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Abstract This work aims to determine and compare heat generation
and propagation of densely packed gold nanoparticles (Au NPs) induced
by a resonant laser beam (532 nm) according to the Mie theory. The heat
flux propagation is transferred into the materials, which here are: silica glass;
soda-lime-silica glass; borosilicate glass; polymethyl methacrylate (PMMA);
polycarbonate (PC); and polydimetylosiloxane (PDMS). This analysis aims
to select the optimum material serving as a base for using photo-thermo-
ablation. On the other hand, research focused only on Newtonian heat trans-
fer in gold, not on non-Fourier ones, like the Cattaneo approach. As a sim-
ulation tool, a computational fluid dynamics code with the second-order
upwind algorithm is selected. Results reveal a near-Gaussian and Gaussian
temperature distribution profile during the heating and cooling processes,
respectively. Dependence between the maximum temperature after irradia-
tion and the glass thermal conductivity is observed confirming the Fourier
law. Due to the maximum heating area, the borosilicate or soda-lime glass,
which serves as a base, shall represent an excellent candidate for future
experiments.
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Nomenclature
A – area of irradiation, m2

cp – specific heat capacity, J/kgK
cρS – specific heat capacity at a boundary surface, J/kgK
e – specific energy, J/kg
h – heat transfer coefficient, W/m2 K
~Fheat – heat flux
~Fmech – mechanical forces
Io – incident intensity radiation, W/m
↔
I – Gibss’s idemfactor
↔
I s – Gibss’s idemfactor in reference to a surface
k – thermal conductivity coefficient, W/m2K
ks – thermal conductivity coefficient of a surface, W/m2K
lgold – thickness of a gold film, m
lT – Smoluchowski length connected with phenomena and materials, m
lfT – discontinuity of temperature at fluid part, m
lsT – discontinuity of temperature at solid part, m
n – refractive index
~n – normal vector
PL – power of laser, W
~q – Fourier heat flux
Ro – reflectivity in room temperature
Se – heat generation rate, W/m3

T – temperature, K
To – reference temperature (= 24◦C (297.15 K))
TS – Smoluchowski temperature jump, K
Twall – wall temperature, K
t – time, s
~vS – surface velocity vector
~vfslip – slip velocity vector in fluid
~vsslip – slip velocity vector in solid

Greek symbols

α – incident angle, rad
αd – thermal diffusivity, m2/s
η – efficiency of laser
λ – wavelength of incident radiation, m
ξ – amount of Au NPs per volume (= 3.0×1022 m−3)
ρ – density, kg/m3

ρS – density at a boundary surface, kg/m3

σabso – absorption coefficient in room temperature, m−1
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Subscripts and superscripts

abs – absorption
ext – extinction
heat – related to thermodynamics
heat – related to thermodynamics
mech – related to mechanics
mech – related to mechanics
f – fluid
s – solid
slip – related to slip velocity
wall – conditions at a wall
o – at standard conditions (24◦C, 101325 Pa)

Abbreviations
Au – gold
CFD – computational fluid dynamics
CPU – central processing unit
LSPR – localized surface plasmon resonance
FEM – finite element methods
NP – nanoparticle

1 Introduction

1.1 Motivation

Among many publications concerning the simulation of nanoparticles only
few consider gold nanoparticles with a computational fluid dynamics (CFD)
code, and moreover refer to microfluidic systems or charge transport [1].
Heat transfer and laser interaction have not been published in the reference
to gold nanoparticles (Au NPs) using continuum mechanics. Although this
work has examined simple and well-known materials, the obtained results
might be extended into all isotropic media, regardless if it possesses an
organic or inorganic structure.

Firstly, it is worth emphasizing that the “densely packed gold nanopar-
ticles” expression concerns their occupation on a selected area. Secondly,
the Au NPs are deposited and embedded on a slab in such a way that they
are separated from one another. On the other hand, the distance appears to
enable the assumption of inclusions in the slab. In this work, the thickness
of the plate was established at 20 nm.

Nevertheless, the main goal is to select the optimum material that might
serve as a base for Au NPs. The present topic has not been investigated yet
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and this work has been to constitute a curious numerical instance that may
be extended to a real experiment based on laser ablation. The next goal
of this work is to study by continuum methods (FEM or CFD), the heat
transfer in selected isotropic materials (glasses and polymers) as a result of
localized surface plasmon resonance (LSPR) phenomenon. The paper also
shows that in order to prevent multiscale problems, nanoparticles, not only
Au NPs, may be simulated without including their real size in the field of
geometry but only by using appropriate material properties and boundary
conditions.

