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Abstract

In the present study, an algorithm has been developed using the adjoint method to optimise the position and cross-section
of an internal cooling channel for a 3D printed tool steel insert for use in the aluminium die-casting process. The algorithm
enables the development of an optimised complex industrial mould with relatively low computational cost. A transient model
is validated against multiple experimental trials, providing an adapted interface heat transfer coefficient. A steady state
thermal model, based on the casting cycle and thermal behaviour at the mould surface, is developed to evaluate the spatial
distribution of temperature and to serve as the initial solution for the subsequent optimisation stage. The adjoint model is then
applied to optimise the cooling channel emphasising the minimisation of the temperature standard deviation for the mould
surface. The original transient model is applied to the optimised mould configuration via calibration using experimental
data obtained from a dedicated aluminium furnace. The optimised cooling channel geometry, which uses a non-uniform
cross-section across the entire pipe surface region, improves the pressure drop and cooling uniformity across the mould/cast
interface by 24.2% and 31.6%, respectively. The model has been used to optimise cooling channels for a range of industrial
high-pressure aluminium die-casting (HPADC) inserts. This has yielded a significant improvement in the mould operational

lifetime, rising to almost 130,000 shots compared to 40,000 shots for prior designs.

Keywords Adjoint optimisation - Aluminium high-pressure die-cooling - Conformal cooling - Die cooling optimisation

1 Introduction

Injection moulding and die-casting are well-established
manufacturing fields that are receiving renewed attention
due to the design opportunities arising from the devel-
opment of additive manufacturing (AM) methods. These
novel AM technologies are uninhibited by the shape
limitations imposed by conventional computer numerical
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control (CNC) machining methods, enabling the crea-
tion of complex internal voids, such as conformal cooling
channel layouts [51]. This capability supports the design
of conformal passages in mould inserts to maximise ther-
mal performance [1-4]. Die-casting processes, such as
gravity and high-pressure die-casting (HPDC), share some
similar features with plastic injection moulding, including
material injection, cooling, and part ejection. However,
metal tool casting entails more extreme operating condi-
tions than for polymer injection moulding, requiring fur-
ther developments in the understanding of the physical and
cooling processes. Nevertheless, some design/optimisa-
tion concepts from plastic injection moulding may have
potential value in die-casting applications. Key challenges
within die-casting processes include non-uniform thermal
distributions, high-temperature gradients, and excessive
boundary heat-flux variations at the mould/cast interface.
These factors can cause undesirable effects such as product
shrinkage, warpage, and thermal residual stresses, which
can influence the total cooling time and part quality [5,
6]. Accordingly, the development of an optimal cooling
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channel layout for a rapid-prototyped mould insert is of
considerable interest to the industry.

Optimisation strategies for AM casting tools include
external and internal approaches. Developments in exter-
nal optimisation include advanced rapid tooling (RT)
techniques such as direct metal laser sintering (DMLS),
also known as SLS, stereo-lithography (SLA), and powder
bed fusion (PBF) [7, 8]. Additional innovations include
replacing the mould cast with high thermal conductive
material or alloys [9, 10] or adding an intermediate layer
between cavities [11, 12]. These studies all demonstrate
improvements in the thermal efficiency and/or mechani-
cal performance of the finished injection mould. Adding
lubrication and spraying processes can also help to achieve
more uniform cooling for the demoulding process [36].
However, control of the lubricant spray is a challenging
task when targeting specific die surfaces and is commonly
treated as a separate operation applied between injection
cycles. It is therefore not considered here as part of the
cast modelling process despite its 20—50% contribution to
cooling in older HPDC systems [37].

While external optimisation is still limited by the
manufacturing process and material type, optimisation
of the internal cooling passage design remains the most
widely used and effective approach for injection mould-
ing development [14]. Here, parameterisation studies
are widespread especially with the development of AM
technology. Depending on the specification of the cast-
ing material and part complexity, different design param-
eters may be considered, such as the number of cooling
channels, pipe diameter, pitch, distance between parallel
pipes, and the depth between channels/casting surface
[49]. For example, [29] describes a casting die-design
which minimises cooling time by consideration of cool-
ing channel number, location, and flow rate. The inclu-
sion of extra structures, such as internal baffles or lattices,
or secondary cooling layers, can also be beneficial [16].
The conventional circular cross-section channel geometry
has been used in the majority of cooling design cases,
in order to avoid overheating around the corner or sharp
edges. However, more advanced studies have demonstrated
improved performance through the adoption of alterna-
tive cross-sectional geometries [48]. An aluminium-filled
epoxy injection mould tool study [14], using a profiled
cross-section, achieved an 18% reduction in cooling time
[14]. Another design using grooved square and rectangular
channel geometries improved cooling time and warpage by
up to 65% and 54%, respectively [15]. Although various
non-circular geometries have been proposed, the cross-
sectional profile has generally been kept constant, and
there has been very little research reported into the use of
non-uniform cross-sectional profiles for conformal cooling
channels in injection moulds.

