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Summary

This study examines the comparative performance of three cross-section profiles of conformal
cooling channels, circular, elliptical and teardrop, for injection-moulding on a simulation basis. The
work is based on the need to understand whether the profile geometry of the cooling channels itself
can influence cooling behaviour when the conformal channel route, mould geometry, material,
process parameters and standoff distance are kept constant, while coolant inlet temperature and
coolant flow rate are varied. The straight-line cooling channel has been added as a reference baseline
to put the conformal cooling benefit into perspective; the primary comparison should be that of the
profile-level inside the conformal cooling group. A simplified battery casing inspired part geometry
was modelled in SolidWorks; the simulations were done in Moldex3D with 20% talc-filled
polypropylene and a P20 tool-steel as mould material. A design of experiments matrix comprised of
the circular, elliptical and teardrop profiles, with flow rates of the coolant at 2, 5, and 10 L/min and
coolant inlet temperatures of 15°C, 25°C and 35°C, a total of 27 conformal cooling simulations and
3 straight-line reference simulations were analysed. The responses extracted from the simulation
results were average part temperature, maximum part temperature, time to reach ejection temperature,
pressure drop, average Reynolds number and warpage displacement. The effect of the factors and the
predicted optimum operating region were determined using response surface methodology. Results
indicated that the average part temperature was not significantly affected by the profile geometry, but
the maximum part temperature and cooling time were significantly affected by the profile geometry.
The lowest maximum part temperature and cooling time was obtained with the teardrop profile, and
the lowest pressure-drop tendency was obtained with the elliptical profile. The differences of the
warpages between the profiles were small. It is concluded that the conformal channel cross-section
profile is a sensible design parameter, and that the teardrop profile has the best thermal performance
within the simulation domain explored.
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Santrauka

Siame tyrime modeliavimo pagrindu nagriné¢jamas trijy konforminiy ausinimo kanaly — apskrity,
elipsiniy ir laSo formos — skerspjiiviy profiliy lyginamasis naSumas liejant jpurSkimu. Darbas
grindZiamas poreikiu suprasti, ar paciy auSinimo kanaly profilio geometrija gali turéti jtakos auSinimo
elgsenai, kai konforminio kanalo marSrutas, liejimo formos geometrija, medziaga, proceso parametrai
ir atstumas tarp jy yra pastovis, o auSinimo skyscio jleidimo temperatiira ir srauto greitis kinta.
Tiesiosios linijos auSinimo kanalas buvo pridétas kaip atskaitos taSkas, siekiant jvertinti konforminio
ausinimo nauda; pagrindinis palyginimas turéty biiti profilio lygis konforminio auSinimo grupéje.
Supaprastinta akumuliatoriaus korpuso jkvépta detalés geometrija buvo sumodeliuota naudojant
»S0lidWorks* programa; modeliavimas atliktas naudojant ,,Moldex3D* programa, naudojant 20 %
talko uzpildyta polipropileng ir P20 jrankinj plieng kaip liejimo medziaga. Eksperimenty matricos
dizainas sudarytas i$ apskrito, elipsinio ir laSo formos profiliy, kuriy auSinimo skyscio srauto greiciai
buvo 2, 5 ir 10 L/min., o ausinimo skyscio ileidimo temperatiiros buvo 15 °C, 25 °C ir 35 °C. I§ viso
buvo iSanalizuotos 27 konforminio auSinimo simuliacijos ir 3 tiesiosios linijos etaloninés
simuliacijos. IS modeliavimo rezultaty gauti atsakai buvo vidutiné detalés temperatiira, maksimali
detalés temperatiira, laikas pasiekti iSstimimo temperatiira, slégio kritimas, vidutinis Reinoldso
skaiCius ir deformacijos poslinkis. Veiksniy poveikis ir numatomas optimalus veikimo regionas buvo
nustatyti naudojant atsako pavirSiaus metodikg. Rezultatai parod¢, kad vidutinei detalés temperatiirai
profilio geometrija reikSmingos jtakos netur¢jo, taiau maksimaliai detalés temperatiirai ir auSinimo
laikui reikSmingg jtakg turéjo profilio geometrija. MaZiausia maksimali detalés temperatura ir
ausinimo laikas gauti naudojant laSo formos profilj, 0 maZziausia slégio kritimo tendencija — naudojant
elipsinj profilj. Profiliy deformacijy skirtumai buvo nedideli. ISvada: konforminis kanalo skerspjtivio
profilis yra protingas projektavimo parametras ir kad laso formos profilis pasizymi geriausiomis
Siluminémis savybémis nagrin¢jamoje modeliavimo srityje.
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Introduction