The surrounding media might be even expanded on biological media
(e.g., human tissues, bio-polymers, skin), which mostly are isotropic as
well [2–4, 12]. Thus, another aim is to investigate, which properties should
possess the medium so as to achieve the highest temperature and cause the
death of bacteria, viruses or even tumors. The maximum temperature at
which the tumors overheat is approximately equaled 42◦C [39]. However,
it is necessary to bear in mind this is the maximum temperature at which
the human body keeps metabolic processes. The assumption of properties
constancy could also turn out to be legitimate and depend on temperature
and, which is much more difficult to simulate, ageing processes dramatically.

1.2 Outline of the work

Gold has been one of the most appreciated materials in the human history.
However, in ancient ages, unlike the glass, possession of gold or a gold-
decorated vessel was a sign of luxury and membership to the highly-devel-
oped elites. In the subsequent ages, the pursuit of gold possession did not
undergo severe changes, and many of the scientists were still attempt-
ing with a negative effect to achieve pure gold in simple reactions. The
perception has kept up nowadays although there are a lot of more valu-
able and precious materials. As new branches of physics and chemistry,
nanoscience and nanotechnology specify the material by their surface mod-
ification, which improves most properties (despite superconductivity). It is
noticeable with the increasing surface to a volume force ratio, often by the
density modification [5, 6].

Noble metals, like gold, are the most stable metals as a bulk compared to
the rest of known materials, and only powerful acids could slightly modify
their surface. For this reason, their properties change at the nanoscale and
it is necessary to specify them from the thermal, structural, and electro-
magnetic point of view [5,6]. In the last branch, there is a highly probable
phenomenon to apply in heat production. The approach relies on the use
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of the localized surface plasmon resonance (LSPR), which produces differ-
ent energy types, especially heat from electromagnetic waves. The leading
theory that describes a photon interaction behavior with metallic nanopar-
ticles (NPs), e.g., silver or gold, is the Gustav Mie theory [4]. It assumes that
discrete nanoparticles produce the plasmons which may resonate with the
incident electromagnetic wave and may be absorbed effectively. It means
all refractive part of light will transfer and produce heat. At first sight, it
could seem like a loss of energy. Still, it has a positive character in biolog-
ical applications because this increase in the human body’s temperature
triggers an overheat and tumor termination [7–11].

Considering Mie’s equations thoroughly, it can be noticed the scatter-
ing and absorption coefficients may be represented by Riccati–Bessel func-
tions, which are responsible mainly for the wavelength dependence due to
the shape and size of NPs. It provokes many applications in experimental
research, but it is a sore place for the calculation methods because of the
source heat production dependence. Therefore the continuum methods ap-
pear not to be the most appropriate to solve the problems. Nevertheless,
after nearly 100 years of the Mie theory’s existence, there have been ap-
peared many papers that approximate or substitute this interaction [13–15],
and even without using Riccati–Bessel functions in which the extinction co-
efficient, Cext, is dependent on permittivity of a surrounding medium [7,14].
Hence, the reproduced conditions can differ in suspension, water, milk, hu-
man blood, etc., for the Au NPs. Furthermore, the heat transfer in different
materials is determined by its thermal properties. The approach, however,
requires treating the gold nanoparticles as extrusions in a thin slab, and
there are still some limitations that should be considered. It is worth spec-
ifying the following issues:

• The interaction between light and NPs can be treated in an indirect
form, i.e., only as a source term. It is the simplest method and en-
tirely accurate but does not include the explicit laser beam presence.
However, it is sufficient for thermodynamic investigations.

• NPs often occupy space on glasses and are remote from each other
that there is a distance between them. It is hard to model such a sit-
uation because of their nanosize.

• The absorption and scattering coefficients are highly dependent on
the nanostructure of nanoparticles. Regulation of properties by these
parameters lets us realize that all the energy may be converted if
the NPs are very pure and have an ideal spherical shape. For the
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nanoshells, nanorods, or clusters, the energy conversion efficiency will
be strongly connected with their geometry [8, 16, 17]. It should also
be taken into account the blue- or red-shift phenomenon, which could
change the absorption and reflectivity coefficient significantly.