@ Springer

The idea of using a non-uniform cross-section profile can
be linked to the study of the response surface methodol-
ogy (RSM). The adjoint method is a powerful numerical
approach used to calculate a predefined mesh sensitivity
based on a selected objective function. This concept was
initially developed by Lions and Pironneau [17, 18] in the
1970s and was further developed by Jameson [19, 20] who
pioneered its use in the field of aeronautical computational
fluid dynamics. By the mid-1980s, aerodynamic flow simu-
lations were conducted using more complicated Euler and
Navier—Stokes equations [21, 22]. The adjoint method offers
independence between computational cost and the number
of design variables, making it a useful tool for problems with
large design spaces. Studies based on the adjoint method
can be divided into two main categories: topology optimisa-
tion and surface deformation optimisation. Topology opti-
misation generates the surface mesh based on predefined
constraints for each cell within a specified domain, whereas
surface deformation optimisation morphs a predefined sur-
face mesh from a baseline design. Both methods require a
surface sensitivity analysis provided by a gradient-based
adjoint method. Currently, the topology approach is used to
design both basic elements and more complex geometries
for conformal cooling systems in injection moulding appli-
cations and has delivered improved pressure drop, thermal
efficiency, and uniformity [23-25, 52]. The adjoint surface
deformation method remains under-explored in the domain
of injection moulding and die-casting tools. One study uti-
lised this approach to maximise heat transfer and reduce
cooling cycle time for a zinc alloy pressurised die-casting
process [26]. The resulting design featured a non-uniform
profile region for a cooling pipe and achieved a 60% reduc-
tion in cycle time despite poorly manufactured optimisa-
tion surfaces. The main challenges to further develop this
approach are the extreme thermal operation conditions, com-
plex interfacial heat transfer relationships, and the availabil-
ity of commercial computational power.

The heat transfer behaviour during the early stages of
the aluminium die-casting process has a high impact on the
quality of the final casting. At the beginning of the casting
process when molten aluminium is in close contact with
the mould surface, the heat transfer rate between the two
media is at its highest value. Once a small void region forms
between the mould and the cast, caused by the shrinkage of
the rapid cooling metal, the heat transfer rate drops, affecting
the thermal resistance and solidification rate. Accordingly,
the interface heat transfer coefficient IHTC) varies both in
space and time across the mould/cast interface. Parameters
influencing the IHTC addressed in previous studies include
mould temperature, contact pressure, material specifica-
tion, surface finishing roughness, and coating [39—41]. For
gravity die-casting, several approaches have been used to
determine the IHTC throughout the casting cycle [39, 41,
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Fig. 1 Adjoint optimisation flow chart for the corner baseline mould

42]. The most developed model focuses on evaluating the
thickness of the coating layer and air gap generated by ther-
mal extraction [40]. Most of these studies show good agree-
ment with their experimental validation, whereby for the
majority of the monitoring points the IHTC settles to an
almost constant value during the casting cycle. However,
such agreement depends on the design configuration and
material specification. One finite element study suggests a
range of 3500-7000 W/m? K for the IHTC in a permanent
mould casting process [31]. For high-pressure aluminium
die-casting (HPADC), researchers have observed a high
value of approximately 130 kW m™2 K~! [43] for the IHTC at
the beginning of the injection process, dropping significantly
within a few seconds to an almost constant value of between
2 and 3 kW m~2 K™! [38]. Given the impact of the dynamic
IHTC in the aluminium die-casting process, it is important

to obtain good agreement, or calibration, between numeri-
cal simulations and experimental results for this parameter.

In the present work, we introduce the adjoint surface
deformation method to optimise a baseline corner cooling
design for aluminium die-casting, simulated using STAR-
CCM + [44]. The objective function is designed to deliver
both uniform cooling at the mould/cast interface and mini-
mal pressure drops across the cooling channel. A second,
fully developed thermal model and design procedure is
described which simulates the manufacturing process in
more detail. Further sections describe the final optimal con-
figuration of the corner design for the aluminium die-casting
process, the calibration of the thermal model against experi-
mental data, the limitations of our approach, and future chal-
lenges. For the industrial complex model, and to reduce the
computation cost, the fluid flow in the cooling channels has
been simulated separately, and the interface heat transfer
coefficient has been determined and then mapped to the
mould surfaces.

2 Methodology

This study develops a methodology to optimise the cooling
channels for casting inserts which is applied to develop a
basic corner geometry. In outline, the process for develop-
ing the baseline design is shown in Fig. 1. The optimisation
process begins by developing a steady thermal model for the
aluminium die-casting process, including all solvers, bound-
ary conditions, and assumptions. Having obtained a well-
converged primal solution for the baseline cooling channel
design, the adjoint model is implemented to optimise the
corner design case with the mesh morph algorithm applied
using the two objective parameters. Once all defined stop-
ping criteria are met, the optimal cooling channel geometry
for the basic element is obtained.

The second part of this study describes testing and cali-
brating the optimal cooling design results against experi-
ment. Experimental evaluation is conducted on both the
baseline and optimal design of the corner cooling design to
provide a final calibration of the cast/mould IHTC between
the aluminium cast and steel mould for the whole casting
cycle. Lastly, the resulting adjoint optimisation method
is implemented to optimise a complex industrial HPDC
tool, where only the mould surface cooling uniformity is
considered.

