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Abstract

Thermal management is crucial in composite part manufacturing, as it directly
impacts final quality. Controlling tooling surface temperature is essential to min-
imize defects and achieve desired mechanical properties. This article explores
the use of lattice structures with heat transfer fluid circulation to enhance heat
exchange, ensuring composite part quality and improving manufacturing produc-
tivity and energy efficiency. These structures improve temperature uniformity,
increase heating and cooling rates, and reduce thermal inertia without causing
thermal marks, thus decreasing cycle time and energy consumption. A steady-
state numerical study examines the impact of geometry and materials on the
tooling thermal-hydraulic performance. Analysis of fluid flow and heat transfer
highlights the impact of the lattice structure on fluid and heat transfer flows.
The disturbance created by lattice structures is the main driving force behind
improved heat transfer in the system studied. In the presented configuration i.e.
water and high fluid flowrate, the performances do not depend strongly on the
lattice structure material. Even if the lattice structures increase the pressure drop
the system studied generates a higher performance than a conventional thermal
management method. Following this numerical study, experimental work was car-
ried out in the unsteady regime, providing a proof of concept. The results show
an improvement in the uniformity of the temperature field at the tooling sur-
face during transient phases compared with a conventional design using straight



channels. The use of lattice structures improves temperature uniformity at the
tooling surface by over 50 %, and heating and cooling rates by 77 %. Finally, the
possibility of locally controlling the temperature field by adjusting the porosity
of the lattice structure is highlighted.

Keywords: Composite manufacturing, Forming, Lattice structure, Heat transfer,
Thermal management, Thermal efficiency

1 Introduction

The use of composite materials continues to increase, particularly in the transport
industry. Manufacturing of these components remains a real challenge as their quality
depends on numerous parameters, among which one is crucial: thermal management
during the manufacturing cycle. The composite materials forming requires a controlled
supply and release of heat into the part to guarantee quality while allowing maximum
productivity. Inadequate thermal management can result in various defects in the
component, including warpage, shrinkage, thermal residual stresses, and sink marks
[1, 2]. Moreover, productivity of the process depends largely on the cooling time of the
molded part. For example, in the case of thermoforming or injection molding processes,
more than 50 % of the cycle time is dedicated to part cooling [3, 4]. The efficiency
of cooling systems directly impacts both productivity and energy consumption of the
manufacturing process. To ensure an optimal heat transfer between the part being
produced and the mold, it is essential to use well-designed cooling and heating systems.
Traditionally, this is achieved by incorporating multiple straight channels in the mold
core and cavity, through which a cooling fluid, generally water or oil, flows. This
conventional method, although easy to implement, poses problems of adaptation to
complex shapes and does not guarantee a homogeneous temperature field.

Thanks to advances in additive manufacturing (AM), new designs can be created,
with far greater design freedom than with conventional machining. There are many
AM processes [5], and various metal alloys such as stainless steels, titanium, nickel
and aluminum alloys can be used in additive manufacturing [6]. Previously straight
channels can now take more complex shapes, allowing them to conform to the shape
of the part and freely manage the distribution of channels to achieve better thermal
performance. The benefits of additive manufacturing open up new avenues in the
design and evolution of heat exchangers, enabling shapes to be optimized, exchange
surfaces to be improved, and porous structures to be created [7]. Conformal cooling
emerge, where channels are designed to follow the shape of the part, aiming to enhance
cooling time and temperature uniformity [8]. In literature, design and optimization of
conformal cooling are the focus of many studies [3, 9-18]. Channel optimization can
lead to complex shapes, as studied by Mercado Colmenero & al [19] for injection mold
cooling, resulting in increased efficiency of the manufacturing process, reducing cycle
time and increasing the quality of the parts produced. There are many optimization
processes, manufacturing procedures and optimization parameters in the design of
conformal channels to reduce cycle times and improve the quality of the final part [18].



Some studies concentrate on optimizing the shape of channel cross-sections to
enhance performance. For instance, Chil-Chyuan Kuo et al. [20] demonstrate that
using profiled conformal cooling channels (PCCC) decreases cooling time by 33.33%
compared to circular channels, while also improving the uniformity of the temperature
distribution on the mold surface. Neil Wilson & al [21] also studied the impact of
the shape of the channel section produced by hybrid manufacturing, showing that
triangular channels offer the best performance in terms of heat transfer compared
with the others tested in the study. More complex channel networks have also been
studied, Au and Yu developed the introduction of a conformal layer composed of multi-
connected porous passageways for mold cooling to improve temperature distribution
[22].

Although conformal cooling channels significantly enhance performance, their
design is constrained by specific design rules. The distance ds in figure 1 between the
channels and the mold surface is limited by two factors: the mechanical strength of the
mold and the thermal non-uniformity of the cavity surface, known as thermal mark-
ing. Furthermore, the distance between the fluid and the tooling surface (d; and ds)
in the case of circular channels is not constant, leading to a non-uniform temperature
field if the channels are placed too close to the surface in contact with the composite
part, as shown with the isotherme line in the figure 2. The thermal response time is
diretly constrained by this distance which induces high thermal inertia.

An alternative to conventional approaches is the use of a porous medium consisting
of lattice structures in which a regulating fluid circulates. Lattice structures are a
distinct type of porous material distinguished from foams by the ordered and repetitive
arrangement of their unit cells. These porous structures can be integrated into the
tooling closest to the surface (d3 < d2) because they provide sufficient structural
reinforcement and prevent thermal marking through a sheet flow, as shown in figure
2. Additive manufacturing enables the creation of this type of complex architected 3D
patterns thanks to its high design freedom [23, 24]. This type of structure provides
good mechanical strength [25], which is necessary in forming processes where high
pressure is applied when the mold is closed.

The mechanical performance and fatigue resistance of lattice structures manufac-
tured by additive manufacturing depend on several key parameters. Among them,
powder morphology, laser exposure strategy and power, laser scanning speed and layer
thickness all influence the quality of SLM manufacturing results [26]. These manufac-
turing parameters impact surface roughness, which subsequently affects the mechanical
strength and fatigue resistance of structures by generating local stress concentrations
[27]. Consequently, it is crucial to carefully optimize these manufacturing parameters
to ensure optimum performance of lattice structures.