Injection moulding is one of the most popular manufacturing processes for producing high-volume
polymer components. In this process, plastic parts are produced by melting thermoplastics or
thermosetting plastics as a polymer melt. The polymer melt is forced into a mould cavity and then is
cooled down to solidify the plastic into the desired shape of the mould. Once the melted plastic is
cooled down enough, it turns hard and sets into the shape of the mould, and afterwards it is ejected.
This process is called demoulding, and the temperature at which this happens is called the ejection
temperature. In this entire process, the mould cooling time accounts for approximately 60-70% of the
total cycle time. In complex parts such as battery casings, having thin walls, mounting bosses, internal
rib structures, etc, due to non-uniform heat distribution during the cooling stage causes overheating
at specific regions called hot spots. This results in extended cycle times, part warpage and dimensional
inaccuracy in the parts. These defects have a direct impact on production output, material utilisation,
and energy consumption, which makes the optimisation of the mould cooling problem of significant
industrial and economic relevance. To speed up the cooling process in injection moulding, the core
is equipped with cooling channels through which coolant flows. The coolant captures the heat of the
molten plastic, which gets dissipated into the inner walls of the core. Traditionally, these cooling
channels are drilled into the core in straight lines and usually have a fixed linear geometry. It is
difficult to maintain a consistent distance of the cooling channels from curved or complex mould
surfaces. This results in uneven extraction of heat, leading to the formation of thermal hotspots, i.e.
regions where heat builds up and delays the solidification of the plastic. This limitation of traditional
cooling channels is partially mitigated by using conformal cooling channels (CCCs). Conformal
cooling channels (CCCs) are similar to traditional cooling channels in terms of fixed-diameter
channel networks, but the cooling channels follow the mould surface contour instead of having a
fixed linear geometry. Fabrication of complex conformal cooling channels is enabled by additive
manufacturing, and the channels distribute the coolant uniformly across the mould core. Despite the
great improvement that conformal cooling channels offer over straight-drilled cooling channels, most
of the research concentrated on circular cross-sections of the cooling channels. Partly this is a carry-
over from traditional drilling methods, which yield a subtractive manufacturing process resulting in
circular channels. But, with metal additive manufacturing, more complicated cross-sectional internal
cooling channels are now possible. This provides a chance to explore the potential of non-circular
conformal cooling channels to provide a better performance (cooling or hydraulic behaviour) than
the circular conformal baseline. This study compares the three conformal cooling channel cross-
section profiles (circular, elliptical and teardrop) with Moldex3D simulation. The same mould
geometry, polymer material, mould material and conformal channel route are used in the evaluation
of the profiles. Coolant flow rate and the inlet temperature of the coolant is varied as process
parameters. There are 27 conformal cooling simulations and three straight-line baseline simulations.
The primary responses obtained are average part temperature, maximum part temperature, time to
reach ejection temperature, pressure drop of coolant, average Reynolds number and warpage
displacement. The effects of the factors, interaction behaviour and performance in profile levels
throughout the tested range are then evaluated by response surface methodology.

Aim: to evaluate the effect of cooling channel cross-section profiles and process parameters on the
thermal and hydraulic performance of injection moulding through parametric simulation.
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Tasks:

1. to study existing injection Mould cooling strategies;

2. to identify channel profiles, process parameters, thermal and hydraulic performance indicators for
injection Moulding simulation;

3. to simulate the thermal performance of traditional straight channels and conformal cooling
channel with circular, teardrop and elliptical profiles using conjugate heat transfer analysis;

4. to compare cooling time, warpage, pressure drop, and other thermal and hydraulic relations for
all configurations using RSM analysis;

5. to assess the impact of optimal cooling configuration with potential cycle time and energy savings
for industrial applications.