2.1 CFD model
The CFD model of the aluminium die-casting process is

presented in this section. This uses a simulation model for
the steady-state condition followed by an adjoint model with
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Fig.2 Baseline design of the
corner channel for furnace <
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dual objective functions. The associated mesh-morphing
algorithm and the transient model for calibration against
experimental data are then described. This simplified algo-
rithm minimises computational time without sacrificing
quality or accuracy.

2.1.1 Model geometry

The basic cooling pipe geometry selected as the case
study is a corner, where the challenge is to achieve uni-
form cooling. This is shown in Fig. 2 with dimensions
140 mm length and 18 mm thickness. The baseline param-
eters for the single cooling channel match industrial stand-
ards, adopting a uniform 6 mm channel diameter and a

Fig. 3 Steady model with high-
lighted regions and BDs

Mass flow inlet
5 L/min

¥
Steel/water
Interface (no slip)
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constant 12 mm pitch distance to the bottom surface,
which is in contact with the molten aluminium. The base-
line model of the aluminium die-casting process is divided
into three regions as shown in Fig. 3: molten aluminium
cast (red), 3-D printed tool steel (grey), and cooling pas-
sage/water coolant (blue). There are two contact interface
planes: between the molten aluminium and the mould, and
between the mould and the cooling channel. The adiabatic
boundary condition is applied to the remaining external
faces of the solid steel region, and a no-slip condition is
applied to the walls of the cooling channel with a 0.3 mm
surface roughness, based on the measurements of aver-
age roughness R, and peak-valley difference R, of the 3-D
printed pieces.

Outlet
Average pressure

Steel/Alu
7" Interface
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The basic element corner design is discretised using poly-
hedral cells, and a mesh-convergence study is carried out to
ensure that the results are independent of mesh resolution.
The base size of the mesh in the solid and fluid regions is
set as 0.005 m and 0.0025 m, respectively. The total entity
count of the number of cells for the corner design is 166,576.
The mesh quality is evaluated based on the mesh validity,
skewness angle, and volume change ratio [45] which gives
an overall mesh quality of 97.9%. When solving the near-
wall viscous transitional sublayer, the all-Y + wall treatment
model enables characterised mesh densities between differ-
ent boundary layers. By adapting the finite control volume
package STARCCM +, the Prism layer is also activated on
the walls and interfaces to accurately calculate the heat flux.

2.1.2 Steady model for optimisation

A steady flow model is developed to simulate the coolant inside
the pipe for the aluminium die-casting process for this study.
The cast part is considered as a heat source, and the volumetric
heat generation is evaluated based on the solidification energy
over the entire casting cycle. This steady model also acts as the
first stage of optimisation for the baseline design, which is fol-
lowed by surface optimisation using the adjoint method. The
Reynolds-Averaged Navier—Stokes (RANS) turbulence model
is used to solve the coolant fluid in the channels with the gov-
erning equations of fluid flow mass and momentum and energy:

Ve(pv =0 ¢))
Ve(pv®V =-Vepl 2)
Ve(pEV =-Vepv-V+q 3)

where p is the fluid density,V,ﬁ,E, and g are the mean veloc-
ity, pressure, the total energy per unit mass, and heat flux,
respectively, and I is the identity tensor. A K-Omega shear-
stress transport (SST Menter [28]) turbulence closure is
used for the turbulent water regions with Reynolds Number
higher than 6000, as it provides better prediction of flow
separation and good performance in pressure gradients, as
well as avoiding the problem of sensitivity for free stream/
inlet conditions. Uniform mass flux is applied at the pipe
inlet with a constant volume-flow rate of 5 L/min (equivalent
to 2.94 m/s fluid velocity). The initial coolant temperature is
set to 70 °C, matching industrial practice. To ensure a fully
developed inlet flow, the inlet pipe is extended outside the
mould by 5D, i.e. 30 mm. A coupled implicit solver supports
the use of the adjoint solver to simulate both the solid and
fluid regions. The material specifications of the H13 mould
steel, A380.0-F die casting alloy and water coolant are pro-
vided in Table 1.

Basic conduction and convection equations are implemented
to solve the heat transfer between the aluminium cast, steel
mould, and water. A conjugate heat transfer (CHT) model is
used to solve the conductive and convective energy equations
between the three regions. Fourier’s law of conductive heat trans-
fer between the solid mould and cast regions can be written as

q, = —kVT @)

where the heat thermal conductivity k and difference in tem-
perature are readily obtained. The average heat flux at the
interface is dependent on many factors including the volume
of the cast, cast thickness, and pipe depth/location. Initial
close contact between the cast aluminium and steel mould
leads to high values for the initial interface heat flux. How-
ever, this drops rapidly (depending on the location of the
coolant channel) and reaches an almost constant value until
the cast fully solidifies. This is illustrated in the three-phase
mould interface temperature plot in Fig. 4 derived from
experimental data collected over a typical industrial cycle.
Accordingly, the steady model is based on phase two of the
casting process.