These problems conclude that it is highly improbable to apply the gold
nanoparticles (Au NPs) in something different from the sensors and heat
production. for the high-quality simulations it requires a high CPU time
and memory space. Although plasmon resonance requires a use of quanta
mechanics methods the considered problem in terms of time and memory
space, the heat transfer provides an opportunity as an aftermath of LSPR
phenomenon to evade this rule, and allows to use CFD techniques.

2 Methods

2.1 Governing equations

Based on the Mie theory, it may be supposed that virtually all absorbed
energy would be converted to heat released by Au NPs. However, the irra-
diated area could not respond to the real nanoparticles arrangement. The
remaining photons of the beam that could not participate in heat transfer
would be reflected, transmitted from the surface or absorbed by the glass
as well. Moreover, if there is some distance between Au NPs as spheres, the
laser beam shall irradiate merely the part of the surface which occupies the
Au NPs. Hence, it may be assumed that only part of the initial energy is
able to produce the heat from Au NPs effectively.

There are various computational techniques for the simulation of electro-
magnetic interaction between two bodies. For instance, discrete ordinates
(DO) model allows to calculate the intensity distribution in media includ-
ing absorption, scattering and transmission phenomena [40–42]. However,
in the carried out simulations, the laser beam was not set up as a real
part due to several reasons. Firstly, radiation models require much more
CPU time and memory. Secondly, this influence as a temperature distri-
bution might be considered as a percentage of source of electromagnetic
energy (heat generation rate, Se), which can be expanded by appropriate
boundary conditions. In the applied continuum methods, the gold plate was
treated by using the energy equation. It might be described in a simplified
formula

∂

∂t
(ρ e) = div (k gradT ) + Se , (1)
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where: ρ – density of a material, e = cpT – specific energy, k – thermal
conductivity coefficient, T – temperature of the considered body, Se – source
of energy (heat generation rate).

Since the considered system consists of only solids which are not under
high stresses, it may be assumed that heat transfer is the same, regardless
if it is a boundary or the interior of a cell. Moreover, it is not necessary to
specify the mass and momentum balance equations. However, taking into
account the micro- and nanoscale effect, the models in which the phase
boundary effects are the leading role shall be considered. Such a situa-
tion could be invesitgated on the gold–glass or even nanoparticles – blood
boundaries. They are based on the widely common case for fluid–solid or
solid–solid, if one of them undergoes a local melting or plasticization. For
instance, an increase of the mass flow rate in a microchannel can occur due
to the arising pressure gradient and connected with rarefication and adhe-
sion of velocity at the boundary [18, 43]. Then the zero-velocity condition
is not satisfied and at a non-zero velocity of fluid in this place is found.
Usually, it moves in the same direction but there are some exceptions. In
any case, the real cost is frequently unviable than the standard, no-slip
model [19]. Taking into consideration the rarefied gas model introduced by
Maxwell, Coulomb and Darcy it is likely to express the classical kinetic the-
ory of gases with boundary modifications [20]. Maxwell, starting with the
Taylor series, expands the theory of gases with derivatives by velocities. The
so-defined condition requires to express the stress tensor again [21]. This
is the reason why the molecular dynamics, lattice Boltzmann methods or
direct simulation Monte Carlo are not appropriate for such simulations.
Furthermore, the scale problem and related computational costs reduce
possibilities to simulate because of huge multi-core computer workstations.
Here continuum methods are the lion’s share of the theoretical results. For
example, in [21–26] there are presented results of rarefied gases phenomena
which seem to formulate such a boundary condition so as to enable using it
at a wide range of applications. It is recommended to consider transpiration
effects as well but separately pressure, thermal and Graham transpiration.

In spite of all the phenomena, it is worth considering the temperature
discontinuities and concentration of chemical components in the normal
direction to the wall [27,43]. The temperature jump with discontinuity is not
the same as the thermal transpiration which is only a reason to increase the
flow transport in a direction. For instance, the Smoluchowski temperature
jump is connected with the ambiguity of wall and fluid temperature in this
region (Fig. 1).
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Figure 1: Discontinuity of temperature TS at fluid lfT – solid lsT region with including
Smoluchowski jump and without it [26].

Suggested by Smoluchowski in 1896 model assumes that temperature jump,
expressed by a jump length lfT or lsT , is bounded according to Stokes’s heat
law in the following equations [27,28]:

h (T − Twall) + ~q · ~n = 0, (2)

~q = k gradT, (3)

where: h – heat transfer coefficient; Twall – wall temperature; ~q – Fourier
heat flux; ~n – normal vector.

