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Abstract

Additive manufacturing (AM) opens up manifold possibilities to influence the heat transfer between fluid and die in high-
pressure die casting (HPDC), eventually allowing to minimize the total cycle time of the process. AM already has been
exploited to establish near-contour temperature control systems in industrial applications. However, AM not only allows to
influence the position of tempering channels in dies but it also allows to influence the fluid dynamics itself, e.g., by imprinted
static mixers. Up to now, such flow-influencing mixing elements have not been considered in metal AM. In the present work,
the impact of such metallic static mixers and most relevant processing conditions is investigated experimentally as well by
computational fluid dynamics (CFD) simulation. In a first step, conventional static mixer elements are integrated into straight
tempering channels to stimulate turbulences of the flowing tempering medium, finally resulting in an increase of the heat
transfer up to 33%. In a second step, laser-based powder bed fusion of metals (PBF-LB/M) is applied to realize static mix-
ers. Results obtained reveal that tempering channels without negative influences on the general flow behavior compared to
conventional static mixers in straight tempering channels can be realized. In conclusion, the presented results show a positive
impact on heat transfer and, thus, allow to further increase the economic efficiency of the HPDC process.

Keywords High-pressure die casting (HPDC) - Die tempering - Tool steel (AISI H13) - Heat transfer coefficient (HTC) -
Selective laser melting (SLM) - Conformal cooling

1 Introduction
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High-pressure die casting (HPDC) is a highly economic
Marco Sode and productive process, e.g., for processing of aluminum,
marco.sode @uni-kassel.de magnesium, zinc, or copper alloys. HPDC components are
characterized by complex multifunctional geometries and can
be used for realization of near-net-shape thin wall designs with
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Tizian Arold high tolerance requirements [1, 2]. Exemplary applications
arold@uni-kassel.de for HPDC components are transmission housings, cylinder
Malte Vollmer crankcases, structural components of the body of passenger

vollmer @uni-kassel.de cars, and also components for the e-mobility sector, such as

Thomas Niendorf battery housings [3]. Within a few milliseconds and under
niendorf@uni-kassel.de high pressure, the molten metal is pressed into a metallic
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permanent die. The process is divided into different process
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steps, as shown in Fig. 1. A quasi-static temperature condition
is paramount for a constant quality of the HPDC parts, i.e.,
the temperature of the die at the beginning of each shot
needs to be the same. For this purpose, the die comprises
tempering channels (for internal temperature control), which
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pre-filling phase

Fig. 1 Schematic cycle of the cold-chamber HPDC process

are operated with water or heat transfer oil [4]. The tempering
channels have a significant influence on the total cycle time
of the HPDC process, on the die lifetime, the solidification
behavior of the metal, the microstructural characteristics,
and, eventually, on the functionality and the final mechanical
properties of the components.

An efficient temperature control is primarily character-
ized by a high heat transfer in a short time. One approach
for an increased efficiency is a higher flow rate of the fluid.
However, the flow rate is limited since an increased flow rate
leads to a high-pressure loss due to pipe friction. A well-
defined relation between the pump flow rate and the pressure
loss results. Therefore, reduction of pipe friction and pres-
sure losses, respectively, of valves and fittings in the temper-
ing channel is often addressed to increase the temperature
control performance [4]. Another approach to improve the
heat transfer between die and tempering fluid is to increase
the turbulence of the flowing medium. Static mixers can be
implemented in the tempering channel, leading to a higher
turbulence of the fluid. An overview of different static mixer
geometries being used in tubes to influence the thermal
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behavior of the fluid can be taken from the investigations
of Skullong et al. [S]. Simple mixer geometries are helical
mixers, which are already used in heat exchangers. Kwon
et al. [6] were able to show the positive effect of helical mix-
ers on heat transfer between fluid and the inner wall inside
heat exchangers. Moreover, Roders et al. [7] demonstrated
that static mixer elements like open metal spirals in differ-
ent sizes and Hi-Trans elements (product of the company
Galvin) lead to a significant higher tempering performance
in HPDC dies. However, the application of these convention-
ally manufactured tempering inserts requires straight drill-
ings and, thus, the application within the channels is limited.
Additive manufacturing (AM) offers the possibility
to build spiral elements at nearly any location within the
channels. Thereby, AM is suitable to gain a better control of
the thermal conditions close to the die surface. Such effects
cannot be accomplished by conventional manufacturing
techniques. Thus, higher processing rates and a better
production quality for the casting parts can be expected.
The idea of using AM in the tool industry emerged
already in the 1990s. Heymadi and McAlea [8] used
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laser-based powder bed fusion of metals (PBF-LB/M) to
produce a steel-copper composite die. However, it took
almost another 10 years until Gibbson et al. [9] were able
to provide a proof of principle for the production of internal
tempering channels in a die made of a conventional hot-
working steel AISI H13. Using electron beam powder bed-
fusion (PBF-EB/M), they were able to realize a reasonable
density of the as-built structure and a relatively high
build-up rate as compared to the PBF-LB/M processed tools.
In another study, Rinnar et al. [10] showed the possibility to
increase the dimensional accuracy and tempering efficiency
by using the PBF-EB/M process for realizing internal
tempering channels in injection dies. However, the removal
of sintered powder in tempering channels can be difficult
[11]. This is thought to be one reason for the fact there is
only one study [12] available in open literature focusing
on the properties of PBF-EB/M H13 parts in recent years.
Numerous articles, being summarized in [13], are available
focusing on the processing of H13 processed via PBF-
LB/M. Still, components made from H13 suffer from various
issues in terms of cracking during PBF-LB/M, these being
summarized in [14].