To extend the duration of phase 2 and thereby provide a
longer period to calibration the IHTC coefficient, the initial
aluminium melt temperature is set at a high value of 750 ‘C in
both simulation and experiment. While this is not representa-
tive of conventional industrial practice, it has been helpful in
supporting the analysis and optimisation required to achieve
interfacial thermal uniform cooling. The hot aluminium cast is
treated as an energy source providing heat flux with constant

Table 1 Material specifications

EN AC-46000 (46,000-F, AlSi9Cu3(Fe)) cast aluminium [33]

Density 2760 kg/m?
Specific heat 963 J/kg K
Thermal conductivity 130 W/m-K
Dynamic viscosity 0.00125 Pa. s
Latent heat of fusion 3.89¢5 J/kg
Initial temperature 650 C
Casting solidus temperature 538°C
Casting liquidus temperature 593°C
Casting injection temperature 650 C

Tool steel, H13 [34]
Density 7750 kg/m?

Min specific heat 587 J/kg-K @ 300 K
777 J/kg-K @ 700 K
24.86 W/m-K @ 300 K

28.7 W/m-K @ 700 K

Max specific heat
Min thermal conductivity

Max thermal conductivity

Initial temperature 200 C
Others

Average roughness Ra 300 pm

Peak-valley difference Rz 10,600 pm

@ Springer
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Fig.4 Mould interface thermal
variation over one casting cycle
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average volumetric heat generation over the entire cycle. This
energy Q can be expressed by the following equation:

Q _ p[hfs + CpAl,s(Ts - Tdemold + CpAI,l(Tmelz - TL)]
t

cycle

®

Cpas and Cpy, represent the specific heat of the solid and
liquid aluminium phases, while the solidus and liquidus tem-
perature of the cast part are 7, and 7}, respectively, and 7, is
the cycle time. The demoulding temperature is 450 °C based
on industrial practice. The heat generated at each cell within
the cast domain is evaluated from Eq. 5 multiplied by the cell
volume. The total heat transfer from the cast region is the same
as the heat received from the mould then convectively dissi-

pated to the coolant channel.

e S

_Part Control Point Set

Fig.5 Control point-set around the morph cooling surface
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2.1.3 Adjoint cost functions and mesh morph algorithm

Our first targeted adjoint cost function J; minimises the
temperature standard deviation of the mould/cast interface
at the mould side. The second cost function J, minimises
the pressure difference between the inlet (high-pressure)
and exit (low-pressure) coolant channel at the boundary
surfaces:

Y. P A, 3. P A,
Pressure drop J, = l—f L] S e (6)
XA |y, XA ],

The adjoint method predicts the influence of dif-
ferent input parameters or quantities of interest. It
calculates the sensitivity of the objective func-
tion with respect to input parameters which may be
design variables or values at the boundary conditions.
By changing cell location not only will the channel
location change but also an arbitrary cross-sectional
geometry can be generated along the channel. Each
of the objective cost functions associated with the
flow-field variables U and the control point of body
x can be written as

J=J(U(x),x) (7N

Optimisation requires the gradient of the objective func-
tion for minimisation and is dependent on both design
variable and flow field variables J(U(x),x). It is sub-
ject to the constraint of the discrete governing equations
(Navier—Stokes)R(U(x), x) = 0 which can be rewritten as

A _wau,
dx,  oUdx, = ox, ®)
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Fig.6 Thermocouple insert
locations for corner baseline
design

and which is subject to the following constraint:

IR dU
oU dx,

R _

ox, =0 )

The RBF interpolation approach is used to define the
design variables, and the adjoint solver uses the RBF equa-
tion to deform the mesh. There is no mesh dependency for
the RBF method which means the same interpolation solu-
tion can be applied to multiple meshes by reading results at
different node locations [46, 47]. Being a meshless method

Global Coordinate (mm)

TC1 (50, -69, 9)
TC2 (60,-79, 9)
TC3 (70, -82, 9)
TCa (80,-79, 9)
TCS (90, -69, 9)
TC6 (15,-25, 2)
TC7 (70, -30, 2)
TCS (115,-25, 2)

also allows grid points to be moved regardless of which ele-
ments are connected to them and so it is suitable for parallel
implementation.

A control points group consisting of 180 nodes is gener-
ated with a 2 mm equal separation and 5 mm off-set dis-
tance above the cooling surface, as shown in Fig. 5. These
points, together with the local mesh coordinates, define the
movement on both the boundary and the interior mesh. All
control points are free of movement without displacement
constraints; nevertheless, the new positions of control points

1D Manual
traverse

Water pump

Water tank with
temperature
heater and control

Fig. 7 Experimental setup for the corner mould design

3D printed
corner design

Aluminium
Furnace
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)
‘ (3) \

Fig.8 General diagram of furnace experimental setup. (1) Data log-
ger. (2) Flow rate sensor. (3) Water tank. (4) Traverse frame. (5)
Thermocouples. (6) Test piece. (7) A25 crucible with filled molten
aluminium

are controlled by the adjoint solver, and the displacement per
iteration is adjusted based on the step size of the steepest
descent method [32]. The steepest descent algorithm is a
simple form of gradient method requiring information from
the objective function and its gradient [32], which in one
dimension can be represented as

X1 = X — oy
' 1

The step sizes a;, of each objective parameter are selected
by trial and error to give a consistent deformation per iter-
ation relative to the baseline geometry. The step size for

Table 2 Experimental system components specifications

surface temperature standard deviation (STSD) was found to
be 1E-8, which generates 0.26% displacement. The step size
for the pressure drop (PD) was found to be 1.5E-6, which
generates 0.5% displacement. The computed cumulative
morph displacement of an arbitrary node of the mesh com-
bines the results of both parameter arrays.

