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Abstract—We carry out a computational study to evaluate the
temperature reduction by using gas flow in hollow-core gas fiber
lasers. We first use the Navier-Stokes equations to study the gas
flow in the hollow-core fibers. We compare the density, pressure,
and velocity using both an incompressible and a compressible gas
model. We show that an incompressible gas model leads to large
errors in the case that we study in this paper. We then present a
coupled model to study gas flow and heat transfer simultaneously
in hollow-core fibers using a compressible gas model. We found that
a temperature reduction of about 20% can be achieved by using a
differential pressure of 10 atm between the inlet and outlet of the
hollow-core fibers. The results also demonstrate that the relative
temperature reduction increases when the heat power decreases,
the fiber length decreases, and the heat profile is more localized.

Index Terms—Hollow-core fiber lasers, compressible gas flow,
thermal dynamics, heat mitigation.

I. INTRODUCTION

GAS lasers have been studied extensively over the years
for applications in sensing, medical, and defense fields

[1], [2]. Gas lasers have larger damage thresholds compared to
step-index fiber lasers since the light propagates in a gas core
rather than a glass core. Compared with rare-earth-doped fiber
lasers, gas lasers can lase at higher power levels due to the weaker
nonlinearity of the gas medium. While step-index fiber lasers
can have impressive powers on the order of kilowatts, gas lasers
can reach megawatts [3]. The invention of hollow-core fibers
enables new gas-filled hollow-core fiber lasers and sensors [4],
due to their ability to host gases for long interaction lengths and
the micrometer-scale mode areas in the hollow-core fiber [5],
[6], [7], [8]. Gas-filled hollow-core fibers are attracting much
attention as they have remarkable linear and nonlinear properties
and have been used in several critical applications including
gas lasers, high-power fiber delivery, pulse shaping, and non-
linear optics. The high optical intensity that can be obtained in
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hollow-core fibers enables the study of the nonlinear interaction
of light with gases, vapors, and plasmas—all of which can be
introduced into the hollow core. Early work on nonlinear optics
in hollow-core fibers used bandgap or kagome fibers [5], [9],
[10], [11]. More recent work uses negative curvature fibers [12],
[13], [14] due to their low loss. The small overlap between the
guided optical field and cladding glass, which is on the order
of 10–5, leads to a significant increase in the damage threshold
beyond what is possible in hollow-core bandgap fibers [12],
[13], [14]. The fabrication technology has become mature with
the introduction of commercial products. The relative simplicity
of the negative curvature structure facilitates the fabrication
of fiber devices using non-silica glasses, such as chalcogenide
[15], [16]. Since the gas media can be easily changed, gas-filled
hollow-core fiber lasers can lase over a wide range of emission
wavelengths from UV to IR.

Due to the high output power obtained in gas fiber lasers, heat
has become a major factor in limiting the output power from
gas laser systems. In order to achieve high output power, it is
essential to reduce the temperature in the optical fiber. Conse-
quently, there is a critical need to study the heat dissipation in
gas-filled hollow-core fibers to determine the maximum output
power at which gas lasers can operate. It is a unique feature
of hollow-core fibers that gas flow [17], [18], [19] can be used
to decrease the temperature. In this paper, we will theoretically
evaluate the thermal mitigation that can be achieved by using gas
flow. Numerical models based on the Navier–Stokes equations
can be used to study pressure-driven gas flow in hollow-core
fibers and provide helpful information such as the velocity
profile. Many studies solve the Navier-Stokes equations using
the assumption that the gas is incompressible [20], [21], [22],
[23]. In this work, we will extend our earlier work [24] and
describe a detailed study of gas flow within hollow-core fibers,
comparing models where the gas is treated as either compressible
or incompressible. We found that the use of an incompressible
model is inadequate, and it is necessary to use a compress-
ible model. In addition, we study gas flow and heat transfer
simultaneously in gas-filled hollow-core fibers. The purpose of
this study is to determine the temperature reduction due to gas
flow that is driven by pressurized gas at the fiber input. We
propose a coupled model to study gas flow and heat transfer,
as gas flow will increase the heat dissipation, and temperature
variation will change the gas density in the gas-filled hollow-core
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fiber. We use an iterative approach to find a self-consistent
stationary solution, given the heat as a function of position in the
fiber.