Hypothesis: Variation in thermal and hydraulic performance of cooling channels can be different
across different channel profiles, such as elliptical and teardrop profiles, and process parameters.
Quantifying these differences can help identify the optimal profile and process parameter
combination to improve cooling time in injection moulding process.
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1. Injection Moulding: Overview and Challenges
1.1. Injection Moulding Process and the Role of Cooling

Injection moulding is one of the most commonly used manufacturing processes used to manufacture
polymer components at a large scale. The injection moulding process consists of several steps:
plasticating, filling, packing, cooling, and ejection [1]. Each stage directly affects the dimensional
accuracy, mechanical properties and surface quality of the final part. At the plasticating stage, which
initiates the cycle, solid polymer granules called pellets are fed from a hopper into a heated barrel.
Here, a screw-feeding system compresses and further melts the material to the required viscosity,
creating a metered shot volume ready for injection [2]. The quality of plasticating, melt temperature,
consistent shot volume, viscosity of the melt shot, etc., directly affects the quality of the remaining
stages. At the next stage, which is the filling stage, the feed screw moves at a fast rate. This forces
the polymer melt through the sprue, runner system, and the gate into the mould cavity in a high-
pressure manner. The melt advances along the cavity, where the flow pattern is controlled by the
geometry of the part and the mould core, position of the gate, viscosity of the melt and the injection
rate. If the filling parameters are not controlled properly, it can lead to incomplete filling, premature
solidification at the gate, or air traps can all occur resulting in part failure. The packing stage initiates
immediately after the filling stage. Additional material is pressed into the cavity under constant
holding pressure to offset the volumetric contraction that takes place as the polymer cools down and
starts to solidify. The gate is left open when packing, and the material flows inwards. Once the gate
freezes, hardened and closed, it is impossible to add any additional material, and the cooling stage
begins with a fixed volume of material in the mould cavity [3].

The cooling stage is the longest and the most thermally intensive stage of the cycle. This stage takes
up to 60-70% of the total cycle time in the injection moulding process. The polymer is solidified by
removing the heat via a series of cooling channels embedded in the mould itself. A coolant, usually
water, constantly circulates through these channels. The part should not be removed from the mould
until it is hardened enough that even the thickest parts can resist the force of ejection without
deformation. Thick sections like mounting bosses and rib intersections solidify much more slowly
than thin walls. In geometrically complex components, the cooling stage is intentionally longer than
the time taken by the fastest cooling feature to solidify [4]. Lastly, during the ejection stage, the mould
1s opened, and the solidified part is forced out of the cavity by ejector pins. Where the part is not
cooled enough, surface marking, warpage or structural damage is caused by ejection forces. The cycle
is then repeated as the mould closes and a new melt shot is injected again. Following Fig. 1 illustrates
the injection moulding cycle and relative cycle times of each stage. Poor or uneven cooling not only
increases the cycle time, but it also directly results in quality flaws of many types. Warpage happens
when various areas of the part cool and shrink at different rates. This creates internal stresses which
disfigure the final geometry after the ejection [5]. Sink marks are seen on the external surfaces due to
the thick sections where the packing pressure is insufficient, and the cooling process is slow, such
that the material sinks back inwards. Residual stresses that remain trapped in the part during the
uneven cooling process also lower the mechanical strength and fatigue resistance. Due to the
shrinkage of the part in a non-uniform manner, defects such as dimensional inaccuracies are also
formed. Therefore, essential features like mounting bosses, holes, and mating or coupling interfaces
are sometimes inaccurately formed due to differences in tolerances. Such imperfections are highly
critical in components such as battery cases. In such parts, high-dimensional accuracy is important
for assembly fit, structure and sealing of components. Due to the combination of various thin and
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thick-walled features in complex parts, it creates a similar non-uniform thermal load on the mould as
well. This cooling problem remains unattended even when traditional cooling systems are employed

[6].
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Fig. 1. (A) Injection moulding cycle and (B) relative cycle time for each stage (in %) [2]
1.2. Traditional Straight-Channel Cooling System in Injection Moulding

