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Abstract: Nowadays, the heat transfer enhancement in electronic cabinets with heat-generating
elements can be achieved using the phase change materials and finned heat sink. The latter allows
to improve the energy transference surface and to augment the cooling effects for the heat sources.
The present research deals with numerical analysis of phase change material behavior in an electronic
cabinet with an energy-generating element. For an intensification of heat removal, the complex
finned heat sink with overall width of 10 cm was introduced, having the complicated shape of
the fins with width of 0.33 cm and height H = 5 cm. The fatty acid with melting temperature of
46 ◦C was considered as a phase change material. The considered two-dimensional challenge was
formulated employing the non-primitive variables and solved using the finite difference method.
Impacts of the volumetric heat flux of heat-generating element and sizes of the fins on phase change
material circulation and energy transference within the chamber were studied. It was shown that
the presence of transverse ribs makes it possible to accelerate the melting process and reduce the
source temperature by more than 12 ◦C at a heat load of 1600 W/m. It should also be noted that the
nature of melting depends on the hydrodynamics of the melt, so the horizontal partitions reduce the
intensity of convective heat transfer between the upper part of the region and the lower part.

Keywords: electronics cooling; phase change material; complicated finned heat sink; natural convec-
tion; heat-generating element; numerical results

1. Introduction

In recent decades, the production of mobile devices and electronic gadgets has been
actively developing. At the same time, high-tech solutions for cooling systems are re-
quired. Heat sinks with a simple design made of highly heat-conducting materials heat up
quickly enough and require long-term cooling. To enhance the process of heat dissipation,
active systems are used, such as liquid cooling systems, fans, systems based on phase
transitions involving the evaporative or solid-liquid phase changes.

In traditional air cooling systems, the ratio of volume to surface area and the aerody-
namic characteristics of the profile are important factors for performance [1–3]. A growth
of mass per volume unit results in a rise of the effective heat capacity, while an increase
in the surface by creating a profile of a more complex shape leads to an intensification of
heat exchange with the environment. Such heat sinks are usually used with active systems,
for instance, fans, liquid pumps, and others. Therefore, the effect of geometry changing
on the heat dissipation efficiency must be studied, taking into account the intensity of the
forced convection. Comparison of active cooling systems based on a pin-fin cooler and
plate-fin heat sink were carried out in [4]. It was shown that at a constant pumping power,
the pin-fin heat sinks have a higher heat dissipation capacity than plate-fin heat sinks.
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Another effective way to increase the surface area of a structure is to use the metal foam
heat sinks [5–8].

Radiator systems with phase change materials (PCM) allow converting a large volume
of sensible heat into latent energy at fixed temperatures. In this regard, much attention
has recently been paid to research devoted to the melting materials behavior under the
heaters influence in enclosures. The shape of the heat-dissipating profile allows not only to
increase the area of contact with the material for its greatest melting but also to promote
the development of circulation of the melt to enhance heat transfer at the phase transition
boundary. Therefore, when working out the melting challenges, it is necessary to analyze
an impact of the surface profiles shape on the hydrodynamics [9–12]. Natural convection is
responsible for the circulation of the melt in the case of passive cooling systems; therefore,
it is significant to assess the influence of the heat flux and the size of the region.

Coolers based on PCMs have higher effective heat capacity, do not take up much
volume, and do not require an additional power supply. Phase change materials can
be considered as some groups of organic compounds: fatty acids and eutectics with the
melting points in the range 30–68 ◦C and latent heat in the range from 150.6 to 211.6 kJ/kg;
n-alkanes the melting temperature from−9.6 ◦C and Lm to 252 kJ/kg; paraffin with melting
temperatures up to 108 ◦C; as well as some inorganic compounds [13,14]. The convenience
and practicality of using PCM have found wide application in different industries including
electronics, aerospace engineering, solar energy, construction, etc. [15–17].