Then the Smoluchowski temperature jump length can be expressed by

lT = lsT + lfT = k

αd
, (4)

where: lsT – discontinuity of temperature at solid part, lfT – discontinuity of
temperature at fluid part, αd – thermal diffusivity.

Therefore, a generalized boundary condition ought to be considered as
a surface energy contribution as well as the thermal jump phenomena.
Without going into details, let es = cρsTs be the simplest form of surface
internal energy governed by surface temperature, Ts. Defining the surface
metric tensor to be

↔
I S =

↔
I − ~n⊗ ~n (tensor product), and the surface gra-

dient, grads, and divergence operator, divs [21], we are able to express the
boundary condition for energy equation within a thermal contact layer. Re-
moving from the balance other energy fluxes and keeping only mechanical,
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~Fmech, and thermal, ~Fheat ≡ ~q, vectors on the boundary the energy balance
within the thermal contact layer can be written to be

∂

∂t
(ρScρSTS) + divS

(
ρScρSTS

↔
I S~vS

)
+ divS (kS gradTS)

+ lfT

(
T fS − TS

)
− lsT (T sS − TS) + αfd

(
T f − T fS

)
− αsd (T s − T sS)

+
(
~qf − ~qs

)
· ~n+

(
~F fmech × ~vfslip − ~F smech × ~vsslip

)
· ~n = Se , (5)

where in the thermal contact layer an additional surface density, ρs, and
the surface temperature, Ts, appears with thermal conductivity coefficient
of the layer, ks, and surface specific heat capacity, cps. The surface ve-
locity vector, ~vs, and the slip velocity vectors, ~vsslip and ~vfslip, should be
independently calculated from the boundary conditions for the momenta
equations. The transfer coefficients, αfd and αsd are responsible for over-
all transport of thermal energy in the macroscopic vicinity of the contact
layer. The Smoluchowski jump coefficients are related to the thermal jump
length as lf = lfT /kf and ls = lsT /ks. This last contribution to equation is
especially important in micro- and nanoscales where the mechanism of the
Smoluchowski thermal jump becomes most valid. Also, in the nanoscale the
energetic contribution from the mechanical slip – for instance the Navier
slip – gives the considerable values.

Although the approach appears to be the most suitable tool to simulate,
there are a few drawbacks that seem to be unavoidable. The first one is
associated with the real shape of atoms and porosity. Continuum methods
treat materials as dense and quadratic bodies, which does not reflect the po-
sition of atoms. It is not worth concerning it at the macroscale, because the
effects are negligible. The situation changes at the micro- and nanoscale,
where the surface shapes and forces shall be taken into account. On the
other hand, the multiscale difficulties are the issues, which concern many
theorists, and although there are many publications of the considered prob-
lem like in [29–32], the combination of nano-, micro- and macroscale from
10 nm to 1 cm has become one of the challenges of the theoretical physics.
For instance, because of so-called “near-wall” problems, the coupling at
fluid-solid boundary in the microscale may not provide sought accuracy
while such methods are performed. Furthermore, the techniques appear to
be inappropriate for flows with such a geometry in which one dimension is
significantly larger than the others [29].
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Therefore, in the considering simulations the gold nanoparticles have
been simulated as sort of as a “porous” thin film with a thickness lgold
equaled 20 nm. The word “porous”, however, does not refer to a porous
zone strictly, which would require much more CPU time, but as discrete
and separated nanoparticles embedded on the wall. Having applied such
an approach, it is possible to obey the need of use the mentioned problems
under the condition that the heat distributes only inside the materials, not
on the gold plate.

2.2 Geometry and discretizetion of space

To present the future experiment system and its conditions, an appropriate
geometry has been created. Three main areas have been considered (Fig. 2).
The specific dimensions of each area have also been introduced. The largest
region, namely the “base”, which is an isotropic medium with a 70 mm ×
25 mm surface area and 10 mm of thickness, was covered with an isolation
at the top wall. The Au NPs, however, were embedded on the center part
of base with a 5 mm × 5 mm surface area, and incorporated in the fluid
chamber (here is treated as air (isolator), however in the future experiment
it can be biological material). It is essential that this part is not taken into
account in results, although the calculations included it as well.