It is well known that surfaces of parts processed by powder
bed fusion processes (PBF processes) are characterized by
a relatively high surface roughness. Dahmen et al. [15]
determined the surface roughness of PBF-LB/M processed
17-4PH stainless steel channels to be in a range between 7
and 20 um (Ra), depending on the inclination angle of the
channels with respect to the build direction. To investigate
the influence of surface roughness on the flow behavior,
flowability, and heat transfer, investigations on PBF-LB/M
small channels were carried out by Stimpson et al. [16].
One of the key findings of their study was the inferior
flowability within the channels, rationalized by a higher
surface roughness as a result of the AM-induced surface
characteristics. The overall heat transfer was inferior as well,
however, not decreased to the same degree as the flowability
since the larger surface area resulting from the high surface
roughness additionally promotes heat transfer. Zhu et al. [17]
pointed out that in the laminar flow region, regardless of
the diameter of the channel, no significant differences in
the friction factor between a PBF-LB/M processed and a
drilled tempering channel prevail. However, in a turbulent
flow region, especially for PBF-LB/M processed channels
with a diameter smaller than 10 mm, a significant deviation
to higher values of friction factors was seen. Eventually,
PBF-LB/M processed channels with a diameter larger than
10 mm show friction factors similar to drilled channels in the
laminar flow as well as the turbulent flow region.

The majority of recent studies focusing on AM used PBF-
LB/M to process position-optimized conformal tempering
channels. In die castings, Armillotta et al. [18] used
tempering channels to minimize spray cooling, shrinkage

porosity, and cycle time. Also, Fiorentini et al. [19] use
conformal channels for a more efficient cooling system in
die casting of lightweight components. Shinde and Ashtankar
[20] provide an overview of AM-assisted conformal cooling
in injection molding and conclude that AM can replace
conventional tooling in complex structures also in terms of
quality and productivity. Mazur et al. [21] further investigated
the possibilities of exploiting conformal cooling and lattice
structures for PBF-LB/M produced tempering channels.
In very recent studies, Chan et al. [22] reported on the
possibilities of hybrid AM for realization of cooling channels.
However, to the best of the authors’ knowledge, approaches
to improve the heat transfer behavior by influencing the fluid
dynamics using the full potential of the geometrical design
freedom offered by AM processes, exceeding the imprinting
of lattice structures [23], cannot be found in open literature.

In order to close this research gap, the present study
reports on the effect of different helical mixer geometries
on the flow behavior and, thus, the heat transfer between
fluid and die wall in conventionally manufactured dies.
Based on simulations and experimental investigations, it is
evaluated whether helical mixers are suitable for application
in HPDC tools. Considering the full potential of the design
flexibility of PBF-LB/M processes, it is studied whether
these elements can be manufactured through PBF-LB/M and
whether the higher surface roughness and the dimensional
deviations from the CAD geometry influence the tempering
performance compared to mixer elements in conventionally
manufactured dies.

2 Experimental
2.1 Theoretical background of heat transfer

Considering the heat transfer mechanisms in the area of the
die tempering channel, two physical heat transfer phenom-
ena are responsible for the thermal balance of the process:
the conductive heat transfer inside the tool steel and the
convective heat transfer mechanism between the tempering
fluid and the tempering channel and between the die and the
environment [24]. Since the convective heat transfer between
the fluid and the tempering channel is the most important for
the present study, the following equations introduce the basic
principles of the convective heat transfer mechanism inside
tempering channels. The local heat flux density g specifies
the dependencies between the logarithmic temperature dif-
ference A9,, and the local heat transfer coefficient o accord-
ing to Stephan et al. [25]:

g=ae+A9, 1))

with
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n(ﬂw—ﬂo) The Nusselt number Nu number according to Eq. (4) is

where Jy; is the temperature of the inner wall of the temper-
ing channel, 9, is the initial temperature of the fluid, and
8, is the final temperature of the fluid. However, the heat
transfer coefficient between the fluid and the tempering
channel wall is difficult to determine in real applications.
Therefore, the dimensionless Nusselt number Nu is defined
based on the similarity theory to characterize convective
heat mechanisms.

