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The presented paper focuses on a problem of heat transfer in periodic surface structures. The periodic
structure surfaces are the compound structures described by mathematical formulas that represent areas
similar to porous structures. The interest in them surged recently due to increased possibilities of their
production using additive manufacturing technology. Elements designed with the use of periodic surface
structures seem to have such advantages as decreased weight or good general mechanical properties.
The most famous example of the periodic surface structure is gyroid. The main goal of this paper is
to evaluate the impact of convective heat transfer on the temperature distribution in periodic surface
structures. There are some papers with numerical simulations on this topic but they usually exclude
heat exchange with the environment. The simulations of heat transfer in the periodic structure surfaces
are important because of the high energy flux required for additive manufacturing to work properly.
Importantly, high energy flux results in large temperature gradients that can affect the quality of the
obtained part in properties like porosity or residual stresses. The heat transfer simulations in this paper
are conducted by solving the heat transfer equation accompanied by the proper boundary conditions
using our authorial software, which implements solution obtained by the finite element method together
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with the task of generation of the periodic surface structure domain.
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1. Introduction

Periodic surface structures are geometrical en-
tities that can fill a 3D space and typically split
a finite volume into tightly interwoven surfaces so
that they do not leave closed voids (open struc-
ture). Typically, periodic surface structures present
better qualities in their structural and mechanical
performance compared to structures mostly filled
with a solid mass [1, 2|. Periodic surface structures
are attracting more and more attention in the de-
sign community in applications such as high stiff-
ness structures or medical bone implants [3]. Due
to the complex shape of the usual periodic surface
structures, the only possible way of manufacturing
is to use additive manufacturing method, which is
still an evolving technology. The process of creating
an element in additive manufacturing technology
is quite different, so the element designs that were
previously considered difficult to make now become
easy to manufacture [4, 5].

Examples of the periodic structure surfaces are
the structure of gyroid [6, 7] or the Neovius sur-
face [8]. While they have distinctly different shapes,
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some common properties are true for both of them,
like smooth rib connections and no reflection sym-
metry or straight lines. The use of such structures
in the design of elements offers such advantages as
reducing the cost of the material used, direct ac-
celeration of the production time of the element,
reduction of the weight of the manufactured ele-
ment, and thus greater flexibility in the design of
elements [9].

In this article, numerical simulations are made
with properties for a sample material Al-2%Cu.
The paper deals with the thermal analysis of pe-
riodic surface structures, in which the structures
were subjected to one-side heat flow. The advan-
tage of the present study is also the assessment of
the impact of heat exchange with the environment
for such structures. The simulations were performed
by solving the heat transfer equation using the fi-
nite element method (FEM), implemented in our
own code developed in C++ programming language
with the use of the PETSc numerical library. Our
software module generated periodic surface struc-
tures using the CGAL library [10] and simulated
the temperature distribution in them.
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2. Periodic Surface Structures

In order to represent the periodic surface struc-
tures, a proper representation is needed. For surface
representation, it is possible to use explicit, para-
metric, or implicit formulas. However, periodic sur-
faces are most naturally represented by an implicit
formula.

Implicit surfaces are defined as a set of points
satisfying the equation

f(@,y,2) =0,
where x,y, z are the spatial coordinates.
Using the above form, in this paper two periodic

surface structures are considered. These are the gy-
roid (G) structure

(1)

sin (z) cos (y) + sin (y) cos (z) + cos () sin (z)

and the Neovius (N) structure
3( cos(x)+ cos(y)+ cos(z))

+4 cos(x) cos(y) cos (z) = 0,

where § specifies the thickness of the structure.

Both (2) and (3) have a form convenient for
the preparation of finite element meshes necessary
for numerical calculations. Finite element meshes
were generated directly for a given surface (G or
N), filling shape of a cube with the use of the
CGAL library [10]. The CGAL project provides
easy access to efficient and reliable geometric al-
gorithms in a form of C++ library, which is of-
ten used in places where computational geometry
algorithms are necessary, such as computer-aided
design, medical imaging, computer graphics, and
robotics.

3. Physical process description

The model of the physical process is based on the

non-stationary heat transfer equation

pc %—f — kV2T =0, (4)
where p is the density, c is the specific heat capacity,
k is the thermal conductivity, ¢ is time, and T is the
temperature.