The straight-channel cooling system is the most common type of mould cooling used in the industrial
practise. In this, cooling channels are provided through straight holes that are drilled through the
mould plates, through which the coolant, usually water, is circulated to remove the heat out of the
mould walls and the polymer undergoing curing [7]. This approach is simple and has been the industry
standard over decades, and it is still the standard on which all more sophisticated cooling strategies
are assessed. Straight cooling channels are usually cross-sectional circular with a diameter of 6mm
down to 14mm, depending on the size of the mould and the thermal demands. They are designed in
a series of parallel or interdependent linear tracks which constitute a closed cooling circuit in the
mould plate. The structure is limited completely by the drilling system, the channels are always
straight, should not cross structural systems like ejector pin holes or parting lines and should have a
minimum of wall thickness between the channel and mould cavity surface to maintain structural
integrity [8, 9]. Following Fig. 2. illustrates standard or drilled cooling channels in cavity and mould
core.
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Fig. 2. Conventional cooling channels in (A) Cavity and (B) Core of a Mould [9]

Practically, this implies that the cooling circuit is optimised with reference to the mechanical limits
of the mould and not with reference to the thermal requirements of the part itself. This inherent
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limitation leads to the greatest limitation of straight-channel cooling, namely the impossibility to
maintain a constant distance between the cooling channel and the surface of the mould cavity. In
simple or flat geometries, a straight channel may operate with a relatively constant depth underneath
the cavity surface, which gives fairly constant heat removal. Non-linear, curved, geometrically
complex components, e.g., battery casings with bosses, ribs, and corner details, are, however, the
subjects of the straight channel having to alter its distance to the cavity surface with the change in
surface geometry. Cooling is done aggressively to the regions which are near the surface of the
channel, whereas minimal cooling is done to regions far away. The consequence is an uneven
temperature distribution on the mould surface that is a direct cause of warpage, residual stress and
dimensional inaccuracy [10].

Another drawback is the total lack of a localised cooling capacity. Since drilling limits routes to
straight lines, it is geometrically impossible to make a traditional channel directly below a mounting
boss, into a deep rib pocket, or around a sharp corner - the very things that are known to create the
highest thermal loads. These hot-spot areas are then reliant on conductive heat transfer using the bulk
mould material to reach the nearest channel, which is slow and ineffective and stretches out the
cooling process, leaving residual heat in the part at ejection. The nature of the pressure drop in straight
channels is usually low, and the flow rates of coolants can be easily controlled. This makes the
traditional cooling systems simple to run and maintain, along with a low cost of manufacturing. These
operational benefits, however, fail to counter the thermal performance of multifaceted part geometries

[11].
1.3. Conformal Cooling Channels in Injection Moulding

In order to mitigate the imperfections of straight-cooling channels, conformal cooling channels
(CCCs) were developed. This is enabled by additive manufacturing (AM) technologies, where the
mould core can be fabricated layer by layer. Due to this unique ability of additive manufacturing, it
became possible to create complex routing for cooling channels, unique to the part being processed.
Conformal cooling channels, unlike straight-drilled channels, are made to be directed or conform to
the surface of the mould cavity, at a constant distance, resulting in more uniform heat removal in the
part geometry [12]. This design philosophy is a significant change in design: instead of drilling
coolant where it can be drilled, conformal cooling routes drill coolant where it is needed [5].
Following Fig. 3. illustrates schematics of conformal cooling channels CCCs in the mould core.
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Fig. 3. Conformal cooling channels in injection moulding core and cavity [9]
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The development of metal additive manufacturing, known as Powder Bed Fusion (PBF) and Directed
Energy Deposition (DED) processes, made the realisation of conformal cooling channels possible
[13]. These technologies free the design of the cooling channel to the geometrical limitations of
subtractive machining, whereby channels can conform to curved surfaces, and curve around
cylindrical cores and circumnavigate internal mould features that cannot be accessed by drilling. The
mould insert, or core with the conformal channels, is designed as a structure of layers made directly
of metal powder - usually tool steel or aluminium alloy - with the cooling channels formed as internal
voids in the solid structure [14]. Conformal channels provide much more even temperature on the
mould surface by keeping the standoff a constant distance, which usually ranges between 1.5 to 2.5
times the channel diameter. This directly minimises the temperature difference between hot and cold
areas of the mould, thus minimising the difference in the shrinkage and resulting warpage of the
ejected part. Cycle time has been reported to be reduced by 20-40% and large improvements in
warpage when straight-channel cooling is substituted with conformal cooling designs on complex
part geometries. Nonetheless, conformal cooling channels do not eliminate all limitations. The most
basic is that they are still channel-based, i.e. the coolant is directed along discrete tubular paths of
fixed cross-sectional diameter, and the cooling effect at any point in the mould surface is determined
by the closeness and velocity of flow of the closest channel. In components of very localised thermal
hot spots, e.g. thick mounting bosses with thin walls surrounding them, a conformal channel with a
constant distance to the surface is still unable to distinguish the cooling rate of the high load boss area
and the low load flat wall area. The two are given the same channel diameter, flow velocity and the
same coolant temperature, although they have vastly different thermal requirements [15].