The Nusselt number describes the correlation between the
heat transfer coefficient o, the thermal conductivity of the lig-
uid A, and the characteristic length L. Considering tube flows,
the characteristic length is the inner pipe diameter d; [25].

asL

Nty = 2 3)

The relationship between the Nusselt number and the
dimensionless Reynolds number Re has been applied in many
empirical studies since decades, and it is still valid for current
technical questions [26]. Based on the empirical investigation
of Gnielinski, the heat transfer coefficient depends on the
material properties of the tempering medium like the Prandtl
number Pr, geometrical factors like length of the pipe /, the
inner pipe diameter d;, and the type of flow. It can be described
as follows:

¢
ReoProg is é 2/3
— 1) | @
14127 §-(Pr3—1)

Nu,, =

with

Fig.2 Test rig for assessment
of the heating process of a
conventionally manufactured
steel block made of
X40CrMoV5-1 (a). The
experiments were carried out
in the same fashion using AM
helical mixer elements (b)

PT100 thermocouple
pressure gauge

screwed-in Ni-CrNi
Thermocouple
(Type-K)
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valid for a turbulent flow characteristic with Re numbers
above 10* and Prandtl numbers Pr between 0.6 and 107,
assuming a constant heat flow density or wall temperature.
necp

Pr = T (6)

The Prandtl number Pr describes the relationship between
the dynamic velocity #, thermal capacity cp, and the thermal
conductivity A of the flowing medium at an average fluid
temperature:

weped,

Re p 7)

The Reynolds number Re is a parameter that describes
the flow conditions for a fluid with the density p and the
flow velocity w. According to Gnielinski [26], the flow
is completely turbulent, if Re > 10,000, and completely
laminar if Re < 2300. In the intermediate interval, laminar
and turbulent flow conditions prevail simultaneously. A
more detailed definition of laminar or turbulent flows is
not considered here. In-depth definitions can be taken from
literature, e.g., detailed in [26].

2.2 Testsetup

To evaluate the heat transfer between the tempering medium
and the inner wall of the tempering channel qualitatively,
a conventional and an AM test rig were installed. The
conventionally manufactured test body, shown in Fig. 2a, is
based on a 120 x 105 x 60-mm steel block made of hot work

conventional

manufactured ~ pressure gauge
| block -
steelblock thermal brass fitting
insulation ‘

PBF-LB/M
manufactured
Cooling channel

screwed-in Ni-CrNi
Thermocouple

(Type-K) (Type-K)
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tool steel H13 (X40CrMoV5-1). The tempering channels with
a diameter of 15 mm, in which conventionally helical mixers
can be inserted, were conventionally drilled. The inflow and
outflow are connected with fittings and extensions each made
of brass castings. The hole being present on the side of the
conventionally manufactured part to create the U-shaped
channel was closed with a blind plug made from brass.

The AM modular test body shown in Fig. 2b consists of
PBF-LB/M processed channels, which are generally modular
in design. In present work, AM pipe segments with and
without helical mixer (shown in Fig. 3) were connected to
a U-profile realizing a press connection (shown in Fig. 2b).
The AM pipe segments with helical mixing element as well
as the pipe segments without mixing element can be replaced
using the setup. The inflow and outflow channels were
connected to the conventional test set-up by brass fittings.
By using the setups detailed in Fig. 2, the comparison of AM
and conventionally manufactured tempering channels on the
one hand, and the comparison of different mixer types on the
other hand, was possible.

Each mixer in the forward and return flow consisted
of a spiral-shaped sheet metal structure with a diameter
of 15 mm. The mixer elements in the forward and return
flow consisted of four individual elements with a length of
15 mm, which are rotated by 90° to each other and mounted
in opposite directions of rotation, cf. Figure 4. These specific
geometries can be found numerously in literature, termed
“Kenics” or “helical mixer,” and have been used for years
in the chemical industry for the homogenization of different
substances [27]. An alternative, in the present work referred
to as “flow-optimized mixer,” has an identical design, except
that in this version all four individual elements have an iden-
tical direction of rotation. This design was established to
achieve a compromise between improved mixing of the flow-
ing fluid and reduction of inferior pressure losses through the

Fig.3 Photographs showing
the PBF-LB/M processed
flow-optimized helical mixer
geometry separated into two
parts (a) and single helical
mixers (b)

mixer element. Both mixer variants and the position of the
elements inside the steel block are shown in Fig. 4.