Next, (4) is accompanied by an appropriate set of
boundary conditions, where the Neumann bound-
ary condition (boundary condition of II type) de-
scribes the heat flux flowing through the selected
surface accordingly

—kVT =g,

where ¢ is the value of the heat flux density.

The Newton boundary condition (boundary con-
dition of III type) represents the heat exchange with
the environment on a selected surface

—kVT =a (T —T,), (6)
where « is the heat exchange coefficient, T is the

temperature of a body on the selected surface, and
T, is the temperature of the environment.

(5)
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TABLE I

Parameters used to generate different variants of the
structures (G — gyroid, N — Neovius) together with
the value of the Neumann boundary condition for
a given case.

Relative Volume | Side area | Heat
Name . (x1075) | (x10™%) flux
thickness
[m’] [m?] (%]
cube - 6.4 16 6250
N, 2 cells 0.15 1.678 3.578 27950
N, 2 cells 0.2 2.232 5.591 27950
N, 4 cells 0.15 1.686 3.419 29251
N, 4 cells 0.2 2.244 5.532 12170
G, 2 cells 0.15 2.490 5.155 19400
QG, 2 cells 0.2 3.343 6.603 13731
QG, 4 cells 0.15 2.492 5.012 19952
G, 4 cells 0.2 3.347 5.876 13844

Note that together with the boundary conditions
(5) and (6), (4) is accompanied by the initial con-
dition

T =Ty, (7)
where T is the initial temperature.

We solve (4) numerically with the use of FEM,
where the necessary integration time is performed
using the backward Euler scheme.

4. Simulations setup and results

The conducted simulations present results of the
heat conduction problem in various domains, in
which there is also heat exchange with the environ-
ment (in form of convection). The simulations were
carried out for a cube, gyroid, and Neovius struc-
tures — all with a side length of 0.04 m. The follow-
ing physical properties for the Al-2%Cu alloy were
used in the simulations: the heat transfer coefficient
k = 260 W/(m K), the density p = 2800 kg/m?, and
the specific heat ¢ = 1000 J/(kg K).

Boundary conditions were imposed in the follow-
ing way. One side of the region had forced heat flux
with the Neumann boundary condition from (5).
The exact values of the heat flux are summarized
in Table I. The heat flux values for the Neumann
boundary condition are chosen to obtain the same
amount of energy that flows into the region, regard-
less of exact side area of given structure. For this
reason, the amount of energy that flows into the
region is always constant, i.e., ¢ = 10 W.

For the gyroid and Neovius structures, the
Newton boundary condition (6) was imposed on
the internal surfaces (all surfaces that were not
formed by the intersection of the given struc-
ture with a cube of a side length of 0.04 m).
The following parameters were used in Newton’s
boundary condition: the environment temperature
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TABLE II

Minimum and maximum temperatures obtained for
different variants of heat transfer simulations.

. Heat exchange | .
Name Relative cooff. minT | maxT
thickness W K] K]
[=7%]
cube — 0 313.8 | 314.3
- 10 312.9 | 3134
- 100 307.4 | 308.1
N, 2 cells 0.15 0 360.3 | 363.5
0.15 10 319.9 | 323.1
0.15 100 301.5 | 304.2
N, 2 cells 0.2 0 343.0 | 345.3
0.2 10 330.8 | 333.1
0.2 100 305.6 | 307.8
N, 4 cells 0.15 0 367.3 | 370.9
0.15 10 302.5 | 305.6
0.15 100 300.0 | 301.7
N, 4 cells 0.2 0 348.0 | 350.5
0.2 10 305.5 | 307.9
0.2 100 300.2 | 301.9
G, 2 cells 0.15 0 338.7 | 341.3
0.15 10 328.0 | 330.6
0.15 100 305.2 | 307.7
G, 2 cells 0.2 0 327.8 | 329.5
0.2 10 322.1 | 323.8
0.2 100 305.6 | 307.2
G, 4 cells 0.15 0 342.3 | 344.7
0.15 10 322.6 | 325.0
0.15 100 302.5 | 304.7
G, 4 cells 0.2 0 329.3 | 331.0
0.2 10 318.9 | 320.5
0.2 100 302.7 | 304.3
T,y = 300 K and the heat exchange coeffi-

cient equal to a =0 W/(m? K) (no convection),
a=10 W/(m? K) or @ = 100 W/(m? K). The «
values were chosen to reflect free and forced con-
vection.