The performance advantage of conformal cooling versus conventional straight-drilled channels has
been shown to be consistently measured in both a wide range of part geometries and in simulation
experiments. Conformal cooling layouts have been reported to reduce cooling time by 20-40%,
compared to straight-drilled channels in geometrically complex parts, and greater reductions of up to
66% have been reported in slender or high-aspect-ratio geometries where straight channels are the
most severely limited by the impossibility of maintaining a constant standoff distance. Experimental
work on conformal cooling moulds have also reported reductions in cooling time and part quality
when compared with straight-line cooling moulds [16].

The design of a conformal cooling channel system is based on a specification of a set of geometric
parameters that collectively determine the thermal behaviour of the circuit. The three primary
parameters are the channel diameter, the distance between the centerline of the channels and the
surface of the mould (standoff distance) and the pitch (distance between centers of two channels).
The standoff distance should not exceed 1.5 to 2.5 times of the channel diameter as a means of
guaranteeing an appropriate uniformity in the heat removal at the cavity surface without making the
mould wall structurally weak. Channel pitch determines how much thermal overlap there is between
adjacent channels: excessively large channel pitches result in localised hot spots, which interfere with
temperature uniformity, and excessively small channel pitches make the hydraulics of the circuit
difficult, and can lead to structural failure of the mould. The commonly quoted ratio of 3:1 between
the pitch and the diameter of the channels is a typical starting point in conformal channel layout,
although the optimum ratio is dependent on the geometry and material, and is typically determined
via simulation. Position of the channels with the mould surface and channel diameter as the two most
important geometric design factors which dictated the thermal outcome were also identified by
sensitivity analysis of conformal cooling system performance, which further contributed to the
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opinion that these parameters should be handled systematically, as opposed to relying on arbitrary
rules [17].

1.4. Effect of Cooling Channel Cross-Section Profile on Thermal Performance

One of the design variables that are fundamental to the design of a cooling channel is the cross-
sectional geometry of the cooling channel that defines the amount of internal surface area exposed to
heat transfer, the hydraulic resistance that is placed on the flow of the coolant, and the distribution of
thermal energy inside the mould wall [18]. Historically, circular cross-sections have been the norm
in the industry in both straight-drilled and conformal cooling channels, largely because it is easy to
make circular holes using drilling. Nevertheless, the development of additive manufacturing methods
has removed the limitations of manufacturing of complex cooling channel geometries [19]. This has
prompted the question, whether there can be an alternative cross-section profile that can provide
quantifiable benefits in thermal or hydraulic performance compared with the traditional circular
baseline. The operating principle of how cross-section geometry influences the performance of heat
transfer is based on the principle of hydraulic diameter (D#4). For channels of equal or nearly equal
cross-sectional areas, the hydraulic diameter, wetted perimeter and local flow distributions may differ,
for the same volumetric flow rate, even though the nominal mean velocity of the two profiles is the
same. These differences have an influence on Reynolds number, pressure drop and local heat transfer
behaviour. Hence, the effect of the cross-section profile cannot be explained by area alone, but it
should be expressed by the combined effect with flow area, wetted perimeter, hydraulic diameter and
the operating flow condition. [20].

