain the three-dimensional
temperature field [11]. This method is limited to cases where con-
vection is normal to the beam propagation direction and temperature
gradients along the propagation direction are negligible.

Within the laser beam delivery system, after beam generation, the
laser beam passes through various optical components that adjust its
size and direction, before it exits through the beam director’s
window [12,13]. While traveling between mirrors and lenses inside
the beam director, the laser beam interacts with the surrounding
fluid and becomes distorted. Understanding these laser-induced
distortions within the beam delivery system is essential for the
development of more efficient and powerful high-energy laser
devices.

To investigate laser—fluid interactions within closed domains
accounting three-dimensional fluid dynamics, we have developed
and validated a solver, icoLfiFoam, in the OpenFOAM environ-
ment. The novelty of the work lies in the implementation of the laser
propagation solver coupled with a conventional finite volume flow
solver, as well as its application to laser—fluid interaction in confined
spaces.

In studies involving laser heating phenomena, predefined heat
profiles are typically assumed [14,15]. In aero-optics problems, only
one-way interactions are considered, where the optical beam is
distorted by the turbulent flowfield over the optical surface
[16-18]. For directed energy applications at the surface of flying
targets, the physics is governed by coupled beam—flow interactions
[14,18]. In our solver, the laser and fluid are simulated in a fully
coupled manner, allowing the heating profile to evolve dynamically
in both space and time due to laser distortions. This approach can be
further extended using a compressible flow solver to study laser—
target interactions.

II. Mathematical Formulation

Our objective is to simulate the interaction between the laser
beam and the fluid medium as it propagates between two optical
systems within a beam director. We model a section of the beam
director, between these two optical systems, as a closed domain. In
this domain, the laser enters at one end, passes through the fluid
medium, and exits at the opposite end. The laser beam properties at
the exit are the primary metrics of interest. In the computational
domain, the fluid adheres to physical boundary conditions while the
laser remains sufficiently distant from the sidewalls along the beam
propagation direction.

Given practical conditions and laser power, the temperature
increase caused by the absorption of a continuous laser beam
propagating through the fluid is minimal. Fluid dynamics is thus
governed by the incompressible Navier—Stokes equations under the
Boussinesq approximation [19]:

Vu=0 (1a)
o 1 T-T
—u+V-(uu)=yV2u——Vp+ O¢ (1b)
ot Po Ty
aT
o +V-(Tu) = aV?T +s (1c)

Here, u represents velocity vector; p represents pressure; T repre-
sents temperature; v is the kinematic viscosity; a is the thermal
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diffusivity; and T, and p,, respectively, represent the initial temper-
ature and density of the medium. In the energy equation, a source
term s is added to account for the temperature increase resulting
from laser absorption by the fluid medium. Additionally, g refers to
the gravitational acceleration vector.

The local (complex) amplitude of the laser is denoted by A. The
propagation of the laser beam through the fluid medium, under the
paraxial approximation (|0A/0z| < |kA|), is described by the para-
xial equation [20]:

0A n?
2ika— =A,+A,+K~ (—2 - I)A —ik(f, + A (2)
Z ’ ng

Here, z is the direction of beam propagation, while x and y are the
orthogonal directions, and i is the square root of negative unity.
Laser beam intensity and amplitude are related by I = |A|>. The
wave number of the beam is denoted by k, whereas n(x,y, z;1t)
represents the refractive index of the medium, and n, represents
the initial (# = 0) refractive index of the medium. Absorption and
scattering coefficients of the medium are represented by f, and j,,
respectively. The refractive index and temperature are related using
the following relation (derived from a Taylor series expansion):

2
”—2—1=2L To) dn 3)
ny ny dT

Here, dn/dT is a property of the medium, representing the rate of
change of refractive index with temperature. It is typically a negative
value, meaning the refractive index decreases as the temperature
increases.

The volumetric heat absorption rate by the fluid medium due
to laser heating is f,1. Hence, the corresponding rate of tempera-
ture change in the medium due to laser heating is given by
s = p,1/poc,, where c, denotes the specific heat capacity of
the fluid.

III. Solution Methodology

The solution of Egs. (1) and (2) with the appropriate initial and
boundary conditions yields results for laser—fluid interaction. We
selected icoFoam, a validated transient incompressible laminar
flow solver within the OpenFOAM library, for solving the fluid
dynamics [21]. OpenFOAM is structured to handle any time-
dependent partial differential equation (PDE) having convection,
diffusion, and source terms [22]. The paraxial equation is a complex
PDE, parabolic in the z-direction, and it does not have any time
dependence (i.e., because the laser propagation timescale is minus-
cule relative to the flow timescale). We split the paraxial equation of
variable A = A, + iA; into two PDEs of real variables A, and A;.
We solve two equivalent real equations instead of a single complex
one. Equation (2) is a parabolic equation that is solved numerically
by marching along the beam propagation direction, i.e., z. To the
best of our knowledge, OpenFOAM does not have in-built modules
that allow this space-marching approach. Hence, we explicitly
added the computation of the paraxial equation within the icoL-
fiFoam solver using basic C++ syntax.