A loop operation is created for the iterative surface opti-
misation with stopping criteria and loop count specified to
monitor the maximum skewness and face validity [45]. To
minimise errors generated by deformed cells, the mould and
coolant channel are re-meshed if the mesh quality drops
below 95%.

2.1.4 Transient model

The transient model is similar to the steady state model,
with transient terms added as required to each equation.
STARCCM +is used to solve the solid energy and fluid flow in
the cast, mould, and coolant water. An implicit unsteady model
is enabled to obtain a more accurate solution for validating
the optimised geometry against the experiment dataset. The
initial time step At is set to 5 ms. The Courant number (CFL)
is defined as the ratio of the physical time step At to the mesh
convection time scale which relates the mesh cell dimension
Ax to the mesh flow speed as follows:
C= % < Chux 11)
Default target mean and maximum CFL numbers are speci-
fied as 0.5 and 5, respectively. Adaptive time-stepping is then
used to control the CFL number automatically in order to attain
the desired temporal resolution and improve simulation sta-
bility across widely varying time scales. The volume of fluid
(VOF) multiphase model for the molten aluminium is used
to analyse the flows of immiscible fluids and to resolve the
interface between phases of the mixture. The volume fraction
of aluminium i is linked to the volume of the cell V and the vol-
ume of the aluminium phase V; in the cell and can be written as

Component Make and model

Key specifications

Type-K thermocouple
2000-L94K-ZCK-IEC

Nabertherm® K4_10_R7
RS PRO® Aluminium Strut

Furnace
Traverse frame

Mounting arm
Logging meter
Water pump

Flow rate sensors TurboFlow® FT-110 M Series

Universal Thermosensors® TC01-10-DKSG-125-YA-

Igus ® Positioning Table SHT-12-AWM-100 mm
Omega® OM-DAQXL 8 Channel data logger
Pentair® Shurflo Aqua King II Model 4158-153-E75

Exposed junction 1 mm diameter, Temperature range — 200
to+ 1100 °C, accuracy +5 C

Capacity 4L. Crucible type A25, temperature 1200°C

Profile: 40 x40 mm, Groove size: 8 mm, Material: anodized
aluminium

Load: 2800 N

Range: —200 to 1820 °C, Accuracy: +0.15% reading

12 V DC 5.0GPM [18.9 LPM] 55PSI [3.8BAR]
Accuracy +3% reading Flow rate: 2-25 L/min Brass design

@ Springer
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a = — 12)

The volume fractions of all phases in each cell are satisfied
by the following relation:

N

Z%‘:l

i=1

13)

The total number of phases N = 2 represents the aluminium
in solid and liquid. The presence of different phases or fluids
in a cell is categorised using:

a ; = 0,the cell is completely void of phase i
a ; = 1, the cell is completely filled with phase i
0 < a; <1, presence of an interface between phases

An initial volume fraction of 1 is defined for the molten
aluminium. The use of the multiphase model enables the melt-
ing-solidification flow solver embedded in STAR-CCM + to
simulate the solidification process of molten aluminium. An
enthalpy formulation to determine the distribution of the
solidified portion of the liquid—solid phase is adapted with the
enthalpy of the liquid—solid phase &, * written as

Fig. 12 a Baseline surface and
b optimized surface design of L l
the corner cooling channel

@ Springer

h1s>k = hls + (1 - a*s hfusion (14)
where &, represents the sensible enthalpy and Ay, rep-
resents the latent heat of fusion. The relative solid volume
fraction a* represents the portion of the solidified phase,
which is a function of the temperature assuming linear
dependency:

Lif T"<0
', =3 1-T if0<T* <1
0if1<T*

Normalised temperature 7* can be defined as

T-T,

olidus

e a— 15
Tliquidus - Txolidux (13

T*
The initial state of the AlSi9 aluminium casting alloy is set to
liquid with a temperature of 750 °C. Additional material properties
such as liquidus and solidus temperature are provided in Table 1.
It is necessary to consider the cooling channel surface rough-
ness in this transient validation model since all inserts with the con-
formal cooling layouts were manufactured via a DMLS machine.
Based on the evaluation of the industrial test piece of average
roughness Ra and peak-valley difference Rz, a 0.3 mm wall surface

—
i,
]
- ———
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Fig. 13 Boundary heat flux distribution on a baseline and b optimised cooling channel surface

roughness was specified around the inner cooling channels. As
described above, the IHTC at the mould/cast interface falls rapidly
once the aluminium is in contact with the mould surface, settling to
an almost steady value between 3500 and 7000 W/m? K within a
few seconds. Here, we model the HTC from the interfacial resist-
ance based on the surface roughness of the mould, cast, or coat-
ing layer [31, 42]. A constant IHTC of 5000 W/m? K is defined
between the aluminium cast with non-coated mould steel for our
initial transient model. The initial variation of HTC, however, still
depends on the experimental setup and placement of the thermo-
couples. This will be critical when calibrating the numerical and
experimental data in the results section.