A large number of numerical and experimental research studies are devoted to this
topic; however, a large number of factors affecting a complex thermohydrodynamic pro-
cess give rise to a wide variety of energy transport problems under conditions of phase
transformations [18–24]. In [9], finned heat sink filled with n-eicosane was experimentally
examined at different heating modes. It has been shown that at constant heat loads of
5 W, the addition of PCM reduces the heat sink temperature by more than 5◦. Moreover,
the addition of metal fins in the profile also contributes to a decrease in temperature by
several degrees. Pin-finned configuration of the heat sink was considered as a passive
cooling system in [25]. Paraffin RT–44 was used as phase change material. The geometry of
the heat sink plays an important role in performance, namely, an increase in the fin height
leads to an increase in the critical time for various critical temperatures (at Tcr = 60 ◦C,
Tcr = 70 ◦C and Tcr = 80 ◦C). It has been shown that, in some cases, Tcr increases by more
than 20 times in comparison with the case of a cooler without fins, which is achieved by
an increase in the fins number and its elongation. In [10], the influence of the number
of horizontal ribs and their length were analyzed numerically. New correlations were
obtained for the liquid fraction in the region with horizontal edges depending on the
Stefan, Rayleigh, and Fourier numbers, as well as the geometric parameters of the heat
sink. It has been shown that the elongation of the ribs significantly accelerates the melting
process. Heat transfer between PCM and the metal profile depends significantly on the
ratio of the PCM volume to the profile volume, as well as the geometric parameters of
the solid phase, such as thickness, shape, and number of fins [26–31]. An increase in the
number of fins accelerates the melting process, while a decrease in fins thickness increases
the source temperature [27]. In the study [26], the PCM-based heat sinks with different
shapes of the pin fins were examined. Tall fins with rectangular, circular, and triangular
sections were considered. The triangular-shape pin fins allow reducing the element temper-
ature compared to other analyzed shapes. Two models of passive cooling were considered
in [11]; namely, a cooler with vertical plate fins and a tree shape cooler made of aluminum.
It was demonstrated that thermal convection significantly enhances the energy transfer.
The use of a branched profile design leads to the formation of many vortex cells with an
intensification of heat transfer.

Another way to augment the energy transport and to speed up the melting or solidi-
fication process is the use of metal foams [32–36]. The significant attenuation of natural
convection is neutralized by the high heat conductivity of the foam. Shell and tube latent
heat thermal storage device in two-dimensional approximation was considered numerically
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in [37]. The outer tube was filled with the metal foam with rubitherm 58 (RT–58). Here,
the metal foam allows strengthening the phase change processes of the material signifi-
cantly. In [38], the copper profile with outer fins for a rectangular chamber was examined.
The domain was considered for three different configurations, including a rectangular
copper basement, a cavity filled with pure PCM, and a cavity filled with paraffin and metal
foam. Comparison of the temperature at the heating surface has shown that the surface
temperature is 14 degrees lower when using a PCM-based cooler in comparison with a
copper basement cooler. The use of metal foam also reduces the maximum surface temper-
ature by more than 4 degrees by raising the heat conductivity in the paraffin. The effect
of the pore-scale on heat storage characteristics was assessed in [8]. Reducing porosity
increases the heat transfer in the wax. Special effect can also be achieved by using the metal
foam with graded porosity or finned-metal foam heat sinks [5,39,40], by increasing the
porosity towards the source, the performance of the heat sink can be increased [5].

The effect of convective energy transport in porous media is determined by the
porosity of the foam. In [41], the authors considered PCM with metal foam in an aluminum
casing with different casing orientations. It was shown that before the beginning of melting,
the surface temperature does not depend on the orientation. With a growth in the melting
region, the minimum temperature is observed at a zero inclination angle when the heated
is located below. Thus, with the melting of PCM, thermal convection in the melt develops.
However, an appearance of metal foam contributes to an increase in thermal conductivity
and, at the same time, a decrease in the strength of convective energy transport.

Despite the large number of numerical works devoted to this issue, the main difficulty
lies in the construction of an effective numerical model describing the complex thermal pro-
cesses. The presence of a movable boundary significantly complicates the modeling process,
and most of the numerical studies present the heat transfer in regions with simple geometry,
do not take into account the volumetric heat generation. As a rule, the technique with
conditions of constant temperature or constant heat flux at the boundaries illustrates the
thermal boundary conditions, that does not always coincide with real physical conditions
and has the limited application.