A mesh was also prepared for discretization. To reduce the skewness
which could lead to problems on edges of a body the rectangular shape
(cuboid) was used. The reading data areas (the 5 mm × 5 mm gold plate
and X, Y , Z axes) and the mesh and boundary conditions were presented
in Fig. 2, whereas all essential information about the implemented mesh
has been outlined in Table 1.

Table 1: General information about the considered mesh and the numerical method.

Parameter Value

Number of nodes 40 1931
Number of bodies 385 000
Mean cell volume 0.653 mm3

Mean element size 0.5 mm
Residual convergence of energy equation 10−6

Method of energy equation solution Second order upwind
Mass and momentum balance Converged but not solved in terms of solids
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Figure 2: Created geometry (top), and mesh (center) side view with a magnification 500
times and (bottom) at top view for the considered calculations with boundary
conditions.
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2.3 Material properties

In accomplished simulations there were used values for the pure gold. It is
commonly known, however, that the smaller the size of gold nanoparticles
(Au NPs), the higher the influence of surface energy over the volume. Bear-
ing that in mind, clear changes at the thermal and mechanical properties
might be observed and the results can differ from the experimental ones.
It is necessary to remember the size effect and its influence on most prop-
erties, especially thermal properties. Then the thermal conductivity coef-
ficient, k, may be less than that of a bulk material and may reach even
100 Wm−1K−1. However, the preliminary simulations revealed virtually no
difference in terms of these thermal properties. Therefore, the following pa-
rameters were used as constant values at the carried out simulations [33]:

density of gold, ρ = 19320 kgm−3,
specific heat capacity, cp = 129.81 Jkg−1K−1,
thermal conductivity coefficient, k = 317 Wm−1K−1.

For the other type of glass these values can differ and depend on tem-
perature but in this work they have been assumed as constants. Several
examples among the most usable glasses in industry and science have been
investigated. Its thermal properties are written in Table 2.

Table 2: General thermal properties of materials used in the calculations at 20◦C [34–37].

Type of glass Density,
kgm−3

Thermal
conductivity,
Wm−1K−1

Specific heat
capacity,

J kg−1K−1

Inorganic glasses
Silica glass 2200.0 0.28000 840.00
Soda-lime-silica glass 2464.9 1.00730 898.61
Borosilicate glass 2124.9 1.14890 779.74

Organic glasses
PMMA (poly(methyl ethacrylate)) 1184.9 0.19120 1456.40
PC (polycarbonate) 1198.0 0.20512 1199.00
PDMS (polydimetylosiloxane) 965.0 0.15000 1460.00

2.4 Boundary conditions

Besides the side and bottom walls where constant room temperature of
24◦C was applied, for the other walls Neumann boundary conditions were
used. Due to the isolation at the top surface, adiabatic conditions were
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implemented, covering the gold plate as well. Furthermore, the heat gen-
eration rate for the gold slab film was set with the Lambert–Beer–Bourger
law assumption, yielding

Se = σabsoIabs = σabso(1 −Ro)Io

1 − exp

−σabso
lgold√

1 − sinα
n


 (6)

with the values (in room temperature) [33]:
Ro = 0.705 (for 532 nm), Io = η

PL
A

= 32000 Wm−2,

PL = 0.8 W, η = 0.43,
n = 0.55 (for 532 nm), α = 0◦, lgold = 20 nm.

Here, σabso may be expanded onto ξCext. The parameter ξ shall be con-
cerned as an occupation of Au NPs in selected volume. They were assumed
as separated from each other and embedded on the considered media (as
inclusions). In this paper Au NPs are displaced with the high occupation
factor 0.70, referring to the words “densely packed” in the title. It equals
here about ξ = 3×1022 m−3. Having substituted the appropriate values for
532 nm wavelength according to [14, 17], the σabso provides approximately
5.3 × 107 m−1, and Se = 3.28 × 1011 Wm−3 which corresponds circa 8.8%
efficiency versus incident beam power [7, 11].

2.5 Calculation scheme

The conditions were reproduced in the simulations to reveal the temper-
ature distributions into the glass. There were applied two parts: heating
with a constant value of Se and cooling where the value of heat generation
rate Se was set to zero. Each stage lasted for 120 s.