Brooks and Bridgen [28] have numerically and experimentally studied the use
of such structures for injection molds to improve heat transfer rates and minimize
tool temperature variations. Lepoivre & al [29] have experimentally investigated the
enhancement of heat transfer as a function of lattice structure porosity, for thermo-
plastic injection molding. Valentine & al [30] investigated the benefits of additive
manufacturing for the production of composite forming tooling. They concluded that
the tooling was highly responsive thermally, with heating rates up to 17% faster than



monolithic tools of similar mass. Alessio & al [31] have studied the use of additive
manufacturing to create lighter and thermally efficient molds for the manufacture of
expanded polymer parts traditionally using massive molds. The study shows a signif-
icant reduction in cycle times and energy consumption with molds manufactured by
laser powder fusion. Yun & al. [32] have studied influence of porosity of lattice struc-
ture on heat transfers, pressure loss and mechanical resistance. This study showed that
for a constant flow rate, reducing the porosity of the structure increases the heat trans-
fer coeflicient. Dixit & al [33] evaluated and numerically compared the thermal and
hydraulic performance of six different geometries for laminar flow. As a result of their
study, they concluded that the centered cubic shape offered the best ratio of thermal
efficiency / pressure drop. The shape of the structure’s ligaments also has an impact
on fluid flow, and therefore on the heat exchanger’s thermal efficiency. Liang & al [34]
studied the influence of shape experimentally and numerically, comparing three types
of ligament: circular, rectangular and elliptical for the same structure. They concluded
that the shape with the best performance is the circular one in terms of its ratio of
thermal performance to pressure drop. Fuller & al [35] experimentally investigated
the influence of the thermal conductivity of the porous structure material on overall
heat transfer by comparing two foams with similar porosities: one made of FeCrAlY
alloy and another with around 20 times higher thermal conductivity made of copper.
For an equivalent heat transfer fluid (air) and Reynolds number, they obtained heat
transfer coefficients 2 to 3 times higher for the more conductive copper foam.
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Fig. 1: Diagram of the conventional cooling system

Despite numerous studies on the use of lattice structures in heat transfer, analysis
of the influence of structure geometry and material in the case of turbulent heat trans-
fer fluid flow for application in composite tooling is still lacking. One of the objective of
the study is therefore to determine which parameters influence the thermal-hydraulic
performance of the tooling. Analysis of the evolution of the temperature field at the
mold surface under transient conditions, as is the case in injection molding or ther-
moforming, has not been studied either. The use of porosity variation in the lattice
structure to intentionally generate a change in the temperature field at the tool surface
should also be investigated.
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Fig. 2: Diagram of the system studied in this work

Based on these results, the first objective of this research paper is to evaluate the
influence of the geometry (cubic geometry) of the lattice structure on the thermo-
hydraulic performance of the system studied. The influence of the thermal conductivity
of the lattice structure material on heat transfer within the tooling and on thermal
efficiency is also analyzed. To achieve this objective, a steady-state numerical study
coupling turbulent water flow and heat transfer is carried out using several configu-
rations. This study enables local analysis of both heat transfer and fluid flow inside
the lattice structure. This results led to the selection of the geometry offering the best
thermo-hydraulic performance among those tested.

The second objective of this work is a transient thermal analysis of the system.
To complete the steady-state analysis, and given the numerical cost involved, the
unsteady state in which heating and cooling cycles are carried out as in an industrial
process is studied experimentally. The main objective of this experimental part is to
analyze the heating and cooling rates at the tooling surface and the homogeneity of
the temperature field during transient phases. Finally, the possibility of controlling
locally the temperature field at the tooling surface by adjusting the porosity of the
lattice structure is investigated. This experimental study provides proof of concept and
demonstrates the advantages in terms of efficiency of using additive manufacturing and
this type of structure in composite forming tools used in thermoforming or injection
molding, for example.

2 Lattice cell architectures

Lattice cell-topologies investigated in this study are body-centered-cubic (BCC) and
face-centered-cubic (FCC) as shown in figure 3 with cylindrical ligaments. The ”Z” cor-
responds to one additional ligament and the ”"Z+" to two additional ones. Z-ligments
provide better compressive strength, as shown in the work of Leary & al [36]. Cubic
geometries are commonly used for heat exchanger applications [28, 29, 32, 33]. Cubic
geometries were chosen for several reasons. As shown by the work of Maconachie &
al [26], BCCZ and FCCZ geometries offer good compressive strength properties for a
given relative density. The choice of geometries for the structures studied is also based
on the constraints of additive manufacturing techniques. These cubic geometries can
be easily produced using additive manufacturing techniques, an essential parameter



for industrial application. The proposed geometries can be realized without the need
for additional support, using a maximum strand angle of 45° to the vertical.
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Fig. 3: Unit cells geometries. a) BCCZ, b) BCCZ+, ¢) FCCZ, d) FCCZ+

Each unit cell has a fixed overall dimension of 10 mm x 10 mm x 10 mm. Porosity
¢ (eq. 1) is fixed at 0.8 by adjusting ligament diameter d; between each cell-topology.

- Vvoid (1)

V;total
Where V04 is the volume of void-space and V., is the total cell volume. Cells
characteristics are summarized in table 1. As the porosity is the same for each geom-
etry, the volume of fluid is also the same. However, the contact surface with the fluid
is not the same for each geometry, which can potentially modify heat exchange. A. is
this area of the contact surface of the unit cells with the fluid called the wetted area.

Table 1: Characteristics of used unit

cells
d; (1073 m)  Ac (1076 m?)
BCCZ 2.00 355
BCCZ+  1.90 377
FCCZ 2.25 319
FCCZ+ 1.96 363

In the rest of the study, these unit cells are joined end-to-end to create a straight
channel. The straight-channel configuration is used for both numerical and experi-
mental works. The straight channel is used in the study, but it is possible with this
technology to realize a flow sheet.