This study is devoted to the effect of the intensity of convective energy transference on
the melting processes of lauric acid inside a copper heat sink, depending on its geometry.
An element with constant volumetric energy production was used as a heater. The radiator
has vertical plate fins with additional transverse fins, the length of which was varied.
The significance and novelty of this investigation consist in a consideration of a system with
complex geometry using a source of volumetric heat generation and external Newtonian
cooling, as well as an assessment of the influence of hydrodynamics on the melting process.

2. Basic Equations

The rectangular system presented in Figure 1, in the form of a metal profile with
internal plate fins of finite thickness in the presence of additional transverse fins that affect
heat dissipation and hydrodynamic phenomenon in the melt, is considered. The compart-
ments between the fins are filled with phase change material. A rectangular element of
volumetric energy production is in contact with the lower wall of the heat sink. The system
is cooled through air convection on the top and side walls of the chamber; the bottom
wall is considered to be thermally insulated. The heat source is thermally insulated from
all sides, except for the top wall where the heater is in contact with the metal substrate.
At the initial time moment, the entire system is cooled to ambient temperature, and the
source begins to heat up, releasing an equal amount of energy at each moment of time. It is
assumed that the change in the PCM volume during the phase transition is negligible.
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Figure 1. Metal heat sink saturated with PCM (phase change material) and heated from the source. (a) 3D shape of the heat
sink with the source of volumetric heat generation, (b) considered 2D model with PCM.

The height of the cooler, including the substrate and the fins, is H, the width is
L = 2 × H, vertical fins are extended along with the entire height, horizontal equidistant
fins of length l are placed on the vertical plates. The profiles with small horizontal fins of
different lengths, including l = H/24, l = H/12, and l = H/8, are considered. The source
dimensions relative to the heat sink are 4L/3 × 0.2L.

The problem of conjugate natural convection in the closed region was solved under
an influence of a local heater of constant volumetric energy production, taking into account
the phase transitions. The mathematical statement was formulated through the system
of Navier–Stokes equations for a viscous incompressible fluid. The buoyancy force was
described using the Boussinesq approximation.

Hydrodynamic equations taking into account the thermogravitational convection
are [42,43]:

∂u
∂x

+
∂v
∂y

= 0, (1)

ρ

(
∂u
∂t

+ u
∂u
∂x

+ v
∂u
∂y

)
= −∂p

∂x
+ µ

(
∂2u
∂x2 +

∂2u
∂y2

)
, (2)

ρ

(
∂v
∂t

+ u
∂v
∂x

+ v
∂v
∂y

)
= −∂p

∂y
+ µ

(
∂2v
∂x2 +

∂2v
∂y2

)
+ ρgβ(T− Tm). (3)

Taking into account the presence of a moving boundary between the solid region
and the liquid region for the PCM, the equation of heat conduction for the solid material,
and the energy equation for the melt, taking into account the convective terms in the liquid,
define the heat dissipation. The energy equations for the PCM (4) and (5), as well as for the
profile (6) and the heater (7), have the form:

∂h
∂t

= ks

(
∂2T
∂x2 +

∂2T
∂y2

)
, (4)

∂h
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+ u
∂h
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+ v
∂h
∂y

= kl

(
∂2T
∂x2 +

∂2T
∂y2

)
, (5)

∂T
∂t

= α1

(
∂2T
∂x2 +

∂2T
∂y2

)
, (6)

∂T
∂t

= α2

(
∂2T
∂x2 +

∂2T
∂y2

)
+

Q
ρ2c2

. (7)

To take into account the processes of phase transitions (melting/crystallization),
Equations (4) and (5) at the interface are closed by the following conditions: the tem-
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perature is equal to the melting temperature T = Tm, and the enthalpy has a discontinuity
in the transition from one phase to another phase using the following relation:

h =

{
ρscsT, T < Tm
ρscsTm + ρlLf + ρlcl(T− Tm), T ≥ Tm

.