The heat profile that is generated in hollow-core gas-filled
fiber lasers is unknown. Simple estimates of the heat power
that may be found in the literature vary over a wide range,
spanning 1 mW to 50 W [25], [26], [27], [28], [29]. Our goal is
to demonstrate that a significant temperature reduction can be
obtained almost regardless of the heat profile and the total heat
power, and for that reason we consider a range of heat powers
and profiles, as well as fiber lengths and input pressures. Our
studies reveal that at the maximum differential pressure that we
considered (10 atm) and with a heat power of 5 W the reduction
can be as high as 20%.

The remainder of this paper is organized as follows: In
Section II, we present a gas flow model in hollow-core fibers
based on the Navier–Stokes equations. We analyze the results
of our gas flow model, comparing the gas flow model assuming
incompressible or compressible gas. In Section III, we explain
the coupled model to study gas flow and heat transfer simul-
taneously. In Section IV, we show the temperature mitigation
achieved through gas flow in hollow-core fibers for various
conditions. Finally, we conclude in Section V.

II. GAS FLOW MODEL

We first study the gas flow model. Gas is introduced into
the hollow-core fiber with a high pressure at the inlet. The gas
encounters ambient pressure at the outlet. The motion of the gas
is described by the Navier-Stokes equations [30], [31], [32]. The
momentum equation in steady state may be written as

ρ (u · ∇)u = ∇ · K−∇p, (1)

where u is the fluid velocity, ρ is the density of the fluid, p
is the pressure within the fluid, and K is viscous stress tensor.
The viscous stress in turn may be writtenK = μ(∇u+∇uT )−
2μ(∇ · u)I/3, where I is the identity matrix andμ is the viscosity
of the fluid. The gas density is calculated using the ideal gas law
so that ρ = pM/(RT ), where M is molar mass, R is the ideal gas
constant, and T is temperature. Several prior studies of gas-filled
fiber lasers solve the Navier-Stokes equations using the assump-
tion that the gas is incompressible [20], [21], [22], [23]. In this
paper, we will examine this assumption by comparing the results
when we assume that the gas is incompressible and when it is
compressible. For compressible flows, the continuity equation
is written ∇ · (ρu) = 0. By contrast, for incompressible flow,
the continuity equation becomes ∇ · u = 0 since the density
becomes constant. The primary goal of this paper is to explore
the impact of temperature changes rather than to quantify flow
characteristics precisely, and a simplified laminar flow model is
assumed in this work, which provides valuable insights while
maintaining a balance between accuracy and computational
efficiency.

We solve the Navier-Stokes equations utilizing the commer-
cially available simulation software, COMSOL Multiphysics.
We will simplify the geometry using a simple cylindrical shape,

Fig. 1. Schematic illustration of the hollow core fiber, where r denotes the
radial distance from the center of the fiber and d denotes the diameter of the air
core.

Fig. 2. Velocity profiles at the midpoint of the fiber as a function of the ratio
of radial distance to the core diameter r/d for (a) the incompressible model and
(b) the compressible model.

so we can take advantage of axial symmetry to reduce the
problem to two dimensions, greatly reducing computational
demands. This simple cylindrical shape corresponds to a straight
fiber. When a fiber is bent, both the mode profile and the gas
flow in the hollow core are altered, requiring three dimensional
simulations. Fig. 1 shows a schematic illustration of the hollow
core fiber. The parameter r denotes the radial distance from
the center of the fiber and d denotes the diameter of the air
core. Within the air core, the ratio r/d varies from 0 to 0.5.
Hollow-core fiber lasers in the mid-IR wavelength range typ-
ically have core diameters on the order of 100 micrometers
[15], [26], [33], [34], [35]. In this study, we vary the diameter
from 100 to 200 μm. Experimental work has used hollow-core
fiber with a length ranging from several tens of centimeters
[29], [36] to tens of meters [27], [37]. We carried out our
simulations using a fiber length of 0.5 m unless otherwise
specified.
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Fig. 3. (a) Pressure, (b) density, and (c) velocity profiles at the center of
the fiber in the longitudinal direction for the incompressible model and the
compressible model.