3 Experimental setups

The aims of the experimental setups are to analyze the temperature field at the surface
of the system in steady and transient states, and to study the pressure drop generated
by the lattice structure. The steady-state setup configuration is used to validate the



numerical results by comparing numerical temperature field and pressure drop with the
experimental results. Then, a study in unsteady-state is realized to carry out heating
and cooling cycles to get closer to industrial use. The objectives are to analyze heating
and cooling rates on the tooling surface and homogeneity of the temperature field on
the same surface during transient phases. In both cases, the fluid used is water, as it
is commonly used for thermal regulation.

3.1 Steady-state setup

To validate the results of the numerical model, an experimental bench is developed
allowing the circulation of water inside a 20 ¢m long by 2 e¢m wide lattice channel
while applying a constant heat flux on its top surface. The water circulates through
the test section at T}, = 20 °C and 2 L.min~! which is the permissible flow rate of
the thermostat used. Lattice structure integrated into the channel is made of polymer
and realized in the laboratory by stereolithography (properties in table 3). Figure 4
presents schematically the experimental setup.
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Fig. 4: Schematic of the experimental setup in steady state configuration

A homogeneous heat flux density of ¢opp = 23 kW.m™2 is applied by Joule
effect with an electrical resistance made of a sheet of stainless steel (thickness :
Estainless,steel,sheet = 10 pm). To avoid electrical problems, the stainless steel sheet is
electrically insulated on its two faces by two polyimide adhesive films of eporyimide, fitm
= 49 pm thickness and a thermal conductivity Apoiyimide, fitm = 0.17 Wom LKL
The electrical resistance is presented schematically in figure 5.

Physical contact between the heating element and the lattice structure is obtained
by bonding with cyanoacrylate glue. Temperature field at the top of the electrical
resistance is measured with an infrared camera FLIR SC7000. A black paint ” Kontakt
Chemie GRAPHIT 33” of known emissivity (0.84, experimentally measured) is applied
to the visualized surface. The fluid inlet and outlet temperatures are measured using
two K-type thermocouples. Pressure drop between inlet and outlet of the test section
is measured by two pressure sensors ”Gems 3500B”. For this part, only two cells are
observed with the infrared camera to achieve a good resolution of 124 pixels by 69
pixels.
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Fig. 5: Schematic of the heating element

3.2 Unsteady-state setup

The objective of the unsteady setup is to carry out heating and cooling cycles. These
latters are obtained by alternating cold and hot water circulation in the test section.
Hot and cold water temperatures are controlled by a cooling bath at T, = 20 °C' and
a heating one at Tj, = 70 °C. The cold and hot loops are controlled by solenoid valves
(SV) to have circulation cycles of cold water during 60 seconds and hot one during 60
seconds. On the top of the channel the heating element used in the steady-state setup
is replaced by a stainless-steel plate of 5 mm thickness representing the tooling skin.
The upper surface of this plate represents the molding cavity surface in contact with
the composite part. This surface referred to as ”tooling surface” (shown in red in figure
6) is observed by the infrared camera during the cycles, to analyze the evolution of
temperature over time. Channel dimensions are the same as those used for the steady-
state configuration. The lattice structure can be integrated in or removed from the
channel to compare the temperature evolution of the tooling surface between these
two configurations. The same black paint is applied on the observed surface as for the
steady-state measurement. The experimental set-up is depicted in figure 6.

IR camera Polycarbonate
meter ' &« upper part
e ‘ Py T Poues Tout Tooling surface
k| T “«— Stainless steel plate
%utlet

Lattice structure

Polycarbonate
Flow )
1 t

Fig. 6: Schematic of the experimental setup in unsteady state configuration

/{

Figure 7 shows the lattice structure produced by additive manufacturing in poly-
mer, and two cross-sections of the setup along the length of the channel representing
the two configurations compared in this work.
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Fig. 7: Lattice structure produced by additive manufacturing and cross-section of the
setup

4 Computational model

In order to quantify the efficiency of the selected structures, a numerical model is
defined. This model aims to analyze the heat exchange and the fluid flow in a sys-
tem composed of a channel containing a series of elementary cells through which the
fluid circulates. The numerical solving of the fluid flow coupled with heat transfer is
performed using the finite volume method with the software Ansys Fluent®. The gov-
erning equations of continuity, momentum and energy in the fluid domain are solved.
The pressure-velocity coupling is implemented by coupled algorithm which ensures
stable convergence in this case. The study is conducted in three dimensions, under
steady-state conditions, and several assumptions are made: constant thermophysi-
cal properties, incompressible and single-phase flow, steady-state flow and no gravity
effect.

4.1 Computational domain and boundary conditions

Figure 8 shows the computational domain used, and table 2 shows the values of the
operating conditions for the simulation. The number of lattice cells used is sufficient
to have study cells outside zone where the fluid flow and heat transfer are affected
by the inlet in the lattice structure and outlet. A constant velocity and temperature
are applied to the fluid at the inlet. The inlet velocity corresponds to a flow rate of 6
L.min~'. A homogeneous and constant heat flux is applied to the upper part of the
system on the tooling surface. This heat flux is representative of the one supplied by
a composite part during its cooling, and is chosen to obtain a surface temperature
around 100 °C.

To ensure a hydrodynamically developed flow, an extended inlet of 100 mm long
is included. Additionally, to avoid convergence issues caused by back pressure, an
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Fig. 8: Computational domain and boundary conditions

Table 2: Boundary conditions for simulation

Parameter Value

Inlet temperature T;,, 26.85 °C

Inlet velocity v, 1m.s—!

Outlet relative pressure Poyt 0 Pa

Heat flux density ¢” 250 000 W.m 2

No-slip condition at the fluid solid interface -

extended outlet section is implemented. Taking advantage of the symmetry of lattice
samples, only half of the configuration is simulated. The fluid used is water, lower and
upper parts are considered to be made of 316L stainless steel. The lattice structure
is either stainless steel or polymer in order to analyzed impact of the material of the
structure on heat transfer. Material properties used are described in table 3.