The energy equations for the material in the enthalpy formulation (4) and (5) were
reduced to a unified energy equation using temperature T as a dependent function. To de-
scribe the heat transfer from sensible heat to latent heat on the phase transformation line,
a smoothing functionϕwas employed, which characterizes the volume fraction of the melt.

To formulate Equations (1)–(7) in dimensionless form, the following scales were
employed. Here, ∆T is set at 60◦, and the following ratios are V0 =

√
gβ∆TH, X = x/H,

Y = y/H, Θ = (T− Tm)/∆T, τ = tV0/H, Ψ = ψ/HV0, Ω = ωH/V0.
Dimensionless complexes characterizing the properties of the material, the strength of

convective energy transference, the latent heat, and the power of heat generation in the
source are as follows: Ra = gβ∆TH3/(ναl) is the Rayleigh number, Pr = ν/α is the Prandtl
number, Ste = Lf /(cl∆T) is the Stefan number, Os = QH2/(k2∆T) is the Ostrogradsky
number, to describe the intensity of energy transference with the environment on the upper
and side walls of the enclosure, the Biot number was used Bi = γH/k.

The following non-dimensional equations were obtained:

∂2Ψ
∂X2 +

∂2Ψ
∂Y2 = −Ω, (8)

∂Ω
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+ U
∂Ω
∂X

+ V
∂Ω
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=

√
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(
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∂2Ω
∂Y2

)
+

∂Θ
∂X

, (9)
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]
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[
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+ U

∂ϕ

∂X
+ V

∂ϕ

∂Y

]
=

ξ(ϕ)√
Ra·Pr

(
∂2Θ
∂X2 +

∂2Θ
∂Y2

)
, (10)

∂Θ
∂τ

=
α1/α0√

Ra·Pr

(
∂2Θ
∂X2 +

∂2Θ
∂Y2

)
, (11)

∂Θ
∂τ

=
α2/α0√

Ra·Pr

(
∂2Θ
∂X2 +

∂2Θ
∂Y2 + Os

)
. (12)

Here, the function ϕ takes a value from 0 to 1 depending on the temperature:

ϕ =


0, T < Tm − η
T−(Tm−η)

2η , Tm − η ≤ T ≤ Tm + η

1, T > Tm + η

.

A smoother transition from one phase to another phase is ensured by replacing the
melting point Θ = 0 with a temperature range –η ≤ Θ ≤ η in which a smooth change
in thermophysical parameters occurs, which leads to a smooth transition of the values
of thermal conductivity ξ(ϕ) = ks,l + ϕ

(
1− ks,l

)
and volumetric heat capacity ζ(ϕ) =

ρs,lcs,l +ϕ
(
1− ρs,lcs,l

)
, as well as smooth changes of the material enthalpy at the interface.

The value of ηwas chosen 0.005 and was determined by the size of the mesh used.
In the foregoing physical statement, the system under consideration is located in

an environment of constant temperature Θ = Θout, while the outer borders Y = 1, X = 0,
and X = 2 are cooled by air convection, other boundaries, including the source, are consid-
ered to be thermally insulated from the environment. At the initial time, the material has a
solid-state (Ψ = 0, Ω = 0), and the entire system has the initial temperature that is equal to
the ambient temperature Θout.
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For the boundaries of the system under consideration, we have on the upper and side
walls of the cooler, the condition of Newtonian cooling with a small heat transfer coefficient
is set:

0 ≤ X ≤ 2, Y = 1 :
∂Θ
∂Y

∣∣∣∣
Y=1

= −Bi(ΘY=1 −Θout);

X = 0 and X = 2, 0 ≤ Y ≤ 1 :
∂Θ
∂Y

∣∣∣∣
X=0

= −Bi(ΘX=0 −Θout) and
∂Θ
∂Y

∣∣∣∣
X=2

= −Bi(ΘX=2 −Θout);

at the lower boundary of the cooler and the external boundaries of the heater, the ther-
mal insulation condition is used, namely, for X = 0.6 and X = 1.4, –0.2 ≤ Y ≤ 0,
and 0.6 ≤ X ≤ 1.4, Y = −0.2 one can find ∂Θ/∂n = 0; for PCM boundaries: at the copper
radiator surface we have: Θ0 = Θ1, k0