2.2 Furnace design + experimental setup

The baseline of the corner cooling test piece was designed
and 3D-printed to allow full submersion inside the alumin-
ium-filled standard A25 crucible. The level of submersion
matches the bottom line of the side square surfaces as dem-
onstrated in Fig. 5. The design piece was manufactured via
a DMLS machine with a surface finish around all exposed
surfaces. Extensions of five times the length of the pipe
diameter are implemented at the channel inlet and outlet to
ensure fully developed flow before the bend.

Special attention has been paid to the placement of
thermocouples and the type of thermocouple insulation to
achieve a reasonable response time and precision of the read-
ing [35]. A 1 mm diameter mineral insulated exposed junc-
tion type-K thermocouple was chosen for all our measure-
ments. Eight thermocouples are used for the corner design
case as shown in Fig. 6. TC1-5 are located 2 mm away from
the bottom surface with 20 mm separation. TC 6-8 are cali-
bration points located at the inlet, outlet, and highest temper-
ature zone of the corner design, respectively. Thermocouple
readings are recorded at 200 ms intervals.

The experimental setup for the corner design piece and a
generalised diagram for the furnace test rig are shown in Figs. 7
and 8, respectively, with specifications of the main components
tabulated in Table 2. The furnace consists of three main sections.
The top lid can be opened allowing test pieces to be inserted or
removed. The middle section consists of the A25 crucible sur-
rounded by foam to reduce heat loss. The furnace stand, electrical
supply, switches, and monitor screen are in the lower section. The
furnace has an internal control system to maintain the aluminium
temperature at a constant value. The test piece is mounted on a
2-D manual traverse wheel-guided mechanism that adjusts the
horizontal and vertical position of the test piece to line it up with
the centre of the crucible at the appropriate immersion depth.
The coolant inlet/outlet channels are connected via a storage tank
and water circuit. The tank water temperature is maintained at
70 °C (£5 “C). The cooling water flow rate is kept constant at 7
L/min (£0.2 L/min). Measurements from the temperature and
flow control systems are recorded by the data acquisition system.

3 Results

Results are presented in three parts. Firstly, the transient
simulation solution for the baseline corner cooling design
is compared with experimental data to demonstrate that
the thermal model is valid for the next optimisation stage.
Secondly, optimisation results for the adjoint method are
presented for the corner baseline design. These include
convergence analysis, discussion of the optimised internal
cooling design, and thermal analysis of the temperature
distribution across the mould/cast interface between the
baselines and optimised cooling layout. Finally, the adjoint
method CFD results are compared with experimental data.
This reveals significant disagreements which are resolved
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Fig. 14 Thermal model temperature variation between baseline and optimized corner cooling design of the centre five thermocouple locations

by the introduction of a new IHTC model to calibrate the
transient model. A discussion of error sources is included.

3.1 Initial baseline thermal transient model
validation

The initial thermal model for the baseline corner cooling

design is validated via a series of experiments. The record-
ing period is set to 35 s to adequately record the key stages of

@ Springer

the solidification process. Figure 9 compares experimental
results from thermocouples TC1-5 with the corresponding
simulation results for five repeated trials. All locations show
a rapid rise in temperature from an initial value of around
100 °C to between 500 and 700 C, which is maintained to the
end of the 35 s period. There is clear disagreement in the rate
of change of temperature increase between experimental and
simulated data. However, all simulation peak temperatures
fall within the range of the various experimental trials.
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Table 3 Thermocouple monitor points results

Max T C Max T C ATC % Drop
Original Optimised
Simulation results
TC1 719.0 489.1 229.9 32.0
TC2 683.0 555.6 1274 18.7
TC3 677.8 563.7 114.1 16.8
TC4 589.5 550.5 39.0 6.6
TC5 585.4 489.6 95.8 16.4
Experimental results
TC1 694.9 444.5 250.3 36.0
TC2 668.0 537.9 130.1 19.5
TC3 642.2 587.1 55.1 8.6
TC4 536.6 506.4 30.2 5.6
TCS 584.9 426.7 158.1 27.0

The adjoint optimisation must be conducted under steady-
state conditions, and as discussed in the introduction, the
initial liquid aluminium temperature is raised to 750 C to
ensure a prolonged steady state period before the molten cast
is fully solidified. Both the initial steady simulation and the
baseline experiments capture this asymptotic period before
solidification.

Accordingly, it is considered that there is sufficient agree-
ment between the simulated and experimental results to
proceed with the subsequent optimisation work. The dis-
crepancy during temperature rise is less of a concern for
the steady model; however, it is addressed again in the final
transient model calibration as described in Sect. 3.3.2.

3.2 Steady model obtaining primal solution
and adjoint optimisation results

Ensuring convergence for the primal solution is critical,
especially as all subsequent analyses will be based on the
initial baseline result. A total of 8000 iterations are per-
formed, resulting in all conservation equation residuals
dropping below 1E-5. Variations in the cost function param-
eters PD and STSD are monitored in order to detect conver-
gence. When the variation in both values drops below 0.1%
over 10 iterations, it is assumed that steady state has been
reached, with the simulation continuing until the residual
limit is achieved. The PD and STSD values are found to
be 9912.2 Pa and 50.86 °C, respectively. The thermal dis-
tribution at the mould/cast interface for the initial baseline
cooling design is shown in Fig. 10a. A hot temperature zone
occurs at the corner region with a maximum temperature of
678.72 °C. The high temperature around the internal corner

surface is attributed to the limited area available to dissipate
the heat to the cooling channels [13, 27]. Low-temperature
areas are located on the external side of the corner surface
with a minimum value of 359.93 °C.