The fluid at the (j + 1)th time step is solved using the laser
intensity field at the jth time step, and the laser amplitude is
corrected at the (j + 1)th time step using the refractive index field
at the same step. We used the split-step spectral method to solve the
paraxial equation [23,24]. In this method, the paraxial equation is
split into two parts:

0A 2
2ik— = k2 ("—2 - I)A —ik(Ba + BA (42)
0z ny

0A
2ika—z =A,+A, (4b)

First, Eq. (4a) is solved by integration over Az, yielding
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Fig. 1 Laser—fluid grid in the plane perpendicular to the beam propa-
gation direction.

2
A* = A(x,y, z)exp[(%— 1)%—%] 5)
0

This intermediate field A* is then used as the initial condition to
solve Eq. (4b). To compute the laser amplitude at the z 4+ Az
location, the n%/n3 — 1 value used is calculated using the average
temperature between the z and z + Az planes. For improved accu-
racy over other numerical methods and ease of implementation,
Eq. (4b) is solved using the spectral method. In the spectral domain,
Eq. (4b) takes the form

d
2ikd—Z]-'k_(‘kyA = —(ki + k5) F 1, A (6)

where k, and k, represent the wave numbers in the x and y
directions, respectively. The operator F; , denotes the forward
Fourier transform. After integration over Az, the solution in the
spectral domain is

)

K+ k2)A
FroA= (fkk,k‘.A*)eXP[— ﬂ]

2ik

The spatial domain solution A for all x—y at z 4+ Az is retrieved via
the inverse Fourier transform:

A(x,y,z+ Az) = f;fv(ka,k‘_A) (8)
where F ;}V represents the inverse Fourier transform. Fourier oper-
ations are executed within the icoLfiFoam solver using the
FFTW library [25]. The laser beam profile on the first x—y plane
(z = 0) serves as the initial condition. The split-step method ensures
numerical stability and efficiency.

While the spectral method is a node based method, OpenFOAM
solves fluid variables at the cell centers using the finite volume
method. For a uniform grid, the grid nodes for the paraxial equation
variable coincide with the cell centers of the grid for the fluid
variables in the x, y directions as represented in Fig. 1. The laser
grid is periodic, with the laser amplitude solved at each z plane on
(N = 1) X (N = 1) nodes. The laser domain is truncated by half a
grid size at both ends in the x and y directions. Since the laser
remains far from the sidewalls, the laser amplitude drops to zero
near the walls, eliminating the need for additional boundary treat-
ments. The laser amplitude at the Nth nodes is set equal to its value
on the respective first nodes in the x and y directions.

IV. Solver Validation

A. Laser Propagation in Vacuum

When a laser beam propagates through a vacuum, diffraction
causes the beam to diverge. At the source (z = 0), the intensity of
a Gaussian beam is defined as
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Fig. 2 Comparison of numerical and analytical solutions for laser beam propagation in a vacuum, with plots of 1/I, and the error (¢; =

(M irue — I1)/1) at y = 0 and z = 50 cm as functions of x.
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Here, I represents the peak laser intensity at the source and r
represents the laser beam’s initial radius (between 1 and 1/e intensity
points). It is calculated using the laser power at source P, and the
radius using the relation I, = Py/zr?.

For a continuous Gaussian beam of wavelength 1 and radius 7,
propagating through a medium of constant refractive index n, laser
beam intensity distribution after propagating through distance z is

[26]
2 2 + 2
I(x,y,2) = IO(T};)) exp(—xr(sz) (10)
Here,
1 \2
@) =r\ 1+ (Z;rzn) an

is the beam radius at distance z.

For a laser beam of power 11 W, wavelength of 10.6 ym, and
radius of 1.4 mm, the intensity profile after propagating for 0.5 m
through a vacuum (n = 1) was calculated using the icoLfiFoam
solver. We used a computational domain of size 1.2 X 1.2 X
50 cm? discretized into a 201 x 201 x 40 grid. The laser beam
was sourced at x = 0,y = 0 in the z = 0 plane. At the end of the
domain (z = 50 cm), the numerical results were compared to the
analytical solution /., showing good agreement, as illustrated in
Fig. 2. Because the medium is vacuum, the values of all fluid
dynamic variables are zero.