∂Θ0
∂Y = k1

∂Θ1
∂Y ; at all boundaries of the molten region,

the no-slip condition is used, namely, Ψ = 0, and Poisson equation for the stream function
is used to define the vorticity value as follows: Ω = −

(
∂2Ψ
∂X2 + ∂2Ψ

∂Y2

)
; for the heat source

boundaries: the condition of equality of heat fluxes and temperatures at the interface

between the source and slab is used:
{

Θ1 = Θ2

k1
∂Θ1
∂Y = k2

∂Θ2
∂Y

.

3. Numerical Technique

The finite difference technique was employed to work out the resulting set of equa-
tions with the above additional conditions [42,43]. The energy conduction equations in the
copper cooler, in the source, and the energy equation in the PCM were worked out using the
Samarskii locally one-dimensional scheme. The solution of the hydrodynamics equations
was carried out in a region bounded by solid surfaces and an isolines of Θ = 0. The latter
illustrates the position of the phase change interface. The elliptic equation for the stream
function was approximated using the central differences. The obtained system of equations
was worked out using the successive over-relaxation algorithm. The vorticity equation and
the energy equation were worked out employing the locally one-dimensional Samarskii
scheme that allows reducing the two-dimensional problem to the set of one-dimensional
problems. To solve the system of discretized equations, the developed in-house computa-
tional code written employing C++ programming language was used. High accuracy of the
solution was achieved by approximating the terms of the Equations (8)–(12) by difference
schemes of the second-order of accuracy and using the detailed fixed grid of 480 × 200 el-
ements. The dimension of the grid was chosen taking into account the performed mesh
sensitivity analysis (see Figure 2) with meshes of 240 × 100 elements, 480 × 200 elements,
and 720 × 300 elements. Large differences in the results are observed for the mesh of
240 × 100 elements, that can be explained by the small thickness of the transverse fins.
The results obtained for grids of 480 × 200 elements and 720 × 300 elements are practically
identical, namely, the difference in the volume of the melt at t = 35 min is 0.2%.

Figure 2. The grid independence test: the phase front location at t = 25 and t = 35 min (a), as well as a graph of the
dependence of the volume fraction of the melt on the dimensionless time (b).
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The numerical algorithm was applied to a number of test problems [44–46]. To com-
pare the model results, the experimental problem of melting lauric acid inside a closed
system containing an aluminum profile with the finned plate was chosen. The system
is heated by water as a heat transfer fluid that circulates in the tubes inside the profile
substrate. Figure 3a shows a comparison of the experimental data [44] and the obtained
numerical results. In this Figure 3a the black color illustrates the melt, while the white
color illustrates the unmelted material shown in the photograph of the region from the
side wall of low thermal conductivity; isotherms, obtained numerically, are superimposed
on it. Here, the pink isoline is the melting front for T = Tm. The problem of melting
gallium inside a parallelepiped with two isothermal walls [46] was also considered as a
benchmark problem. Figure 3b shows a comparison of the phase change interface location
at different times.

Figure 3. Validation of the developed mathematical model and numerical technique: comparison of calculated outcomes
(solid lines) and experimental results (black and white photography) [44] (a); comparison of obtained numerical data (solid
line) and experimental data (dots) [46] (b).

4. Results

The performance of such a system depends greatly on the materials chosen. The total
effective heat capacity is determined by the density and heat capacity of the materials used
and the latent heat of the PCM. Wherein, for the fastest thermal dissipation, the fins of
a cooler and the substrate must have a high thermal conductivity. For effective passive
cooling, lauric acid [44,45] with a melting temperature of 46 ◦C, which, in addition to
high latent heat, also has a high heat capacity, was chosen as PCM. The melting range
in the considered setting using the smoothing function ϕ is 45.7–46.3 ◦C. For the profile,
a material with high thermal conductivity, copper, was selected, and a silicon element was
chosen for the heater. All thermophysical attributes of the system elements are presented
in Table 1.