Figure 10b shows the thermal distribution along with the
mould/cast interface for the optimised corner cooling chan-
nel. The high-temperature zone at the corner is significantly
refined compared to the baseline design in Fig. 9a. Low-
temperature regions remain at the approximate same area
around the inlet/outlet cooling channel.

Figure 11 shows the variation in the PD and STSD over
12 optimisation iterations. In each iteration, the channel
surface is deformed to reduce the objective function as
explained in Sect. 2.1.2. The final geometry of the cooling
channels delivers a PD reduction of 24.2% to 7509 Pa and an
STSD reduction of 31.6% to 34.81 “C. The maximum tem-
perature drop of the sidewalls is also reduced from 678.72
t0 569.32 °C (16.1%).

Figure 12 shows the internal pipe surface for both base-
line and optimised cooling design after twelve iterations of
deformation. An increase in pipe diameter across all seg-
ments of the corner design was generated in the optimal
design, with the largest increase in the corner region. A
slight deviation of the cooling pipe away from the surface
can be observed just before the bend region. Additional
refinement/smoothing of the cooling pipe geometry can also
be seen around the coolant inlet and outlet regions.

The adjustments in pipe geometry are reflected in the
boundary heat flux along the cooling channel surface shown
in Fig. 13. The baseline design shows a high boundary heat
flux in a small corner area compared with the rest of the
cooling surfaces. This indicates a significant amount of heat
being dissipated at this location, resulting in a high local
temperature and a large temperature gradient to the remain-
ing cooling surfaces. Conversely, the optimised corner cool-
ing channel has a more uniform dissipating boundary heat
flux value. This leads to a more consistent cooling rate at the
corner pipe surfaces and thermal uniformity along with the
mould/cast contact interface.

The IHTC between the aluminium cast and mould steel
is an important factor in determining the true interface
temperature. However, in this first design, minimising
the temperature variation is the aim rather than predicting
the absolute value. By assuming the thermal resistance
is the same across the entire interface, the effect of HTC
change can be considered negligible, unless there is a
large variation in cast thickness [40]. Variation in HTC is
however considered in the next section where a transient
thermal model is developed and validated against the
experimental results.
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Fig. 15 Experimental temperature variation between baseline and optimized corner cooling design of the centre five thermocouple locations

3.3 Comparison between the thermal model
and experiment results

3.3.1 Comparison between the baseline and the optimised
geometries results

Simulated TC1-5 temperature variations for the baseline and
optimised geometries are plotted in Fig. 14. All locations show
an increase reaching an almost constant value after approximately
15 s. Peak temperatures are listed in Table 3 together with the peak
temperature reduction for the optimised case, in both relative and
absolute values which, for TC1, is 230 °C and 32%, respectively.

@ Springer

Experiments are conducted using manufactured versions of
the baseline and optimised corner cooling mould configurations,
with four repeat trials per design. The results for each trial are
shown in Fig. 15 together with an average trend for each design,
with peak values shown in Table 3. In these experimental results,
TC1 and TC5 show peak temperature drops of 250 °C (36%) and
158 C (27%), respectively. Overall, the significant reduction
in peak temperature observed experimentally demonstrates the
improved performance of the optimised design.

By comparing the solution between the simulation and experi-
mental trials in Fig. 14, all thermocouples reach asymptotic
steady temperature values, showing good agreement with the
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Fig. 16 Calibration of temperature variation between baseline and optimized corner cooling design of the centre five thermocouple locations

simulation results. Although there are small differences in the
max temperature at each location, the temperature gradients are
almost identical in both absolute values and percentages.

3.3.2 Thermal model calibration during the transient
period

Although the simulated and experimental asymptotic tem-
perature values show good agreement, there is significant
variation in the temperature and duration of the initial

transients, as shown in Fig. 14. Discrepancies occur at all
locations, suggesting a common factor. We suggest this is
the complex physics of the solidification process and its
influence on the interface heat transfer coefficient. Assum-
ing the experimental results are accurate enough, then the
model needs to be calibrated if simulation and experiment
are to be reconciled.