The effective length of the flow path within the tempering
geometry was approximately 190 mm for all tests. According
to Egs. (1), (3), (4), (5), and (7), a higher turbulence and,
thus, a higher Re number eventually promote an increase in
the heat transfer coefficient a. In order to be able to prove
this effect experimentally, the tempering block in Fig. 2 was
tempered without the use of any mixers, with regular heli-
cal mixers (alternating direction of rotation of all elements)
and a flow-optimized mixer (identical direction of rotation
of all elements), under variation of the fluid temperature.
The different setups of the conventional test rig were used
to assess if the efficiency of the conventional tool temper-
ing system in HPDC tools can be increased by using helical
mixers. During the tests, the test block was heated from 25
to 120 °C by using water or tempering oil—Transtherm 617
(from Petrofer). The material properties of the oil used for
the simulation are shown in Fig. 5. Because of the higher
boiling point, all tests with oil were also carried out at tem-
peratures up to 200 °C. In each experiment, the medium was
preheated in a bypass to the corresponding flow temperature
of 120 or 200 °C, respectively. Thus, each measurement was
started with a constant flow temperature. In order to measure
the temperature distribution within the block, three type K
thermocouples were applied at distances of 2, 5, and 10 mm
from the wall of the tempering channel in the region of the
inflow as well as in the region of return flow. In addition, the
temperatures of the fluid in the forward and return flow were
monitored by using a PT100 thermosensor. The temperature
on the surface was recorded by using four type K thermo-
couples and thermographic images. The flow temperature
was controlled using the Robamat temperature control units
2212 (for water) and 5212 (for oil), respectively, in which
volume flow measurements were carried out. In addition, the
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Fig.4 Technical drawing with dimensions of the tempering body
made of hot work tool steel X40CrMoV5-1 (a—c). The temperature
is measured in the forward and return flow at a distance of 2, 5,
and 10 mm of the tempering channel, cf. (a) and (¢). CAD model
of the tempering body with helical mixer (d). For the experiments,

pressure at the forward and return flow was measured with
the same type of measuring device with 0.5-bar resolution.

2.3 Additive manufacturing

In order to demonstrate the processability of the helical
mixers, a test tempering channel with the same flow length
of the fluid as in case of the conventional test body was built.
Due to the restrictions of the build plate featuring a 90-mm
diameter, the whole tempering channel was separated into
three parts as shown in Fig. 3. For manufacturing of parts, gas
atomized AISI H13 powder was used. The powder’s particle
size was 45—106 um with a nominal chemical composition of
0.4% C,5.3% Cr, 1.4% Mo, 1% V, and balance Fe (in weight
percent). For processing, a SLM 280"" PBF-LB/M machine
from SLM Solutions, equipped with a high-temperature
module, was used. The module was operated at 200 °C.
The outer surfaces of the AM tempering channels facing
the build plate were built with support structures as it can
be seen in Fig. 3, while the inner surfaces of the tempering
channels remained unsupported. Here, the removal of the
supports would not have been possible in the freely formed
tempering channels. The layer scanning strategy consisted

@ Springer
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two different conventionally manufactured helical mixers were used
with 4 single elements each with a length of 15 mm and a length-
to-diameter ratio of 1 (e). In each experiment, only the same kind of
mixer was used in the forward and return flow channel

of a contour path followed by a hatch melting of the inner
area of the part. For hatch melting, a chess-type build-up
strategy was applied, limiting the maximum scan line length
to 10 mm. The platform was lowered by 50 um and the scan
strategy was rotated by 90° after each layer. The parameters
of the build process are shown in detail in Table 1. After
manufacturing, the parts were cut from the build platform by
electrical discharge machining (EDM).

The surface topographies of the AM and the
conventionally manufactured mixers were investigated
using a Keyence VHX-5000 microscope. The roughness
parameters were determined in accordance with DIN EN
ISO 4287 [30], taking into account the measurement section
length detailed in DIN EN ISO 4288 [31].

2.4 Numerical simulation

The simulation was performed using MAGMA 5.4.2
software. MAGMA is a numerical simulation application
based on the finite difference method (FDM) for solving
three-dimensional flow and solidification problems of
molten metal in various casting processes such as HPDC,
low-pressure die casting, sand casting, and gravity casting.
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Fig.5 Material data used for simulation in Magma 5.4.2.0. Data steel (H13) and the brass (CW505L)were taken from the Magma
for water were taken from the material database included in Magma 5.4.2.0 material database [28]
5.4.2.0 [28] and for thermal oil from [29]. Material data for the tool
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Table 1 Processing parameters used for manufacturing of the helical
mixer geometry

Area Power, W Velocity, Hatch Layer
mm/s distance, mm thickness,
um
Contour 400 800 - 50
Volume 150 400 0.1 50

Specific boundary conditions of the casting process, such
as sand corrosion when using sand molds and cores, the
casting chamber filling in HPDC, or a variable heat transfer
coefficient based on the flow profile in the tempering
channels of a die in HPDC can be modeled. In the present
work, the tempering channel with the helical mixers was
filled with the tempering medium heated to the target
temperature. The boundaries of the tempering channel were
the inlet, the outlet, the walls to the test body as well as two
fittings and a plug (cf. Fig. 6a). The pressure loss through
the helical mixers was evaluated by the pressure difference
between inlet and outlet. The mesh of the model consisted of
about 2 million cartesian cells (the actual number depending
on the model of the helical mixers). The tempering channel
itself and the area in the test body around the tempering
channel were finer meshed compared to the rest of the test
body. In a preparation cycle, the different heat transfer
coefficients (HTCs) were determinate by considering the
flow in the tempering channel. Afterwards, the heating
process with the calculated HTCs was simulated. The design
of the model is illustrated in Fig. 6.