Table 1. Properties of materials.

Phase Change Material Lauric Acid [44] Copper (Radiator) Silicon (Heat Source)

Tm, ◦C 46 – –
Lf, kJ/Kg 187.2 – –

ks/kl, W/(m·K) 0.16/0.14 401 148
ρs/ρl, kg/m3 940/885 8900 2330

cs/cl, J/(kg·K) 2180/2390 385 714
µ, Pa·s 8 × 10–3 – –
β, 1/K 8 × 10–4 – –
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In this numerical research, the cooler with a cross-section having a height of H = 5 cm
and a width of L = 10 cm is considered. The intensity of source heat generation is varied in
the range between 400 and 1600 W/m, which corresponds to the Ostrogradsky number
ranged between Os = 0.169 and Os = 0.676. The Prandtl number for lauric acid is Pr = 136.6,
and for the selected temperature scale and characteristic scale, the Rayleigh number is
Ra = 9.83·107, and the Stefan number is Ste = 1.3.

In this formulation, the high Rayleigh number indicates that natural convection of
high intensity can be developed in the melt. Therefore, the shape of the finned surface
of the profile will significantly affect the thermophysical processes inside the system.
The interaction of laminar flows with thermal conductivity in the branches of the profile
can lead to both an increase in heat transfer and a decrease in it.

Figure 4 shows the temperature patterns and streamlines for Os = 0.169.

Figure 4. Temperature fields and isolines of the stream function at Os = 0.169 for the cases l = H/24,
l = H/12, and l = H/8 at the time moments t = 30, t = 50, and t = 60 min.

The distribution of isotherms inside the copper profile shows that heat inside the
metal spreads very quickly. A thickening of isotherms is observed on the surface of fins;
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a high heat flux is associated with the beginning of the melting process. Heat dissipation
occurs due to the phenomenon of thermal conductivity over the entire inner surface, and a
uniform melt layer appears along with the entire height. Simultaneously, small convective
recirculation occurs between the zone of unmelted material and the heating area. The acid
melting in the lower part occurs mainly due to the ascending heat fluxes from the base
of the cooler, the heated melt accumulates in the upper part. After 50 min of the source
operation, a small portion of solid material remains in the central part of each reservoir.

In the course of melting, the area of action of convective heat transfer grows and
deforms, and depending on the streamlines shape of the profile, the hydrodynamic picture
changes. The large dimensions of the PCM cavities promote the formation of complex
flow structures, and the slight change in the length of the transverse fins affects the energy
transference between the cooler and lauric acid. A slight elongation of the fins causes the
circulation cells to separate, which makes it difficult for the melt to move along the entire
height of the cavities. Further, if at small l a more or less symmetrical picture is observed,
then the elongation of the fins leads to destabilization of convective flows and unsteadiness
of the vortex structure.

An increase in the length of the horizontal fins leads to a decrease in the volume
fraction of phase change material, in heat sinks without transverse fins, the volume fraction
of PCM is 75%, in the case of l = H/24, l = H/12, and l = H/8, the volume fraction of
lauric acid decreases to 73.5%, 72%, and 70.5% of the total volume of cooling element,
respectively. Along with a decrease in the mentioned proportion of PCM, the contact area
of the material and the heat sink increases significantly: the contact surface increases by
25%, 50%, and 75% for l = H/24, l = H/12, and l = H/8 respectively, compared to heat sink
with only vertical fins (l = 0).

The behavior of the average heater temperature (Tavg) reflects the efficiency of energy
absorption by PCM (see Figure 5). The red profiles illustrate the results without natural
convection influence. The intensification of convective phenomenon begins after an ap-
pearance of a small volume of melt, which is noticeably reflected in the average heater
temperature after 22 min of heating. The temperature of the heater in the model without
taking into account convective heat and mass transfer occurs monotonously, while the
difference with natural convection process reaches 14 degrees in the absence of horizontal
ribs. In the case of l = H/8, the difference in Tavg approaches 10 degrees at 50 min. The phe-
nomenon of convective heat transfer in this case has a significant effect on the melting
process and must be taken into account in simulation when the interface moves away from
the highly heat-conducting surface of the profile.