Fig. 2(a) and (b) illustrate the velocity profiles at the midpoint
of the fiber as a function of the ratio of radial distance to
the hollow-core diameter r/d. We use a no-slip wall boundary
condition. We use air as a gas medium in our simulation. The
density ρ of air is calculated based on the ideal gas law. For
air, the molar mass M is 29 g/mol, the ideal gas constant R is
8.32 J/(mol-K), and the viscosity of air μ is 1.8 × 10–5 Pa · s
in our simulation [38]. We find that velocity increases with
increasing core diameter. We also see that the incompressible
model produces velocities that are consistently higher than those
produced by the compressible model at the midpoint of the fiber.
The circles indicate the analytical solution of velocity profiles
along transverse direction for the incompressible model [39] for
different core diameters, which matches well with numerical
solutions.

Fig. 3 shows the profiles for pressure, density, and velocity
at the fiber center in the longitudinal direction. Fig. 3(a) shows

the pressure distribution for both the incompressible and com-
pressible models. In the incompressible model, there is a linear
decline in pressure from an inlet value of 5 atm to an outlet
pressure of 1 atm. The pressure for the compressible model
remains consistently above that of the incompressible model
along the fiber and is no longer linear. The red circles indicate
the analytical solution for the pressure along the fiber length for
the compressible model [40], [41]. Fig. 3(b) shows the density
profiles. In the incompressible model, density is uniform along
the fiber’s longitudinal direction. In the compressible model,
the density is a function of pressure, ρ = pM/(RT ), being
larger where the pressure is higher. The red circles indicate the
analytical solution for the density along the fiber length for the
compressible model. Fig. 3(c) shows the velocity profiles. In
the incompressible model, velocity remains constant, suggesting
a rigid-body motion of the gas where fluid molecules exhibit
no relative movement and maintain identical velocities. The
analytical solution for the incompressible model [39] produces
a velocity of 112 m/s, which matches well with the black line in
Fig. 3(c). On the other hand, the compressible model produces an
increasing velocity profile that reaches a maximum near the out-
let. The gas velocity increases in the longitudinal direction due
to the consistently higher pressure near the inlet compared to the
outlet, driving the gas to increase its velocity as it moves along
the hollow-core fiber. This study expands on prior work [24]
and further illustrates that it is essential to use the compressible
model. The results are consistent with prior work that studied
the gas concentration and the gas filling time in hollow-core
fibers [42]. The decision to use incompressible flow or compress-
ible flow in modeling gas flow depends on several factors, includ-
ing the Mach number of the flow, the desired level of accuracy,
and the specific application [43], [44], [45], [46]. Since the com-
pressible model offers a more realistic simulation of gas flow,
which yields different results compared with the incompressible
model, we use the compressible model in the remainder of this
paper.

III. GAS FLOW AND HEAT TRANSFER COUPLED MODEL

Fiber lasers can deliver high output powers [3], [4], [5], [6],
[9]. However, these high output powers can lead to excessive
heat, which can impair laser performance or even damage the
host fiber. It is a unique feature for hollow-core fibers that
thermal mitigation can be achieved by using gas flow. In this
section, we will focus on the heat transfer model in a steady-state
solution. The heat transfer equation in steady-state is given by
[30], [47], [48]

ρCu · ∇T = κ∇2T +Q, (2)

whereu is the fluid velocity, T is the temperature, ρ is the density,
C is the heat capacity, κ is thermal conductivity, and Q is the
heat density of heat source. Through the heat transfer equation,
we can determine the temperature distribution due to the heat
generated in the lasing process, as well as the gas flow.

We use a coupled model to study the gas flow and heat
transfer simultaneously. At a higher temperature, the gas density
decreases and viscosity increases, which affect the gas flow
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Fig. 4. Schematic illustration of the coupled model. The densityρ in the navier-
stokes equations is updated based on the temperature T and pressure p in each
iteration, ρ = pM/(RT ).

through the fiber. Simultaneously, the gas flow transports the
heat in the longitudinal direction. Hence, in the coupled model,
after we execute the gas flow model, the calculated values of
gas velocity u and gas pressure p are passed to the heat transfer
model as its initial conditions. The heat transfer model then
determines the temperature, which is then passed back to the
gas flow model to determine the gas density ρ = pM/(RT )
and viscosity μ, which is a function of temperature T. We then
repeat this process iteratively until it converges. Fig. 4 shows a
schematic illustration of the couped model. We use steady-state
solutions in the gas flow model and heat transfer model to study
the gas flow and heat transfer process.