Table 3: Material properties

Material p A Cp

I
(kgm=3) (Wm LK) (JkgL.K~1) (kgm~ls™1)
Water 998 0.60 4182 0.001
Stainless steel 8 030 16.30 502 -
Polymer 1 400 0.22 1 200 -

Grids are generated in solid and fluid domains using Ansys Mesh®. Figure 9
shows the mesh characteristic with triangular prismatic elements in the inflation layer
and tetrahedral elements on the rest of the domain. About twenty inflation layers are
generated near the walls of the computational domain with a thickness of the first
layer to ensure that value of the dimensionless wall distance y™ was around unity.
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Fig. 9: Meshing of the domain

4.2 Turbulence model

Reynolds number is 9 980 at the inlet of the domain when v;, = 1 m.s™!, therefore
a turbulence model is used. A low-Reynolds model is used, benefiting from the capa-
bility to resolve the near-wall flow by integrating the turbulent kinetic energy and
dissipation rate equations up to the wall. The Shear Stress Transport k-w (SST k-w)
turbulence model is used, providing accurate results for both laminar and turbulent
flows as shown in [34, 37], and considering near-wall and wall-shear boundary condi-
tions. Several studies used the SST k-w turbulence model to accurately describe the
flow of fluids in porous media coupled with heat transfer, exhibiting strong agreement
with experimental results [32, 34, 37, 38].

4.3 Grid independence study

In this study, a pressure-based algorithm is employed in conjunction with a coupled
solver scheme. Convergence of the simulation is considered obtained when residual of
each conserved variables values fall below 10~* for continuity, x-velocity, y-velocity,
z-velocity, the turbulent energy kinetic k, turbulent dissipation rate omega, and 10~6
for energy. Throughout the iterative process, variables of interest, including average
temperature of the tooling surface (Tyug,45), inlet pressure (P;y,), and maximum fluid
velocity (Umaz), are monitored to verify the stability of the simulation.

For the grid independence test, three grid schemes were generated. The number of
elements is refined following the procedure grid refinement by calculating factor r eq.
2 [39]:

1/3
r—= |: Ngrid,n :| (2)
quid,n—l

With N the number of elements of the mesh, n the finer mesh and n-1, the coarser
mesh. The value of r must be greater than 1.3 based on experience [39]. For this
mesh convergence, two variables of interest are compared: the convective heat transfer
coefficient h., and the pressure drop AP between the inlet and the outlet of the fluid.
Using these two variables allows to focus on heat transfer through he, (eq. 3) and fluid
flow through AP.

b

q
heg = 3
“ Tavg,ls,up - Tavg,fl ( )

Where Tgug,15,up is the average temperature of the lower side of the upper part in
contact with the fluid and the lattice structure represented in green in figure 10.
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Fig. 10: Contact surface between the upper part, the fluid and the lattice structure :
Aavg,ls,up

Tavg, 1 is the average fluid temperature defined as:

Tout + Tzn
Tavg,fl = # (4)
The mesh dependency index is defined as eq. 5:
0 — |7fgrid,n.* Zgrid,n—l' 100 (5)
lgrid,n

Where i is the variable studied. The mesh is considered sufficiently fine when 6 is
less than 2%. Table 4 lists results of the grid independence test for Re = 9 980 with
the lattice structure in steel.

Table 4: Results of grid independence

Cell geometry  Elements  heq 6 AP 0 Remark
Wm=2.K~Y (%) (Pa) (%)

BCCZ 728 496 14 427 2.2 15787 8.5

2398 169 14 748 1.3 14 550 0.1

5335699 14 945 - 14 579 - Accepted
BCCZ+ 762 605 13 608 15.1 24684 14.0

1917 637 16 036 14 21 660 0.4

4334934 16 265 - 21 580 - Accepted
FCCZ 822 015 16 185 6.5 34 444 18.2

2914 323 17 301 1.9 29 147 1.7

6 440 406 17 642 - 28 651 - Accepted
FCCZ+ 780 974 16 458 7.5 68 417  33.6

3082345 17180 1.2 51199 0.6

6 886 810 18 014 - 50 883 - Accepted

12



5 Results and discussion

5.1 Model validation

Initially, numerical results are compared with experimental ones to validate the numer-
ical model. To adapt the numerical domain to the experimental bench presented in
section 3.1, it is necessary to consider the design of the heating element used experi-
mentally and depicted in figure 5. Due to the low thermal conductivity of the polyimide
film located between the heat flux applied with the steel sheet and the water circu-
lation (the lower layer), there is a thermal gradient between its two surfaces. It is
therefore necessary to take this polyimide film into account. Because of its very thin
thickness, a very fine mesh is required for the film. Therefore, for fluid mechanics and
heat transfer model validation, only a few lattice cells are considered, rather than the
entire experimental test section. The upper layer of polyimide film is not taken into
account because an adiabatic condition is assumed on its outer surface. The stainless
steel sheet should be considered as it affects the thermal results. Numerical domain
and boundary conditions for thermal validation are presented in figure 11.

Heat flux
n__ 9« 7 -2
Adiabatic walls on lateral q"= 23 kW.m l, —» Outlet

B l P=0Pa
surfaces y=1 l Stainless steel
\ —

sheet 10 pm
Adhesive polyimide
I¥1l_cic ~
Q = 2 L.min y‘\l"x
Symmetry plane on lateral

| film 49 pm
surfaces y=0

Fig. 11: Numerical domain and boundary conditions for thermal validation

N

The numerical and experimental temperature fields on two cells at steady state
are shown in figure 12 and figure 13. Figure 13 shows the temperature along segment
[AB], shown as a white dotted line in figure 12. This segment crosses a contact point
between the heating element and the lattice structure.

Similar temperature fields are obtained both numerically and experimentally. The
temperature distribution is not significantly homogenised by diffusion in the metal-
lic heating plate due its thinness and moderate thermal conductivity. The maximum
temperature difference on the dotted white line is 4°C' between the numerical and
experimental results. It can also be seen that the differences are localized at the con-
tact between the lattice structure and the heating element. These slight temperature
differences are perceptible between the numerical and experimental results due to
bonding defects (glue point wider than the structure’s ligament) between the struc-
ture and the heating element. Indeed, it has been experimentally observed that the
adhesive point between the structure and the heating element affects the temperature
field. The average temperature of the observed surface is denoted as T4 g, heater, and
the value of the overall heat transfer coefficient is determined as eq 6:

13
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Fig. 12: Experimental and numerical temperature fields at the top of the heating
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Fig. 13: Experimental and numerical temperatures along the segment [AB]

b))

q
heg.heater = 6)
caneater Tavg,heater - En,fl (

In table 5 difference of 6 % is observed on the value of the overall heat transfer coef-
ficient between the experimental and numerical results, attributed to bonding defects
between the lattice structure and the heating element. However, a good agreement is
still noticeable between the numerical and experimental results.