Figure 5. The rise in the average source temperature for the Ostrogradsky number Os = 0.169.

It should be noted that from the beginning of heating, a monotonic and uniform in-
crease in temperature occurs. Over time, a small difference begins to be detected associated
with the volume fraction of the copper profile, the density of which is much higher than
the other system components. Conventional heat sink with only vertical fins shows the
highest source temperatures during the melting process, as well as after the material has
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completely melted. The temperature difference for cases l = 0 and l = H/8 practically
reaches 5 degrees. After the heater temperature reaches the melting point of lauric acid
T = 46 ◦C, the increase in Tavg slows down. The process of transformation of sensible
heat into latent heat begins, in which most of the energy is spent on phase transformation.
With the emergence and development of the melt zone, the dependence of the source
temperature on the geometric characteristics of the profile appears and increases with time.
The greatest effect is seen with an elongation, namely, for l = H/8, the temperature in the
heater after 40 min of heating is lower by 2.9 degrees compared to the case for l = H/24.
However, increasing the surface area of the heat sink characterizes an intensification of
melting process. After the zone of solid PCM disappears completely, Tavg again begins to
increase rapidly and monotonously, while the temperature of the heater becomes the same
for each case.

Increasing the heat load up to Os = 0.338 (see Figure 6) accelerates the heating process
of the metal surface, rising the temperature drop, and at the very beginning of the melting
process, the melt zone is divided into smaller vortex cells.

Figure 6. Temperature fields and streamlines at Os = 0.338 for the cases of l = H/24, l = H/12,
and l = H/8 at the time moments t = 15, t = 25, and t = 30 min.
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As in the case of Os = 0.169, the lengthening of the horizontal plate fins characterizes
an essential contribution to the formation of convective flows. At t = 25 min, the largest
volume of unmelted material is observed in the case of l = H/24. With such a length of small
ribs, the main part of the melt circulates over the entire height of the region. It can be seen
that the warmed melt is found in the upper part, which slows down phase transitions and
promotes an increase in the plate temperature. At t = 25 min, the difference in the average
temperatures of the source Tavg for the cases l = H/24 and l = H/8 exceeds 6 degrees.
After PCM is completely melted, this difference diminished due to reduced melting time at
large values of l (Table 2).

The greatest effect of interaction between thermogravitational flows and the geometric
shape of the heat sink is observed at higher thermal powers of the source (see Figure 7).

Figure 7. Temperature fields and streamlines at Os = 0.676 for the cases l = H/24, l = H/12, and l = H/8
at the time moments t = 10, t = 15, and t = 20 min.
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As in the previous cases, a more uniform melting of the material along the height
should be noted for heat sinks with elongated fins. Despite the decrease in the proportion
of PCM, a growth of the size of the transverse plate fins results in a decrease in the average
heater temperature owing to a raise of energy dissipation. At t = 10 min for l = H/12 and
l = H/8, the average temperature in the source reaches 78.96 and 76.08 degrees, respectively,
which is 4.54 and 7.42 lower than in the case of l = H/24. At time t = 15 min, this difference
reaches 10 degrees, which reflects a significant contribution to the performance of PCM-
based cooler.

It should be noted that in the case of l = H/24, closed cells are formed on the surface
of the main plate, circulating only in the lower part, while the elongation of the transverse
ribs to l = H/12 results to the formation of central descending circulations of the cold melt.
In this way, the temperature of the slab is significantly reduced.

Table 2. Melting time for different Ostrogradsky numbers.