For the calculations, a second-order upwind algorithm with CFD code
with the least squares cell based gradient evaluation was applied. Momen-
tum and mass conservation equations, however, were converged but not
calculated due to the presence of solids. Nevertheless, the approach might
be expanded onto fluids as well, which may be done in reference to the
fluid chamber. This approach could also be extended to liquids if the gold
nanoparticles were plasticized. It is a theoretical possibility that so much
thermal energy would enter the material that the gold would undergo
a phase change from solid to liquid. Neither fluid nor Au NPs, however,
underwent the plasticization because of the relatively low power of the se-
lected laser. However, there has been presented such an extensive model in
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order to include the possible gold phase transition and the slip at the walls
where the Au NPs was embedded.

As a time regime, a bounded second order implicit scheme was used.
The timestep was calculated and adjusted to 0.002 s in order to reduce
the problem with conservation of energy during simulation. After each 250
timesteps (savestep) all energy and temperature changes in the bodies were
being saved into a file for further analysis. All essential information about
calculation has been presented in Table 3.

Table 3: General information of calculations parameters.

Parameter Value

Heating time 120 s
Cooling time 120 s
Timestep 0.002 s
Savestep 0.5 s
Number of steps 60000
Iteration per one timestep 25
Mean CPU time 56 h = 201600 s

3 Results
The temperature distribution in terms of time was examined in order to
investigate the temperature increase during all simulations. The reading
data area has been established at the gold plate (5 mm×5 mm at the top),
Fig. 3.

Figure 3: Mean temperature of the gold slab in terms of time for the studied materials
presented in Table 2.
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To study the heat transfer inside glasses, the temperature distribution
as plots in three axes and temperature contours representation have been
presented in Figs. 4–11, for materials presented in Table 2, respectively at
particular 10, 120, and 150 s into the simulations.

Silica glass Soda-lime glass

Borosilicate glass PMMA glass

PC glass PDMS glass

Figure 4: Temperature distribution after 10 s of irradiation at the top view of gold plate
(XY -plane).
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Silica glass Soda-lime glass

Borosilicate glass PMMA glass

PC glass PDMS glass

Figure 5: Temperature distribution after 10 s of irradiation at view into a glass
(XY -plane).
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Silica glass Soda-lime glass

Borosilicate glass PMMA glass

PC glass PDMS glass

Figure 6: Temperature distribution after 120 s of irradiation at the top view of gold plate
(XY -plane).
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Silica glass Soda-lime glass

Borosilicate glass PMMA glass

PC glass PDMS glass

Figure 7: Temperature distribution after120 s of irradiation at side view into a glass
(XY -plane).
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Figure 8: Plots of temperature distribution at a heating part.

Figure 9: Plots of temperature distribution at cooling part.
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Silica glass Soda-lime glass

Borosilicate glass PMMA glass

PC glass PDMS glass

Figure 10: Temperature distribution after 30 s of cooling (after the laser was turned off)
at the top view of gold plate (XY -plane).
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Silica glass Soda-lime glass

Borosilicate glass PMMA glass

PC glass PDMS glass

Figure 11: Temperature distribution 30 s of cooling (after the laser was turned off) at
side view into a glass (XY -plane).
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4 Discussion

Having compared all the figures, the obtained results correspond to the
Newton’s law of cooling what has been confirmed with an y ∼ a exp(−bx)
(where a and b are constant) dependence for all fitted curves. It stays
for the argument that the validity of the results have been guaranteed.
Noticeably, for the biological application, the temperature increase (and
decrease as well) is most acute at the first 10 s of irradiation. After the time,
the temperature changes much slower. Moreover, maximum temperatures
are clearly dependent on the type of material and for the PDMS one reaches
the highest 62.48◦C after 120 s of irradiation while for the borosilicate glass
this value equaled the lowest 29.73◦C. As is depicted in Figs. 4–5, the same
temperature is reached slightly earlier in some materials than in the other
ones. Since thermal conductivity coefficient k may be considered as a sort
of speed of heat transfer indicator, obviously the heat radius will be greater
as well in the glasses with greater values of conductivity coefficient than
the less, although the organic materials require using less energy to obtain
higher values of temperature.

Hence, thermal conductivity coefficient k and the temperature difference
between two cells ∆T shall be related to each other. It is connected mainly
with the thermal conductivity coefficient and Fourier’s law (~q = k gradT ).
At the same depth they are inversely proportional regardless of the stage.
These dependencies have been proved in Fig. 12, where the fitting curves
(T ∼ k−1) stay in agreement with simulation results and all deviations
might come from the measurement errors. Moreover, the fitted curves con-
firm the validity of the results have been guaranteed. However, they demon-
strate the relationship only with thermal conductivity coefficient k, not with
density and specific heat capacity of glasses even though their differences
are significant. Nevertheless, heat transfer in selected media takes a typ-
ical behaviour and however, these results might undergo a severe change
including the temperature and the size effects of the parameters.