For the validation of the fluid mechanics aspect, the experimental and numerical
pressure drops at different flow rates are compared. The results are shown in figure 14.
The graph shows the pressure drop results in the channel with the lattice structures
used for several fluid flow rates. Both numerical and experimental pressure drop results
are presented.

The maximum difference is about 4.3 % on the numerical and experimental pressure
drop, which tends to validate the numerical simulation model.

14



Table 5: Comparison of numerical and experi-
mental results

Variable Simulation  Experiment
Tavg,heater (QC) 34.9 35.8
heq heaterWom™2.K~1) 1544 1456
Trmin (°C) 27.7 27.1
Tmaz (°C) 90.7 93.4
30
25 * Exp ¥
+ Sim
g 20
) i
% 15
10 *
5 . . A
1.5 2 2.5 3 3.5

Flow rate (L.Inin'l)
Fig. 14: Comparison of the simulation results with the measured data for pressure
drop

5.2 Steady state

The system is first studied numerically in steady state, in order to carry out a local
analysis of the physical phenomena, which would be difficult to achieve experimentally.

5.2.1 Global thermal-hydraulic performance and definition of the
most efficient geometry

The first objective of the steady-state numerical analysis is to define which of the
tested geometries presented in section 2 is the most efficient for use in tooling. To
compare the thermo-hydraulic performance of different geometries it is necessary to
introduce a performance index. For use in forming tools, both thermal and hydraulic
performance are essential, so the performance index is chosen to take both aspects
into account. The performance of the different configurations is estimated using a
efficiency index defined as EI. For use in composites forming tools, in the case studied,
three factors are important: heat transfer efficiency, pressure drop and temperature
field homogeneity. The performance factor must therefore take these three elements
into account. Heat transfer efficiency is considered by the Stanton number. Stanton
number is a dimensionless quantity that expresses the relationship between the heat
transfer coefficient and the heat capacity of a fluid defined as eq. 7:

Reg

St= ———
Pfl Vavg CPf1

(7)
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Where py; is the density of the fluid, vqvy the mean velocity of the fluid and cpy,
the specific heat capacity of the fluid.
Pressure drop is taken into account by the dimensionless factor f :

2 AP D,
f= L 2 (8)
Pri vavg
Where L is the channel length. The hydraulic diameter Dj, of the lattice channel
is defined as eq. 9 [40]:

4Vy
Dh - A'w (9)

Where Vy; is the fluid volume and A,, the wetted surface area.

Finally, the homogeneity of the temperature field is taken into account with the
standard deviation or,, of the temperature on the tooling surface. A low standard
deviation reflects a uniform temperature field at the contact surface with the composite
part.

The performance index ET is then defined as :

St
Bl = o 2D (10)
(#)3 o7

Where Stg, fo and o1, are respectively the Stanton number, the friction factor and
the standard deviation of temperature at the tooling surface for the empty channel.
This performance index is used to select the geometry which provides the best ratio
of thermal and hydraulic performance.

To analyze the global thermal performance of tested geometries, figure 15 presents
the temperature evolution along a line in the fluid flow direction at the tooling surface
: T'(z) on the segment [AB]. Simultaneously, the figure illustrates the heat temperature
evolution T'(x) along a line in the fluid flow direction at the fluid-solid interface on
the segment [CD]. Figure 15 a) and b) show temperature evolution along the whole
length, and c¢) and d) only along the sixth cell. Segment [CD] is chosen to avoid
crossing of the ligaments of the lattice structure for each geometry, and segment [AB] is
positioned above [CD] on the tooling surface. All lattice structure geometries presented
in section 2 are tested in stainless steel and polymer. Polymer material is less thermally
conductive but has the advantage to be easier to manufacture in AM. Its use can be
envisaged for forming processes where the pressure on the surface of the tool is low
enough.

In all cases, the temperature is lower for configurations with lattice structures than
for the empty channel, demonstrating the improved heat transfer achieved by using
these structures. The temperature evolution at the tooling surface is lower along the
fluid flow than for the empty channel, whatever the lattice structure. This shows that
lattice structures improve the uniformity of the temperature field. Temperature varia-
tions at the fluid-solid interface and at the tool surface are similar for each geometry,
but for the same structure, depending on the material, the temperature varies by
around 2 °C. For temperature at the fluid-solid interface, periodic variations are vis-
ible. These temperature peaks where the local temperature varies at the fluid-solid
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Fig. 15: Temperature evolution along x axis on tooling surface and fluid solid interface

interface with the lattice structure correspond to zones where the passage cross-section
is reduced, and therefore where fluid velocity and turbulence are increased. These local
variations lead to a minimum thickness of the upper part to ensure a homogeneous
temperature at the tooling surface, which is essential for the production of composite
parts.

Table 6 presents the numerical average temperature of the tooling surface on the
segment [AB] Tpug iine,ts (figure 15), the global heat transfer coefficient he, and the
pressure drop for the different geometries and materials.

The tooling surface temperature decreases considerably with the lattice structure
compare to the empty channel for the same inlet velocity. The global heat transfer coef-
ficient hq is approximately three times higher than empty channel for all geometries.
The geometry strongly impacts the pressure drop of the systems.

Figure 15 and table 6 shows that face-centered cubic structures appear to be the
best in terms of heat transfer. However, the hydraulic performance aspect also needs
to be taken into account as mentioned previously. Table 7 presents results of efficiency
index previously defined of the different geometries and structure’s material.