As discussed above, the IHTC has significant variation
throughout the casting. Here, we apply a bounded linear
model as follows:
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Fig. 17 Industrial HPADC
mould design and layout of
the a aluminium cast (green),
b conventional and conformal
cooling channel locations

(purple)

Fig. 18 Comparison between
baseline (red) and optimised
(green) cooling profile of the
four conformal cooling pipes for
the industrial mould
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Fig. 19 Temperature distribution across mould/cast interface for both a baseline and b optimal oil-cooling channel designs

@ Springer



1310 The International Journal of Advanced Manufacturing Technology (2023) 127:1293-1315

Fig.20 Temperature distribu-
tion across mould/cast interface
on both a baseline and b
optimal water-cooling channel
designs

[ 2500,0 < 1 < 20(s)
h@) = { 5000, ¢ > 20(s)

Applying this model to the simulation, much better agree-
ment with the experimental results is obtained, as shown in

Table 4 Surface temperature and average boundary heat flux results

Oil side Water side Overall
Temperature surface standard deviation
Original cooling design 61.8 61.2 65.9
Optimised cooling design 56.2 56.0 56.0
Average boundary heat flux (W/m?)
Original cooling design 3.05E5 4.98E5 3.76E5
Optimised cooling design 2.84E5 4.73E5 3.54E5
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Temperature (C)
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Temperature (C)
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Fig. 16, with all calibrated simulation results falling within the
scattered experimental data range. A more complex model can
be investigated by considering the topography of the mould-
cast contact surfaces and analysing the surface roughness and
trapped air gap using the Hamasaiid concept [43].

4 Implementation in industrial HPADC tool

The adjoint optimisation technique has been applied to the
design of the cooling system of an industrial high-pressure
aluminium die-casting (HPADC) tool. The Buhler-Prince
HPADC machine manufactures gearbox housing compo-
nents [40]. This has two main steel bodies fitted with both
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Fig.21 Boundary heat flux distribution across mould/cast interface for both a baseline and b optimal oil-cooling channel designs
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Fig.22 Boundary heat flux distribution across mould/cast interface for both a baseline and b optimal water-cooling channel designs
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conventional cooling channels and removable conformal cool-
ing inserts as shown in Fig. 17, which also highlights the com-
plex casting shape. The optimisation technique has been used
to refine the four sets of 6 mm conformal cooling inserts, two
using oil and two using water, all operating at 3 L/min. In this
application, design optimisation aims to reduce the thermal
gradient at the contact interface in order to prolong tooling
life. The effects of the pressurised condition in the aluminium
die-casting process in affecting the IHTC have been addressed
in the “Introduction” section. Since its duration takes up a
small percentage of the whole casting period, the initial forced
injection condition has been neglected, and a constant IHTC
of 5000 W/m? K is assumed. The remaining simulation model
setup for the complex geometry follows the same procedures
as the baseline study described above.

Optimised profiles compared to the baseline design of
both oil and water-cooling channel sets are presented in
Fig. 18. Results with their associated cooling surfaces are
presented separately in Figs. 19 and 20. The temperature
gradient along the oil-cooled surface shows a decrease from
baseline 310.24 to 291.2 °C, and for the water-cooling side
from 273.49 to 270.33 "C. These reductions may seem less
significant; however, the mould/cast interface temperature
standard deviation tabulated in Table 4 shows a more uni-
form cooling has been achieved by 8.99% for oil-cooling and
8.52% for water-cooling of the optimised conformal pipe
inserts. Overall, a 15% reduction in temperature variation
has been achieved for the entire mould/cast contact surface.

The enhanced uniform cooling effect can also be
explained by the more consistent boundary heat flux around
the optimised cooling pipe surfaces as shown in Figs. 21 and
22. The maximum boundary heat flux on the baseline corner
surface shows much greater values than any of the optimised
oil or water pipe surface, which end up with a high local
temperature and large gradient to the surrounding surfaces.

The optimised cooling system design delivers a lower ther-
mal gradient at the contact interface by morphing the pipe
surface to obtain a lower and more consistent heat-dissipat-
ing boundary heat flux value at the pipe surfaces, achieving
(Table 4) an overall 5.85% reduction for all four conformal
cooling inserts. Applied as an industrial manufacturing system,
the optimised four conformal inserts working together with
the conventional cooling system of the HPADC tool increased
operational lifespan from 40,000 to 120,000 cast cycles.

5 Summary/conclusions

This study has described the application of the adjoint
method to optimise a baseline corner conformal cooling
design for an aluminium gravity die-casting system via
the commercial CFD software STARCCM +. The aim has

been to achieve better uniform cooling between the mould
and cast interface during the solidification process while
maintaining a lower pressure drop within the pipe, thereby
enhancing the thermal performance of the entire process
and achieving prolonged tooling life for the casting tool. An
experimental setup was developed to validate the model.
The optimised corner design features a cooling channel
cross section which gradually widens towards the corner
and in simulation results in a 31.6% reduction in temperature
standard deviation across the contact interface (i.e. achieves
more uniform cooling) and a 24.2% reduction in pressure
drop across the whole cooling channel. After 3-D printing
and experimentally testing the baseline and the optimised
geometries, good agreement was achieved once an IHTC
model was introduced to account for varying the thermal
resistance between the cast and mould. The improvements
moving from the baseline to optimised designs were signifi-
cant, with a temperature drop of 36% observed at one loca-
tion. The adjoint optimisation technique has been applied
to the design of the cooling system of a complex industrial
HPADC tool, with the aim of improving the uniformity of
the interfacial cooling. The resulting design has delivered an
increase in the operation life of the tool from 40,000 shots to
almost 120,000 shots. In summary, this study has developed
an optimisation model using the adjoint method with multi-
objective functions. This simplified algorithm was applied
to the HPADC process and resulted in extended tooling life.
Our future work aims at implementing the adjoint topology
method for the initial layout of the conformal cooling pipes.
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