Material data for water were taken from the MAGMA
5.4.2.0 database (water_flow datasheet) [28], for the thermal
oil from manufacturer specifications [29], for the tool
steel and helical mixers from the Magma 5.4.2.0 database
(X40CrMoV5_1 datasheet) [28], and for brass casting parts,
extension, and blind plug also from the Magma 5.4.2.0
database (copper_vent_1 datasheet) [28]. The connection
between the die and the brass casting parts was assumed to
be a joined part and a heat transfer coefficient of 10° W/m?

extension

+ N
b
8
N
2 -
mnp.m.Fdnnml Ed
o

Fig.6 The design of the simulation model in Magma V5.4.2.0 starts
with the modeling including all relevant parts (a), the meshing (b),
and the visualization and evaluation of the results, here depicted with-
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K was set. Material data as a function of temperature are
shown in Fig. 5. As a boundary condition for the radiation
of the outer surface of the die, the emissivity was set to 0.3.
The summarized simulation settings are listed in Table 2.

3 Results and discussion
3.1 Simulation

In direct analogy to the experiments the heating process was
simulated. At the beginning of the simulation, the initial
temperature of the test body is 25 °C to ensure constant
starting conditions. The fluid and the helical mixers have the
target temperature of 120 and 200 °C, respectively. Due to
the low mass and wall thickness of the mixers, they rapidly
absorb the temperature of the surrounding fluid medium.
Thus, it is assumed that the temperature of the mixers has no
significant influence on the results. The thermal conductivity
of the mixer material influences the heat flow through the
material. Due to the small contact area between the mixer
and the die, the influence of the mixer material is assumed
to be negligible.

After about 1 s, a constant flux profile is established and,
thus, a constant heat transfer profile is observable, as shown
in Fig. 7. The flow rate was assumed to be 30 I/min. This
value corresponds to the flow rate measured on the heating/
cooling device. The HTC distribution depends on the mixer
geometry and the inlet velocity of the fluid. The variant
without mixer is characterized by an increase in the speed
of the tempering medium after passing the first 90° bending
angle and, thus, a higher HTC in the respective section (cf.
Fig. 7a). Both mixer variants show increased speed of fluids
at the position of the mixers again leading to higher HTC
values. At the first bend, the speed in the tempering channel
decreases since the effective cross-section for the tempering
medium is enlarged in the area of the tempering channel
without mixers. To determine the effectiveness of the mixers,
the total HTC in the tempering channel and the pressure

(d)

1. preparation process 2. heating process

Heat up the hot working steel block from 25°C,
using the initial tempering medium temperature
and the determinated htc’s for 420s

Determinating htc's
considering flow in
tempering channel

out the extension and blind plug (c¢). Schematic representation of the
simulation workflow, divided into the preparation and stimulation
phase (d)
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Table 2 Data used for the simulation in Magma 5.4.2.0 for water and oil [28, 29]

Test body material
Helical mixer material
Extension and plug material

Tempering medium

Inflow/flow rate

Initial die temperature/initial temperature for the brass casting parts
Initial tempering medium temperature

Initial helical mixer temperature

Simulation duration
Emissivity of die surface
Heat transfer coefficient between die and brass parts

H13 (X40CrMoV5-1)
H13 (X40CrMoV5-1)
CWS505L (copper_vent datasheet from Magma database)

o Water (flow_water datasheet from Magma database)
e Thermal oil

e 25 1/min
© 30 1/min

25 °C for heat up case

e Water: 120 °C for heat up case
e Thermal oil: 120 °C for heat up case
o Thermal oil: 200 °C for heat up case

Equal to fluid temperature (water or oil), depending on
the simulation case

4208
0.3
10° W/m? K

Fig. 7 Results of the simulation (a)
with Magma V5.4.2.0 after Without mixer

420 s. Thermal oil and a

flow rate of 30 I/min were

(b) (c)
Flow-optimized helical Regular helical mixer with Htc
Mixer with constant alternating direction of m W/mz2K
direction of rotation rotation

considered. Profiles shown
depict the actual heat transfer
coefficient, differences
eventually resulting from the
flow profile in the tempering
channel for the versions without
mixer (a), with flow-optimized
mixer (b), and with regular
mixer (c)

loss at the return were calculated. The boundary conditions
applied, and the resulting data are summarized in Table 3.
For simulations with heat transfer oil Transtherm 617, the
simulation predicted a total HTC of 3152 W/m? K for the
version without static mixers for a forward flow temperature
of the tempering medium of 200 °C. The version with helical
mixer shows an HTC of 4185 W/m? K, this value being
about 33% higher compared to the version without helical
mixer. The total HTC is the average of all HTC values in the
simulated cooling channel. Due to the redirection of the flow,
as well as an approximately 9% reduction of the channel
cross-section due to the geometry of the static mixer, an
increase in the velocity of the fluid is observed. Eventually,
this fact increases the Reynolds number, which in turn is
related to the heat transfer coefficient. However, at the same
time the pressure loss in the tempering channel increases up

10500

9000

6000

3000
0

to about 2 bar. The version with the flow-optimized helical
mixer shows a pressure loss in the tempering channel of
only 0.9 bar, but at the same time an about 30% higher HTC
(4098 W/m? K) in comparison to the version without mixer.
The behavior at 120 °C forward flow temperature (not shown
for the sake of brevity) is similar to the behavior at 200 °C.