Table 7 shows that the Stanton number is similar for all geometries. Concerning the
influence of the conductivity of the lattice structure, although the stainless steel lattice
structure has a thermal conductivity more than 70 times higher than the polymer one,
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Table 6: Numerical results of the different geometries

Cell geometry Lattice structure Tavg,line,ts heq AP
material &) (Wem=2. K1)  (kPa)

BCCZ Stainless steel 105.7 14 945 14.58
Polymer 107.5 13 285

BCCZ+ Stainless steel 103.9 16 265 21.58
Polymer 106.5 14 018

FCCZ Stainless steel 102.7 17 642 28.50
Polymer 104.5 15 802

FCCZ+ Stainless steel 102.4 18 014 50.88
Polymer 105.7 14 966

Empty channel - 133.3 5573 0.70

Table 7: Efficiency index of the different geometries and structure’s material

Cell geometry Lattice structure St S%) f ff—o or,, (°C) EI
material

BCCZ Stainless steel 2.98.1073 234 0.93 1781 1.0 4.3
Polymer 2.65.1073  2.08 1.0 3.8

BCCZ+ Stainless steel 3.25.1073 2.84 1.38 26.37 0.8 5.1
Polymer 2.80.1073%  2.19 0.8 4.4

FCCZ Stainless steel 3.52.107% 276 2.22 4239 0.8 4.8
Polymer 3.16.1073  2.47 0.8 4.3

FCCZ+ Stainless steel 3.60.1073 282 380 7271 1.0 3.2
Polymer 2.99.1073 2,24 1.1 2.5

Empty channel 1.27.107% 1 005 1 4.8 1

the Stanton number is only increased between 11 % and 15%. This result shows that
in this configuration, for the same geometry and flow condition, the material of the
lattice structure has a little impact on thermal exchanges. This result is in agreement
with the work of Fuller & al [35]. The FCCZ+ geometry is considered the less efficient
for the intended application, due to its high pressure drop because of smaller passage
sections, which impede the passage of fluid for similar thermal performance. This result
in a lower efficiency index. The BCCZ+ geometry is considered the most efficient in
terms of the ratio between thermal and hydraulic performance, this is why BCCZ+
geometry is retained in the rest of this study.

As the BCCZ+ structure is considered the most efficient efficient for composite
tooling applications, whatever the material used, the rest of the study will focus on it.

5.2.2 Heat transfer analysis for BCCZ+ structure

With the geometry considered to be the most efficient identified, a local analysis of the
coupling between fluid flow and heat transfer is carried out. The aim of this section is
to analyze the heat transfer distribution in configuration studied.

In the studied system, the first type of dissipation is convection between the fluid
and the upper part (on the blue surface in figure 16), which will be referred to as
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direct convection. The second type of dissipation is convection between the fluid and
the heat conducted through the ligaments of the structure (that can be considered as
fin) referred to as indirect convection. To analyze fin efficiency, heat flux evacuated
through the ligament (indirect convection) is compared to the flux evacuated on the
direct contact between the fluid and the upper plate (direct convection). The interface
between the lattice structure and the upper part is represented in red in figure 16
and designated as A .p, while the interface between the fluid and the upper part is
illustrated in blue and referred to as A.f,up-

A

cl,up
Acf_up —\ \

Z

L

Fig. 16: Scheme of the different surfaces in contact with the upper part

The proportion of contact surface between the lattice structure and the upper part
et up is given by eq. 11:

Town = UP 11
bup Aot (11)

Where A, is the total area of the upper part :

Atot = Acl,up + Acf,up (12)

The heat flux evacuated by direct convection between the fluid and the upper plate
is noted ¢.¢,up and the one evacuated by indirect convection ¢ . The proportion of
heat flux dissipated in the lattice structure is defined by eq. 13:

Tlel,up,simulation = M (13)
¢t0t
Where ¢rot = Pelup + Pcfup. Table 8 presents the proportion of heat flux evac-
uated by conduction in the ligaments from the simulation in function of the lattice
structure material. The ratio between heat flux transferred by the ligaments of the
lattice structure 7c; up,simulation and the surface area occupied by the contact between
the lattice structure and the upper plate I'¢ ,p is also shown.
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Table 8: Proportion of heat flux evacuated in the ligament of the structure

Lattice structure material 1—‘cl,up (%) Nel,up,simulation (%) ncl,up,simulation/rcl,up

Polymer 9.1 0.5 0.055
Stainless steel 9.1 9.8 1.077

The table 8 shows that the heat flux dissipated by conduction in the ligaments is
impacted by the thermal conductivity of the lattice structure, for the same value of
T'¢t up, the value of 1 4, is divided by around 20 in the case of the polymer.

The value of the ratio ne up,simutation/Ici,up Shows that in this configuration, the
fin effect associated with the lattice structure is not the driving force behind improved
heat transfer, with a value just over 1 in the case of the steel lattice structure. These
results show that it is not the increase in exchange surface area induced by the lattice
structure that improves heat transfer in this configuration. In fact, for the stainless
steel lattice structure, over 90% of the heat flux is dissipated by direct convection,
and almost the entire heat flux for the polymer lattice structure. Fluid flow, which
has a direct impact on this direct convection between the fluid and the upper part is
analyzed in the following section.

In this configuration, evacuation of the heat flux takes place mainly by direct
convection between the fluid and the upper plate. These results explain the small
difference of h., in table 6 between a polymer lattice structure and a stainless steel
one. The impact of the structure’s material also has little impact on the h.q coefficient,
as contact surface I'¢,,, represents only 9.1 % of the total exchange surface.

5.2.3 Fluid flow analysis inside BCCZ+ structure

Direct convection is the dominant mode of heat transfer in the cases considered in
this work. The nature and properties of fluid flow are therefore studied in this section.
Figure 17 shows streamlines and normalized velocity magnitude on two orthogonal
planes defined in a single cell, the sixth, not located in the region affected by the
entry into or exit from the lattice structure. The plane P1 (on the XY plane) is
localized just under the upper part, at 0.25 mm to avoid having a zero velocity field
corresponding to the no-slip condition. The plane P2 (on the XZ plane) is located at
2.5mm of the cell extremity. The reduced passage generated by the lattice structures
causes local acceleration of the fluid, with a speed of up to three times the entry
speed. This phenomenon obviously favours convective transfers. As well as increasing
velocity, the ligaments generate vortex zones. In fact, in the vicinity of the ligaments,
significant recirculations of the flow are observed and the lattice structure induces
strong tortuosity, increasing heat transfer.