We use COMSOL Multiphysics to find the solution of the
heat equation. In the simulation, we model the hollow core filled
with air and the glass cladding, as shown in Fig. 1. We model
the heat transfer using a 2D axial symmetry. The diameter of
the hollow core is 200 μm, which is surrounded by a glass layer.
The fiber length is 0.5 m. In the appendix, we show the viscosity,
heat capacity, and thermal conductivity for air as a function of
temperature. The density of glass is 2203 kg/m3. The thermal
conductivity of glass is 1.38 W/m-K. The heat capacity of glass
is 703 J/kg-K [49]. The temperature at the outer boundary of
the glass cladding is set to the ambient temperature of 293 K.
We assume that the heat source has a Gaussian distribution along
the fiber’s longitudinal direction, representing the heat generated
in a gas-filled hollow-core fiber laser, which is consistent with
the temperature profiles in the optical fiber amplifiers using
solid core fibers [50], [51], [52]. We set the heat maximum
at the center and full-width half-maximum (FWHM) equal to
quarter of the fiber length [50], [51], [52]. We will later show
that the results remain qualitatively similar regardless of where
the longitudinal heat profile has its maximum. We also assume
that the heat profile is Gaussian-distributed in the transverse
direction, due to the light amplification gain of a fundamental
mode [53]. We use an FWHM equal to half the core diameter,
consistent with the ratio of fundamental mode to the fiber core
[54]. We set the total heat power equal to 5 W after integrating
over the whole fiber spatial domain. The temperature variation
within the air core is significantly larger than within the glass
cladding because the thermal conductivity in air is 70 times
smaller than that in the glass. Although we include glass in
our heat transfer model, our subsequent discussion will only

Fig. 5. Temperature increase ΔT from the ambient temperature (a) without
and (b) with gas flow.

show the results of the temperature distribution within the air
core.

In this paper, we demonstrate that gas flow within hollow-
core fibers can lead to significant temperature reduction. With
a fixed input pressure and beam profile, the optical beam will
reach a steady state in the optical fiber, leading to a fixed heat
profile. Here we assume a fixed heat profile, varying the initial
gas pressure, so that we can determine the thermal mitigation
due to increased gas pressure. Future research will extend our
model to dynamically couple gas flow, heat transfer, and laser
gain dynamics.

IV. SIMULATION RESULTS FOR VARIOUS CONDITIONS

Fig. 5 shows the increase in relative temperature ΔT from the
ambient temperature, which is assumed to equal 293 K. Without
gas flow as shown in Fig. 5(a), the maximum temperature is
located in the middle of the fiber at the peak of heat profile.
With gas flow as shown in Fig. 5(b), the temperature peak shifts
in the direction of the gas flow, and the maximum temperature
also decreases at the same time.

Fig. 6(a) shows the temperature distribution in the longitu-
dinal direction at the fiber center for differential pressure ΔP,
which is defined as the difference in pressure between the two
ends of the fiber. The temperature distribution profile broadens
as ΔP increases, due to the air flow from the inlet to the outlet.
Again, the shift results in an asymmetrical temperature distribu-
tion due to the air flow, deviating from the initial symmetrical
profile with ΔP = 0. A larger pressure difference leads to a
larger shift of the peaks of the temperature curves and a lower
maximum temperature. The maximum ΔP = 10 atm can be
readily available in the laboratory setting using a pressurized
gas cylinder [55], [56]. Based on Fig. 6(a), we further plot the
maximum temperature as a function of differential pressure,ΔP
in Fig. 6(b). Due to the gas flow, the maximum ΔT decreases
more than 20% from 273 K to 208 K, which demonstrates that
the gas flow within the hollow core of the fiber enhances the heat
dissipation.
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Fig. 6. (a) The temperature profile in the longitudinal direction in the center
of the fiber as a function of distance as we vary ΔP. (b) The maximum ΔT as a
function of ΔP. The fiber length is 0.5 m, and the core diameter is 200 μm.