It might be also noticed that temperature distributions at Z-axis as-
sume the exponential shape T (x) = Tto exp(−ux) (where Tto and u are the
temperature at initial stage, and constant) at the heating stage while after
turning off the laser all dependence becomes a Gaussian curve. A similar
behavior might be observed at Y - and Z- axes and it may be explained with
the energy equation (1) and the heat generation rate. As the sample was
being irradiated the temperature increased and the heat generation rate Se
had a constant value and at the cooling part this value was equal to zero
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Figure 12: Maximum temperature values in the examining timesteps for the glasses in
Table 2. The fitting curves have been fitted to the y ∼ x−1 function.

which simplified the equation formula to a Gaussian character. A similar
approach might be applied in the Z-axis.

In reference to biological applications it is worth noticing that the 0.8 W
laser power is sufficient for providing the temperature increase above a dozen
Celsius degrees in less than two minutes. What is worth realizing is that it
is necessary to adjust the laser power or geometry for the high-k materials
in which a vast area undergoes heating. Whereas, like in the quartz glass
or PDMS, the laser heated a narrower region, which admittedly provides
greater temperature than 42◦C, it requires much more time to cover the
whole considered area. An increase of the laser power might deliver the
same results taking a larger radius of sphere as at low-k values. Naturally,
the selection of material depends also on the availability of materials, their
price and accuracy of thermal camera, which might study the temperature
distribution experimentally.

Nevertheless, it should be considered the real shape and location of gold
nanoparticles, when they are placed freely in case the biological media. The
assumption that the Au NPs are embedded on a plate is sort of premature.
On the other hand, there have recently appeared many promising publica-
tions which suggested that the approach is getting gradually possible to be
realized [38].



110 P. Radomski, P. Ziółkowski, L. de Sio, and D. Mikielewicz

To summarize, soda-lime-silica glass and borosilicate glass give the pos-
sibility to cover a wide region of heating. Borosilicate glass provides the
largest filling of the computational area with a reasonably temperature
field, and it is intended to use these materials for further studies. Owing to
the maximum heating area, the borosilicate or soda-lime glass, which is to
serve as a base, should be selected for the future experiment.

5 Conclusions

There have been six simulations examined for the most used glasses and
polymers in the industry and science. Heat generation appeared as a re-
sult of laser ablation of the gold plate consisting of densely packed gold
nanoparticles. Having treated the Au NPs as a thin film and having spec-
ified the appropriate boundary conditions, the calculations have been run
with the second-order upwind algorithm. After the simulations, the tem-
perature changes inside glasses have allowed to take a look at which way
the temperature changes, which is highly improbable to measure in the fu-
ture experiment. Such an approach has allowed to specify the temperature
distribution and heat transfer in terms of thermal conductivity of a glass.

Temperature contours have demonstrated the spherical distribution for
all simulations. On the other hand, the temperature plots at X and Y -axes
have shown the near-Gaussian and Gaussian distribution respectively at
the heating and cooling stage because of the constant value of heat gen-
eration. The maximum temperature obtained after the irradiation was in
the range 29.73–62.48◦C depending on the thermal conductivity coefficient.
This relationship has also been revealed based on Fourier law of conduction.

The results have also pointed out the gold nanoparticles in biological
application would be the most effective in a similar-to-water-k-coefficient
medium. In such a situation, the availability of materials, the heating area
and the effectiveness of laser irradiation appear to lie at the optimum line.
This condition provides either the soda-lime and borosilicate glass.

The study also revealed that the organic materials possessed lower values
than inorganic ones due to much more irregular structure. At real systems,
thermal conductivity coefficient k, specific heat capacity cp, density ρ and
heat generation rate Se are all functions of temperature, which is highly
observed in human tissues, and geometry of gold nanoparticles. Therefore,
the temperature distributions would take slightly different dependencies.
However, the sequence of the glasses with a maximum temperature should
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remain unchanged for preliminary analysis. For more accrued analysis the
glasses with similar-to-water-k-coefficient medium (like borosilicate glass)
should be further considered.
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