Figure 18 illustrates the turbulence kinetic energy (TKE) distribution on the plane
P1, and the temperature distribution of the lower face of the upper part: plane P3,
located at the interface between the upper part the fluid and the lattice structure. The
TKE is determined by measuring root-mean-square velocity fluctuations, which offer
valuable insights into the intensity of turbulence flow mixing. Elevated TKE levels
contribute to enhanced flow mixing, resulting in enhanced heat transfer capabilities.
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Fig. 17: Streamlines superimposed with normalized velocity contours on two planes

Figure 18 shows that the temperature distribution is directly related to the turbulence
kinetic energy, zones with higher TKE present lower temperatures (white dotted area).
The ligaments that increase this turbulent energy on plane P1 and heat transfer are
those inclined at 45 degrees to the z axis, rather than the one parallel to the z axis in
the center of the cell. Indeed, they reduce the cross-sectional area between the fluid
and the exchange surface, and direct part of the fluid flow towards the top plate. The
lattice structure acts as a turbulence amplifier which contributes the improve thermal
transfer. From the temperature fields shown in figure 18 (plane P3), it can be seen
that the contact zones between the lattice structure and the upper part have a higher
temperature for the polymer structure due to its lower thermal conductivity.

Fluid flow ) Steel lattice Polymer lattice .
@ —_— TKE (m”s) structure structure T (°C)
N —0.24 —57
@ —0.20 —52

0.15 —47
—42
y 0.10 Yy y —37
0.05 _39
z 0 —27
N A 1 “ Tpg “ ps
TKE distribution Temperature distribution

a) b) ¢)
Fig. 18: a) Turbulence kinetic energy TKE of the fluid on plane 1 (red line on the
diagram) and temperature distribution on plane 3 (green line on the diagram) for the
configuration with b) stainless steel lattice structure and c) polymer lattice structure

Figure 19 displays the fluid temperature field on the plane P2. As shown in figure
17, the lattice structure provides an acceleration of fluid flow and vortices near to the
exchange surface. These characteristics allow to disrupt the thermal boundary layer
formed by the heat flux applied. Disruption of this thermal boundary layer improves
heat exchange and homogeneity of temperature distribution on the tooling surface.
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Accordingly, disturbance of this thermal boundary layer with the lattice structure lim-
its the temperature gradient in the direction of fluid flow (x axis) in comparison to an
empty channel where the size and temperature of the thermal boundary layer increases
in the fluid flow direction. It explains the better temperature field homogeneity by
using lattice structures.

Lattice structure Empty channel 39 a—
/—30 =] 23]
N—29 £
1 2 28 &
co) L
Z Z o E:E
I I g
(o]
y X y X
P2 P2 2

Fig. 19: Fluid temperature isotherms on plane 2 for an empty channel and a channel
with BCCZ+ lattice structure. Isotherms at 28 °C, 29 °C, 30 °C, 32 °C'

This numerical work shows that the improvement in heat transfer is linked both
to the increase in fluid velocity and to the vortices generated by the lattice structure.
Lattice structure generates significant fluid mixing and high TKE, which improve
convective exchanges.

5.3 Transient state

The transient state is studied experimentally, due to the numerical cost generated by
transient simulations. The aim of this unsteady-state section is to study the system in
a cyclic regime consisting of heating and cooling phases. In response to these cycles,
the uniformity of the temperature field at the tooling surface, as well as the heating
and cooling rates, are studied. In this transient analysis, two channel configurations are
used. The first configuration is a channel with a BCCZ+ lattice structure of constant
porosity to ensure a uniform temperature at the tooling surface during heating and
cooling phases. Then, a second configuration is used, with a non-constant porosity
of the BCCZ+ lattice structure in the channel, to obtain a local variation of the
temperature which can be useful for example in cases of composite parts with thickness
variation.

5.3.1 Configuration 1: constant porosity

Figure 20 shows the temporal evolution of the water temperature at the entrance to
the test section in green line, the mean temperature (solid line) and the standard devi-
ation Std (dotted line) of the temperature on the upper surface of the stainless steel
plate: the tooling surface. Firstly, it can be seen that that when the fluid temperature
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changes, the temperature does not instantly match the setpoint. This is due to the
small volume of thermoregulators, which means that the temperature is influenced by
the fluid returning inside, being either hotter or colder than the set point. Then, the
difference between the hot stationary temperatures at the tooling surface is linked to
the ratio between the heat transfer coefficient with the ambient air at the tooling sur-
face and the one between the fluid and the tooling skin, which is smaller when the
lattice structure is present. The heating and cooling rates of the tooling surface are
increased thanks to the structure. Note that the standard deviation is reduced during
transient phases when lattice structures are added. This means that the temperature
at the tooling surface is more uniform.

— Tin — Tayg empty channel --. Std empty channel
— Tayg lattice channel -.- Std lattice channel
80 r 16
5)
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&
3 e
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2
1
0
0 20 40 60 80 100 120

t (s)
Fig. 20: Temporal evolution of the mean and standard deviation of the temperature
on the observed surface

Thermal inertia of the tooling skin is characterized by the thermal time constant
7, the time to reach 63.2 % of the temperature amplitude, in this case 51 °C with the
lattice channel and 48.5 °C for the empty channel. The steady state is reached at the
value of 57. Results are presented in table 9. The time to obtain the steady state is
reduced by 38 % in this configuration thanks to the lattice structure.

Table 9 presents also heating and cooling rates for the empty channel and the
lattice one for the period from 0 s to the thermal time constant 7. The lattice structure
allows to increase the heating and cooling rates by about 77% compare to the empty
channel.

Figure 21 presents thermographies (31x313 pixels resolution) of the tooling surface
at the same time ¢ = 10 s after the beginning of the cooling (corresponding to 70 s
in figure 20) for the empty channel and for the lattice one. Figure 22 presents the
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Table 9: Thermal time constant, heating and cooling
rates for both configurations for both configurations

7(s) 57 (s) Heating / Cooling rates
AT/At (°C.s71)

Lattice structure 7.7 38.5 3.9
Empty channel 12.5 62.5 2.2

temperature evolution at the tooling surface along the fluid flow on the segment [AB]
at several time of cooling 5, 10, 15 and 20 seconds, corresponding to 65, 70, 75 and 80
seconds in figure 22.