The results of the simulation with water as tempering
medium qualitatively again were similar to the results of
the simulations with heat transfer oil as tempering medium.
The total HTC for the versions without helical mixer
was approximately 19,491 W/m? K, with static mixer
approximately 25,550 W/m? K and the total HTC for flow-
optimized helical mixers was approximately 25,065 W/m?
K. The pressure loss for the variant without static mixer
is approximately 0.1 bar, for the variant with the flow
optimized helical mixer approximately 0.9 bar, and the
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Table 3 Boundary conditions

- . Experimental setup Tempering fluid Forward flow Pressure Heat transfer
considered and simulated . temperature, °C loss, bar coefficient,
average heat transfer coefficients W/m2 K
between the tempering channel
and the tool steel as well as Without (conv.) Transtherm 617 120 0.1 2004
simulated pressure losses Without (conv.) Transtherm 617 200 0.1 3152

‘Without (conv.) Water 120 0.1 19,491
Flow-optimized helical mixer (with constant direction)
Helical mixer (conv.) Transtherm 617 120 0.9 2617
Helical mixer (conv.) Transtherm 617 200 0.9 4098
Helical mixer (conv.) Water 120 0.9 25,065
Helical mixer (with alternating direction)
Helical mixer (conv.) Transtherm 617 120 2.1 2674
Helical mixer (conv.) Transtherm 617 200 2.0 4185
Helical mixer (conv.) Water 120 2.0 25,550

regular helical mixers are characterized by a simulated
pressure loss of approximately 2 bar.

Among others, the HTC and the pressure loss increase as
a function of the flow rate and, thus, with increasing flow
velocity and Reynolds number. In comparison to previous
investigations, using constant HTC [6], the HTC here is
calculated according to the flow conditions in the tempering
channel. This leads to an inhomogeneous local distribution
and a higher average HTC in the tempering channel, which
is locally higher than 65,000 W/m? K and, thus, more than
three times higher as the average HTC. These findings are
in good agreement with the conclusion made by [32], these
shows that the calculated HTC values can be three to four
times higher than the average HTC.

3.2 Experiments with conventional manufactured
helical mixers

To evaluate the efficiency of tempering and to compare the
results with the simulated data, the heating cycle within
the first 420 s was evaluated experimentally. Only the
heating phase was considered in order to keep constant
initial conditions for all variants at the beginning. Figure 8
shows the temperature measurements of the thermocouples
mounted at a distance of 2 mm from the tempering channel
wall. The measurements at distances of 5 and 10 mm,
respectively, and the measurements at the positions in
the return flow confirmed these measurements and are,
therefore, not shown. As it can be seen in Fig. 9, the test
body was heated up faster when mixer elements were
used, independent of the mixer design and the fluid. As
an example, by using oil at a forward flow temperature of
120 °C, a temperature of 100 °C was obtained after about
100 s in both variants with mixers, whereas it took about
150 s in the version without mixers. Thus, based on the
assessment of the temperature gradient, a higher HTC
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can be obtained by implementing a mixer element into
the tempering channel. By using the mixer variant with an
alternating direction of rotation, the temperature gradient
becomes the highest during the heating phase. Moreover,
further experiments revealed that the test body in the test
setup with the mixers posing alternating rotation directions
cooled faster after the experiments, clearly confirming the
improved heat transfer imposed by the static mixers. The
infrared measurements of the blackened surface of the test
body in different test configurations are shown in Fig. 9,
whereby the tests without mixing element, with the flow-
optimized mixing element, and the conventional mixing
element (i.e., with alternating direction of rotation) are
shown. The infrared measurements were taken 180 s after
beginning of the heating process. Again, higher temperatures
can be seen in the test setups with mixers, which is in good
agreement to the results shown and discussed before.