B. Moving Laser in Fluid

Another validation of the developed icoLfiFoam solver is
conducted based on the laser thermal distortion experiment by
Gebhardt and Smith [7]. In their experiment, a laser beam was
directed through a high-absorptivity fluid in a cylindrical cell of
5 cm in diameter and 2.5 cm in length. The cell was made to move at
a constant speed perpendicular to the laser beam propagation direc-
tion. The resulting laser distortion was reported. To replicate their
experiment, for ease of computation, we have taken a cuboid-shape
computational domain of dimensions L, X L, X L, as shown in
Fig. 3, where L,, L, and L, are the domain lengths along the x,
v, and z axes, respectively. The dimensions of the cuboid are taken
as L, = L, = 3.54 cm (which is 1/+/2 times the diameter of the
cylindrical cell used in the reference experiment) and L, = 2.5 cm,
inscribing the maximal cuboid within the cylindrical cell of the
experiment.

In this setup, a continuous Gaussian laser beam with a wavelength
of 10.6 ym and a radius of 1.4 mm is introduced from the z =0

Laser source
Laser motion

Ly

Fig. 3 Illustration of the computational domain for moving laser
problem.

plane. The fluid medium is carbon disulfide (CS,), with thermo-
physical and optical properties: dn/dT = —0.79 x 103 K™, a =
1.25x1077m?-s7!, v=286x10"m?-s7!, B,=252m™",
cp = 950J/kg™! - K71, ng = 1.63, py = 1260kg/m™3, and T, =
300K. Consistent with the reference study by Gebhardt and
Smith [7], scattering effects are neglected by setting f; = 0. This
fluid has an exceptionally high absorption coefficient, which leads
to significant beam distortion over a short propagation path, even
with a laser beam of modest power. The laser beam is moving with
respect to the domain along the negative x direction. All the boun-
daries of the fluid domain are considered as free-slip isothermal
walls. We considered free-slip walls because we are not interested in
resolving the boundaries, especially along the z direction. Based on
our numerical trials, free-slip isothermal walls provide better stabil-
ity as compared to no-slip adiabatic walls. Moreover, the experi-
mental domain is a cylindrical cell, whereas our computational
domain is a cuboid rendering the boundary condition treat-
ment moot.

We performed numerical simulations for laser powers of 1, 5, and
11 W with a laser velocity relative to the fluid domain u of
0.9 cm/s. After conducting a grid independence test, we selected
a 601 x 601 x 40 uniform grid. The beam distortion parameter Np,
defined by Gebhardt and Smith, was calculated for each laser power
using the following expression [7]:

Np

- _ bl
_ 2(dn/dT)IOLZ(1_1 e ) 1)

nopoCpur ﬂ uLz
At the start of the simulation (r = 0 s), the laser beam source is

positioned at the mid-xz plane (y = L,/2) near the right wall. We
compared the laser beam intensity profiles at + = 1.8 s from the
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Fig. 4 Comparison of experimental [7] and computational laser intensity profiles at z = L. In the present work, normalized beam intensity (I/1,) is

shown. Cross hairs indicate beam center at z = (.

simulation with those from the reference experiment in Fig. 4.
The intensity profiles showed acceptable agreement. At this time,
the laser beam reached the middle of the domain and exhibited an
almost steady-state behavior. Because the experiment did not
specify the exact time of the intensity profile, we assumed it
represented a steady-state profile as well. The temperature profile
in the y = L, /2 plane for the 11 W laser case at 1.8 s is shown in
Fig. 5. A quantitative comparison between the numerical and exper-
imental results was conducted as shown in Fig. 6. Here, Ax repre-
sents the horizontal distance between the location of peak intensity
at the exit plane and the beam center at the inlet plane, whereas I,

x/Lx
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02 [
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08

1

Fig. 5 Temperature (in Kelvin) profile in the y = L,/2 plane at
t =18s, for Py = 11 W case.
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denotes the peak intensity of the laser beam at the exit plane. The
cluster of data points by Gebhardt and Smith corresponds to Np
values obtained from combinations of Py, #,L., and u values. Given
the approximations in the governing equations and simulation
parameters, the numerical results show satisfactory agreement with
the experimental data.

V. Conclusions

To investigate laser—fluid interaction within closed domains, a
3-D solver, icoLfiFoam, was developed for uniform grids.
Within the OpenFOAM toolbox, the built-in 1 coFoam fluid solver
was essentially augmented with capabilities for solving the coupled
laser and fluid dynamics. The solver was validated for two test
cases: 1) laser beam diffraction while propagating in a vacuum, and
2) thermal distortion of a moving laser beam propagating through a
fluid cell.

The obtained results are consistent with physical principles, and
align closely with experimental findings available in the literature. A
parametric study of laser—fluid interaction in closed domains is
currently being conducted using the present solver. In the future,
this solver will be extended to explore flow-conditioning strategies
aimed at controlling beam distortion. This will require extending the
paraxial equation solver to handle geometries involving nonuniform
structured or unstructured grids.
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