Empty channel thermography at t = 10 s. Tayg = 40.4 °C. Std = 5.6 °C
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Fig. 21: Empty channel and lattice channel thermal imaging at 10 seconds of cooling

Figures 21 and 22 highlight the improved uniformity of the temperature field at
the tooling surface, thanks to the lattice structure, during the entire transient phase.
This improvement in temperature field uniformity in the flow direction can be linked
to the disturbance of the thermal boundary layer obtained with the lattice structure,
as presented in the numerical section.

Table 10 presents the maximum temperature difference on segment [AB] at the
tooling surface during the cooling phase. The difference is measured between x = 0.02
m and x = 0.18 m, in order to not consider the effects of the inlet and outlet zones.

Table 10: Maximum temperature difference at the
tooling surface on segment [AB] during the cooling
phase

t (s) 5 10 15 20

Lattice structure ATyqe (°C) 5.2 3.5 2.1 1.1
Empty channel ATyqz (°C) 13.5 169 15.0 124
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Table 10 shows that the temperature gradient along the fluid flow is reduced up
to 11 times by using the lattice structure, although higher heating and cooling rates.
This ensure more uniform cooling of the produced part.

5.3.2 Configuration 2: non-constant porosity

Using lattice structures enables to locally modified its porosity € in order to con-
trol heat transfer and therefore the tooling surface temperature. Yun & al [32] have
shown that by decreasing porosity for a constant imposed flow rate, heat transfers are
increased. As the porosity decreases, vortices inside the lattice channel become more
prominent, and near-wall flow velocities are intensified, causing larger disturbance of
the thermal boundary layer as seen previously. These two phenomena improve convec-
tive heat transfers. The configuration adopted here is a cells porosity of € = 0.8 at the
beginning of the channel (10 cells), then, e = 0.5 (4 cells) and finally € = 0.8 (6 cells).
The objective is, with a single fluid inlet temperature, to locally control the tempera-
ture field on the surface of the tool. Figure 23 presents the lattice structures integrated
into the channel and thermal imaging of the tooling surface at 5 seconds of cooling (t
= 65 s in figure 20). Figure 24 presents temperature evolution at the tooling surface
at 5 seconds of cooling along x axis on the segment [AB] for graded porosity channel.

Between x = 0 m and x = 0.02 m, the area is affected by the inlet which explains
the lower temperature. Then, the temperature is immediately reduced at the start of
the porosity change at x = 0.1 m, but when the porosity returns to e = 0.8 at x = 0.14
m, the temperature change is not immediate, as the fluid flow does not regain its initial
velocity as soon as the porosity increases. In this configuration temperature can be
locally decrease of 5°C' at the tooling surface after 5 seconds of cooling compared to the
rest of the channel. This means that it is possible to locally control the temperature
distribution at the tooling surface with a unique inlet temperature of the fluid by
adapting lattice structure porosity in space. The future objective is to adapt the
temperature field of the tooling surface to the part to be manufactured.
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Fig. 23: Thermal imaging of the tooling surface after 5 seconds of cooling for the
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Fig. 24: Temperature evolution at the tooling surface after 5 seconds of cooling along
x axis on the segment[AB] for graded porosity channel

6 Conclusion

The use of lattice structures for thermal management of forming tools for the man-
ufacture of composite parts, for example by thermo-stamping or injection molding,
improves the thermal efficiency of the tooling.

In this study, global thermo-hydraulic performances of different geometries of lat-
tice structures are compared. Numerical results show that geometry of the structure
has a stronger influence on the pressure drop than on the heat transfers. The material
of the lattice structure has a little impact on the thermal performance of the system
in the studied configuration, with water and high Reynolds number. Using an effi-
ciency index based on the ratio between thermal and hydraulic performance, it has
been demonstrated that the BCCZ+ geometry offers the best performance index. It
is shown that the porous structure acts rather as a turbulence amplifier, and the fin
effect is not the predominant phenomenon in terms of heat transfer in the studied con-
figuration. Convective heat transfers are enhanced by increased fluid velocity, vortex
zones and disturbance of the thermal boundary layer. For that reason, conductivity
of the lattice structure doesn’t affect significantly heat transfer, which makes it possi-
ble to use a less expensive polymer structure, if it satisfies the criterion of mechanical
resistance expected for the forming process.

Experimentally, it is shown that the lattice structure makes it possible to obtain
rapid temperature variations with good temperature uniformity during the thermal
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transient phases. The time constant is reduced by using the lattice structure. It is
also possible to concentrate heat transfers by adapting porosity of the structure to
manufacture composite parts with thickness variation. The use of lattice structures for
the thermal management of tooling would then make it possible to increase the quality
of the parts produced by finely controlling the temperature field at the surface of the
tooling, while reducing the time of heating or cooling of shaped parts. However, certain
technological issues are not addressed in this work, such as the presence of residues
in the fluid (due to wear of the lattice structures, or other tooling components) which
could compromise the system by clogging pores or wearing ligaments of the lattice
structures.

Compared to the conformal cooling, thermal inertia can be greatly improved thanks
to the lattice structure which allows the circulation of the fluid as close as possible to
the surface of the tool without thermal marking. By circulating the fluid as close as
possible to the tooling surface, the mass to heat and cool is reduced, resulting in lower
energy consumption. Indeed, in real case, channels of conformal cooling are located at
one time the diameter of the channel which is not the case in this paper.

Although this study does not take into account the composite part, but only the
tooling, ensuring a controlled temperature field on the surface of the tooling guarantees
the right temperature inside the part. This study is based on a fluid which is water,
but in some cases it is necessary to use high temperatures, which requires the use
of another heat transfer fluid, oil for example. The results could then be different,
with thermal conductivity of the lattice structure having a greater impact on heat
exchange. The flow rate of the fluid, and therefore the Reynolds number also impact
these results.
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