Fig. 7. Density profiles at the center of the fiber in the longitudinal direction
with and without heat.

We further study the influence of temperature on the density
in the coupled model. Fig. 7 shows the density at the center
of the fiber with and without heat. We set ΔP = 10 atm in
the simulation. The curve without heat is obtained from the
gas flow model only. The curve with heat is obtained from the
coupled model. For the curve with heat, there is a dip at around
a distance of 0.3 m, corresponding to the high temperature point
in Fig. 6(a). The heat changes the density significantly.

In Fig. 8, we show the variation of the temperature change
ΔT as we vary the heat power, fiber length, and FWHM of

Fig. 8. The relative temperature change ΔT and relative temperature reduc-
tion, Rtemp, at the center of the fiber as a function of (a) the heat power,
(b) the fiber length, (c) the FWHM of the heat profile, and (d) Lmax /L, the
ratio of location at which the heat profile is maximum to the fiber length.

the heat profile, and the location at which the heat profile is
maximum. We define relative temperature reduction, Rtemp,
using the following equation,

Rtemp =
ΔTΔP=0 −ΔTΔP=10 atm

ΔTΔP=0
× 100%, (3)
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where ΔTΔP=0 and ΔTΔP=10 atm are the relative temperature
increase from the ambient temperature with ΔP = 0 atm and
ΔP = 10 atm, respectively. Fig. 8(a) shows ΔT as a function
of the heat power. The figure indicates that relative temperature
reduction, Rtemp, decreases from 40% to 20% with gas flow
when heat power increases from 1 W to 10 W. Fig. 8(b) presents
ΔT as a function of fiber length. This figure shows that the
temperature reduction increases with shorter fiber, because the
heat in the hollow core flows out more rapidly when the fiber
length is short. Fig. 8(c) illustrates the ΔT as a function of the
FWHM of the heat profile. When the heat is more concentrated, it
leads to a more temperature reduction with gas flow. In Fig. 8(d),
we show ΔT as a function of ratio of location, Lmax, at which
the heat profile is maximum to the fiber length L. The location at
which the heat profile is maximum does not have much impact
on ΔT.

V. CONCLUSION

We theoretically model temperature mitigation in hollow-core
fibers through gas flow. While the motivation for this study is
the heat that is generated in high-power hollow-core optical fiber
lasers, our results are independent of the heat source. We use a
coupled model to study gas flow and heat transfer simultaneously
in a hollow-core fiber. We first compare the results of using
compressible and incompressible gas flow models using the
Navier-Stokes equations. The significant difference between
these two gas flow models demonstrates the importance of using
a compressible model to study the gas flow in hollow-core fibers.
Then we use the coupled model to study the impact of gas flow
on the temperature change along the fiber in steady state. We
varied the total heat power, the fiber length, the FWHM of the
heat profile, the location at which the heat profile is maximum,
and the input pressure. We found that the relative temperature
reduction increases when the total heat power decreases, the fiber
becomes shorter, and the heat profile becomes more localized,
while the location of the heat maximum has little impact. When
the input pressure is 10 atm with a heat power of 5 W, the relative
temperature reduction is always significant and can be as high as
20%.

The results indicate that hollow-core fiber termination meth-
ods that leave the end of the fiber unsealed may have signif-
icant advantages for power scaling of gas-filled fiber lasers.
These results are sufficiently promising to justify further re-
search that examines the more complex fiber geometries that
are typically used in hollow-core fiber lasers such as neg-
ative curvature fibers. These results also justify the study
of the heat deposition that occurs in the gain medium as
the laser light passes through the optical fiber and the gain
medium is itself swept through the fiber due to the differential
pressure.

APPENDIX A
MATERIAL PROPERTIES OF AIR

Fig. 9 shows the (a) thermal conductivity, (b) heat capacity,
(c) viscosity of air at different ΔT [38], [57], [58], [59].

Fig. 9. (a) Thermal conductivity, (b) heat capacity, (c) viscosity of air.
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