Ostrogradsky Number
Length of Horizontal Fins

l = H/24 l = H/12 l = H/8

0.169 55 min 53 min 9 s 51 min 30 s
0.338 30 min 9 s 29 min 20 s 27 min 45 s
0.676 17 min 23 s 17 min 7 s 16 min 4 s

Figure 8 demonstrates the dynamic change in the mean heater temperature at
Os = 0.676. The high intensity of heat generation characterizes the rapid heating of the
radiator system. However, the contact area has an essential impact on the energy ex-
change of the metal with a less heat-conducting material. Already 2 min after switching
on the element, the effect of adding transverse fins appears. With such an intensity of
heat generation, the temperature difference between a case of standard heat sink without
transverse fins and the case of l = H/8 exceeds 12 degrees at time t = 10 min. If in the first
minutes the influence is associated with the phenomenon of thermal conductivity and
is proportional to the change in the surface area, then with a rise in the melt zone and
the development of convective energy and mass transference in it, the temperature in the
source at l = H/12 and l = H/8 becomes the same, while Tavg in the case of l = H/24 begins
to increase. This phenomenon is primarily associated with a change in the hydrodynamics
of the melt affected the addition of transverse fins.

Figure 8. The graph of the dependence of the mean heater temperature on time at Os = 0.676.

5. Conclusions

In passive cooling systems based on phase change materials at high thermal loads,
convective energy and mass transference plays an essential role. In this study, the influence
of the geometric shape of the heat sink filled with lauric acid on the heat dissipation and
melting was evaluated. It has been shown that a growth of the length of the transverse fins
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contributes to a decrease in the temperature of the source owing to a raise of the surface
area at the initial stages of heating, as well as due to hydrodynamic features as the molten
material volume increases. The elongation of the baffles promotes a more uniform melting
of the material over the entire height of the region, as well as the formation of descending
flows of cooled melt that cool the bottom heat sink plate. It was shown that at high thermal
loads (Os = 0.676), heat sink design changed by adding horizontal fins allows increasing
the surface area by 75% and reducing the heater temperature by 12 degrees, while for a heat
load of Os = 0.169, a decrease in the average heater temperature by 5 degrees is observed.

The absence of transverse fins or their short length leads to the accumulation of heated
melt in the upper part of the sink, which results in a diminution of energy transference
with the metal profile. The rise of the size of the additional fins intensifies the mixing of the
liquid so that the melting occurs more evenly along with the height of the region. At high
heat loads, the temperature in the heating element can be reduced by more than 10 degrees
by increasing the length of the transverse fins.

During the melting of the material, the average heater temperature does not exceed
80 ◦C for l ≥ H/12 at Os = 0.676 and 60 ◦C at Os = 0.169. After the material was completely
melted, the additional fins also provide more intense heat exchange with the material,
significantly reducing the heater temperature.
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Abbreviations
The following abbreviations are used in this manuscript:
Bi Biot number
c specific heat, JK−1 kg−1

g gravity acceleration, ms−2

H chamber size, m
h specific enthalpy, Jkg−1

k heat conductivity, WK−1m−1

L cavity length, m
Lf fusion energy or latent heat of melting, Jkg−1

Os Ostrogradsky number
p pressure, Pa
Pr Prandtl number
Q energy production strength per unit of volume, W m−3

Ra Rayleigh number
Ste Stefan number
t time, s
T temperature, K
Tm melting temperature, K
u, v velocity projections in Cartesian coordinate along x and y, ms−1

U, V non-dimensional velocity projections
x, y Cartesian coordinates, m
X, Y non-dimensional Cartesian coordinates
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Greek symbols
α heat diffusivity, m2 s−1

β coefficient of thermal expansion, K−1

γ energy transference coefficient, WK−1m−2

η smoothing characteristic (or melting temperature range), K
Θ non-dimensional temperature
µ dynamic viscosity, Pa s
ν kinematic viscosity, m2 s−1

ρ density, kgm−3

τ non-dimensional time
ϕ volume fraction of the melt
ψ stream function, m2 s−1

Ψ non-dimensional stream function
ω vorticity, s−1

Ω non-dimensional vorticity
Subscripts
0 initial condition or ambient
1 cooler
2 heated unit
l liquid
m melting
s solid
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