A direct comparison of the real tests and the simulation
data reveals a fairly good agreement in all tested conditions.
This fact can be deduced from data shown in Fig. 8.
However, it should be noted that a certain discrepancy occurs
between the experimental tests and the simulation in case the
120 °C oil is used as the tempering fluid. As it is predicted
by the simulation (and highlighted by the results shown
above), both mixer variants lead to a faster heating and an
increased heat transfer. Here, even the change in direction of
rotation probably leads to an improved mixing and, thus, to
a higher increase in heat transfer between the fluid and the
block. However, as can be seen in Table 4, the alternating
direction of rotation of the mixers simultaneously promotes
a pressure loss of 2.5 bar (at 120 °C input temperature) and
2.0 bar (at 200 °C input temperature). Subsequently, the flow
rate decreases by approximately 3 1/min. It is further thought
that the loss of pressure is mainly caused by the deflection
of the flow and not by the reduction of the effective cross-
section by the mixers since the setup with flow-optimized
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mixer with constant direction of rotation shows only a
pressure loss of 0.5 bar, this value being similar to the setup
without mixers. Eventually, the pressure drop is based on
the summed loss factors of the individual diverters. The

Since the pump delivery capacity is limited in the
real HPDC process, a pressure loss is unfavorable in any
industrial application and, thus, flow-optimized helical
mixer seems to offer a good compromise between good

loss factor related to a deflection depends on the deflection
radius, the bend length, the change in the channel diameter,
and the local flow velocity.

heat transfer and minimized loss of pressure. Going into
detail, oil with temperatures of about 160 °C often is used
in industry [4]. In the present work, the differences in the
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Fig. 9 Temperature distribu-
tion after 180 s with an oil flow
temperature of 120 °C compar-
ing the test run without helical
mixer (a), with flow-optimized
mixer (constant direction of
rotation) (b), and with helical
mixer (alternating direction of
rotation) (c¢)

heating process of both helical mixer variants were found
to be fairly small in the tests with an oil forward flow
temperature of 200 °C; however, pressure loss was by far
lower when using the flow-optimized mixer.

The experiments with helical mixer elements clearly
reveal that the heating process can be accelerated by using
helical mixer elements, although this can be accompanied
by slight pressure loss. The results show that the heating
process is only slightly affected using mixing elements
if water is used as tempering medium (shown in Fig. 8).
However, the heat transfer can be significantly improved by
the mixers when oil as tempering medium is used. This is
probably due to the low viscosity of the water. Thus, a high
turbulent flow can already be assumed without the presence
of mixer elements in water, eventually decreasing the effect
of the static elements on additional turbulences. In contrast,
additional turbulences and, thus, the heat transfer seems to be
highly improved in case oil with a higher viscosity is used.
Therefore, flow-optimized helical mixers seem to be highly
promising for oil flow tempering channels to compensate
temperature fluctuations occurring during the HPDC process
as a consequence of the melt and solidification processes.
Eventually, it is expected that the casting cycle time can be
significantly improved due to the mixers.

3.3 Suitability of AM for direct integration of helical
mixer elements of arbitrary shape in die casting
tools

As already mentioned above, it is often difficult or even
impossible to incorporate complex mixer geometries in
conventionally manufactured cast molds in application.
However, to overcome this issue, AM opens completely
new possibilities for the integration of these elements. As
shown in Fig. 10, mixers can be positioned specifically in die
areas where a high heat transfer is required. In the following,
the production of such elements by means of PBF-LB/M
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will be addressed and, in addition, it will be tested if the
process induced surface roughness has a negative impact
on the pressure loss during application. Based on the results
obtained, most important aspects for future developments
are discussed.

The positive effects of helical mixers on heat transfer are
well known [6] and confirmed in the present study for direct
application in HPDC. In literature, the diameter of tempering
channels in AM is usually limited to about 8 mm since the
channels are usually built without support structures. As is
well known, above a certain diameter inaccuracies occur in
the upper area due to the collapse of the surface layers [33].
This phenomenon is also highlighted in Fig. 11b. However,
the static mixer inside the tempering channel leads to a local
support effect (Fig. 11a). Thus, the collapse of the round
geometry is avoided locally and, eventually, tempering
channel diameters larger than 8 mm become manufacturable.

In order to study in how far geometrical deviations or
the high internal surface roughness have an influence on
the flow rate, the pressure losses were investigated using
the test set-up shown in Fig. 2b. The surface roughness
of the AM mixers being characterized by an Ra value
(arithmetical mean deviation) of 27.84 um is in agreement
to the surface roughness reported for PBF-LB/M processed
materials detailed in literature [15], although a powder
particle size distribution common for the electron beam
melting processes was used in the present study. It can be
deduced that the surface inside of the AM tubes has the same
surface roughness as the surface roughness of the mixers
mentioned before. Obviously, local deviations may occur;
however, these are not in the scope of the present study.
Measurements of the conventionally manufactured mixer
revealed a surface roughness Ra of 0.45 um. To investigate
the influence of the rough AM surface with respect to the
flow behavior, the pressure loss during the experiment was
determined and compared with the results shown before.
Table 5 lists the test parameters and the resulting pressure
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Table 4 Results highlighting

> Experimental setup Tempering fluid Forward flow Pressure
the pressure losses of different temperature, °C loss, bar
experimental setups
Without (conv.) Transtherm 617 120 0.50
Without (conv.) Transtherm 617 200 0.50
Flow-optimized helical mixer (with constant direction)
Helical mixer (conv.) Transtherm 617 120 0.50
Helical mixer (conv.) Transtherm 617 200 0.50
Helical mixer (with alternating direction)
Helical mixer (conv.) Transtherm 617 120 2.50
Helical mixer (conv.) Transtherm 617 200 2.00