For the cube, the Newton boundary condition was
imposed only on the remaining five external sur-
faces. Additionally, the simulations results with the
Newton boundary condition turned on were con-
fronted with the case where no heat exchange with
the environment occurred.

The initial temperature for all cases was
Ty = 300 K. The presented results show the tem-
perature distribution at time ¢ = 250 s.

In the current setup, finite elements were gener-
ated only for the structures. The empty space was
left with no finite elements because the heat ex-
change with the environment was simulated only in
a simplified way by the Newton boundary condition,
without using the Navier—Stokes equations.
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Fig. 1. Example of temperature field in gyroid af-
ter 250 s with 2 cells and the relative thickness
6 = 0.15. (a) No heat exchange through con-
vection, (b) the heat exchange coeflicient «
10 W/(m? K), and (c) the heat exchange coefficient
a =100 W/(m* K).

Fig. 2. Example of temperature field in gyroid af-
ter 250 s for a structure (a) with 2 cells and relative
thickeness 6 = 0.15, (b) with 2 cells and § = 0.2,
(c) with 4 cells and 6 = 0.15, and (d) with 4 cells
and 6 = 0.2. The temperature profiles were ob-
tained with the heat exchange coefficient value of
a =10 W/(m? K).

All simulations were conducted with heat equa-
tion solved numerically with the finite element
method. All FEM meshes used tetrahedral linear
finite elements. The number of finite elements was
equal to 261824 for a cube, ranged from 1496875 to
2445280 for Neovius, and from 1720478 to 2727576
for gyroid. The increased number of finite elements
for Neovius and gyroid was caused by the complex
shapes of these structures and the difficulties in cor-
rectly representing them using a smaller number of
finite elements.
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Fig. 3. Example of temperature field in Neovius
after 250 s for a structure (a) with 2 cells and rela-
tive thickeness 6 = 0.15, (b) with 2 cells and § = 0.2,
(c) with 4 cells and § = 0.15, and (d) with 4 cells
and § = 0.2. The temperature profiles were ob-
tained with the heat exchange coefficient value of
a =10 W/(m? K).

Figures 1 and 2 show examples of the tempera-
ture profiles for the Neovius and gyroid structures
with 2 or 4 cells and different thicknesses. The
temperature profiles are presented for the case of
a =10 W/(m? K). Table II summarizes maximum,
minimum and difference temperature for all ana-
lyzed cases (i.e., no convection, « = 10 W/(m? K)
or a = 100 W/(m? K)) and for a cube.

In general, the temperature profiles in Figs. 2
and 3 resemble the temperature profiles for a case
with no convection. However, the heat exchange co-
efficient has a great impact on the values of max-
imum and minimum temperature. The difference
between the maximum and minimum temperature
values remains roughly the same, regardless of the
value of heat exchange coefficient. It should be
noted that a cube shows much less impact of the
heat exchange coefficient on temperature than the
periodic surface structures, where in some cases the
minimum temperature could even be equal to the
environment temperature.

5. Conclusions

The value of the heat exchange coefficient in the
Newton boundary condition has a visible impact
on the temperature profiles obtained for periodic
surface structures. It is noticeably bigger than it is
in the case of a simple cube. This observation most
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probably emerges from fact that periodic surface
structures usually have a complicated shape of in-
ternal surfaces, which increases the surface on which
heat exchange can occur. An additional observation
may be that the differences between the maximum
and minimum temperatures for a given shape re-
main generally the same, regardless of the value of
the heat exchange coeflicient.

Previous studies on heat transfer in periodic
structures did not take into account the heat ex-
change with the environment in any form. This pa-
per presents one of the first attempts to take this
phenomenon into account. The authors are aware of
the limitations of the chosen approach. The study
shows that the heat exchange with the environment
has a much bigger impact in the periodic structures
than in a simple shape like a cube. For this reason,
it will be very valuable to perform simulations us-
ing the Navier—Stokes equation to fully simulate the
convection in order to add more details about the
nature of heat exchange in the periodic structure
surfaces.
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