Fig. 10 Prospects of AM for
design of dies with integrated
helical mixers highlighted

in red. Total view of the tool
insert (a) and detailed view of
the implemented helical mixer
in the die (b). The component
processed and shown in

Fig. 4 already captures most
characteristic features of the
tool insert; however, it was
adapted to the build envelope

Omm 100 200

=

losses for tubes with and without imprinted flow-optimized
mixers. By comparing the results shown in Table 5 with
the results shown in Table 4, it becomes obvious that the
surface roughness has almost no influence on the pressure
loss in the application considered here. Moreover, similar
to the conventionally processed set-up, no differences
between the variant with and the variant without mixers are
seen. This result can be rationalized considering the small
contribution of the surface roughness as compared to bulk
effect, i.e., the diameter of the tube [34]. In conclusion, it
can be stated that the AM mixers can be applied in a way
similar to conventionally manufactured mixers. Moreover,
it can be expected that the thermal influence, as determined
for example by Kwon [6] or Roders [7], can be transferred to
AM mixer geometries. Eventually, this allows to add value in
HPDC in terms of higher cooling rates, shorter heating times
during start-up and interruptions, shorter cycle times and, as
aresult of these advantages, also lower energy requirements.
Consequently, reduced environmental pollution through
CO, arises. By choosing a suitable mixer geometry, the
resulting pressure loss can be effectively limited. Thus, a
direct application in series production seems to be feasible.

0mm 40 60 80 100

In addition, the geometric possibilities of the AM process
offer the potential to optimize the mixer geometry in terms

Fig. 11 Comparison of tempering channels considering two different
cases: PBF-LB/M “with” (b) and “without” (a) helical mixer. The
build direction is highlighted by the black arrow
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Table 5 Results detailing the pressure losses obtained for the differ-
ent experimental setups exploiting AM parts

Experimental setup Tempering fluid Forward flow  Pressure
temperature, loss, bar
°C

Without (AM) Transtherm 617 120 0.50

Without (AM) Transtherm 617 200 0.50

Flow-optimized helical mixer (with constant direction)

Helical mixer (AM) Transtherm 617 120 0.50
Helical mixer (AM) Transtherm 617 200 0.50

of maximizing heat transfer while minimizing the pressure
loss at the same time.

Up to now, the cylindrical tempering channel geometry
continues to be used in die casting for AM tool inserts. Based
on the findings elaborated in the present work, the efficiency
of fluid-based temperature control systems in casting dies can
be increased and also locally adapted. This applies in particular
to die areas that have to be tempered most effectively due to a
high energy input, e.g., in the case of material accumulations.
In case AM technologies are used, e.g., for near-contour
temperature control, only minor additional costs are incurred
due to the integration of mixer elements.

In future work, mixing elements will be integrated into a
real HPDC mold application. In addition to economic and
energy savings through the mixing elements, the resulting
influence on the microstructure formation through higher
temperature gradients will be studied.

4 Conclusions

The heat transfer between fluid and die in HPDC is a
very important factor in terms of process performance.
Improvements allow to minimize the total cycle time.
Based on simulation and experimental work conducted
in the present study, it is revealed that the use of static
mixing elements such as helical mixers increases the heat
transfer efficiency and, thus, the heat exchange between the
tempering fluid and the die. Most importantly, it is shown
that such structures can be imprinted by metal AM at
reasonable cost without detrimental effects on the tempering
performance.

From the results elaborated, the following main
conclusions can be drawn:

— By using static mixers, up to 33% higher heat transfer
efficiency could be predicted based on simulation. Actual
values depend on the tempering medium and the static
mixer geometry.

@ Springer

— Flow-optimized mixers showed no differences in pressure
loss compared to parts without mixers. By using AM, it
is possible to implement mixer elements at any position
in the tempering channel. The manufacturability of static
mixers by means of PBF-LB/M was proven and test bod-
ies were finally produced.

— The surface roughness of the AM mixers and tubes is
much higher compared to conventionally manufactured
mixers and tempering channels. Based on the fact that
no differences in terms of pressure loss were found in
direct comparison between the conventional and the AM
parts, it is deduced that the increased surface roughness
of AM tempering channels has no negative influence on
the general flow behavior in the application considered
here. Thus, it is revealed that mixer elements manufac-
tured by PBF-LB/M are highly promising for industrial
applications.

The results of the present study clearly reveal the high
potential of static mixers imprinted by AM to improve the
heat transfer in HPDC. Due to the good agreement between
the experiments and the simulation, it seems to be feasible
to use the simulation for the development of tempering sys-
tems with implemented AM helical-mixer elements. Flow
optimization of integrated mixers as well as the influence of
different materials will be in focus of future studies.
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