Initial studies of the non-circular profiles of cooling channels used in injection moulding indicated
that significant differences in thermal behaviour were observed between circular and rectangular
cross-sections. It was discovered that rectangular channels of identical cross-sectional area as circular
channels would reach a shorter time to part solidification and this was explained by the higher ratio
of wetted perimeter to flow area in rectangular geometry, which has more wall surface area to the
same volume of coolant. This discovery formed an early foundation of considering cross-section
geometry as a design variable that is thermally important, independent of the path geometry of the
channel. A more recent design of experiments study was a simulation-based design of experiment
study to assess the thermal and warpage performance of conformal cooling channels with circular
and square cross-sections during injection moulding of a cup-shaped polypropylene part. Response
variables were assessed as three geometric parameters, including cross-section geometry, channel-to-
part distance and channel dimension were varied. Mould temperature distribution and part warpage
were assessed as response variables. The findings proved that the cross-section geometry as well as
channel-to-part distance, had statistically significant effects on responses measured. Moreover, a
9.26% decrease in final warpage was proven with conformal channels as opposed to conventional
straight channels in steel moulds, rising to 32.4% with geometrically flexible parts. This research can
be considered the closest directly applicable precedent to the current work because it explicitly
considers cross-section profile as a design variable, in a DOE framework. Nonetheless, it was only
conducted on two profile geometries and the interaction between profile shape and coolant flow
conditions was not examined so the relative performance of profiles across various operating
conditions remains undetermined [21].

Simulation of thermal effects of different cross-section profiles on the conformal cooling channel
performance has also been studied using trapezoidal and rectangular profile in addition to the standard
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circular geometry [7]. The findings affirmed that profile shape changes the temperature distribution
of the surface of the mould in a profile-dependent fashion, generating clear thermal gradients
compared to the circular base. Nevertheless, the experiment was performed at one fixed combination
of process conditions and there was no study of the variation of thermal ranking of profiles with flow
rate or coolant temperature. This is a major drawback, as the interdependence between hydraulic
diameter, wetted perimeter and flow velocity implies that relative convective performance of profiles
is necessarily flow-condition dependent. An extensive survey of conformal cooling channel
technology has validated that cross-section shape is a growingly accepted performance parameter,
with cross-sectional profiles such as rectangular and profiled geometries able to enhance the effective
cooling surface area over circular channels of the same cross-sectional area and simulation studies
have shown that profiled conformal channels can be cooled more quickly than circular channels of
the same cross-sectional area. Nevertheless, the same review notes a persistent gap in the literature:
systematic multi-factor studies that isolate the influence of cross-section profile and at the same time
vary flow conditions have not been performed, especially in asymmetric profiles like elliptical and
teardrop geometries, which create an asymmetry in directional heat transfer not found in circular or
rectangular channels [8].

It is further observed that the influence of channel diameter as a geometric channel on the warpage
of parts has been investigated using Moldex3D simulation software over four circular channel
diameters (6-12 mm). The findings showed that the channel diameter and warpage had a non-
monotonic dependence, with intermediate sizes of 8 and 10 mm yielding lower warpage as compared
to smaller and larger sizes. Such non-linearity makes thermal optimisation in injection mould cooling
a complex issue, and it is important to note that parametric evaluation should be done in a systematic
manner and not on an individual basis [19]. Notably, this work held the profile shape to be circular
everywhere, and the geometry of the interaction between cross-section and channel size was not
addressed at all. A combination of the evidence presented above shows that cooling channel cross-
section profile is a thermally important design factor, whose effects on mould temperature
distribution, cooling uniformity, and part warpage can be measured. The literature is, however,
restricted to comparisons of circular channels with at most one other profile, at fixed process
conditions, and without thermofluidic characterisation of the flow behaviour in the channel.
Asymmetric non-circular profiles (e.g., elliptical, teardrop cross-sections) behaviour under a variety
of flow conditions has not been characterised, and the interaction between the shape of the profile
and process parameters (e.g., flow rate, coolant temperature) is an open gap.

1.5. Effects of Process Parameters on Cooling Performance

In addition to the geometrical arrangement of the cooling channel, the thermohydraulic behaviour of
the cooling system is highly controlled by the circumstances within which the coolant is fed. The
volumetric flow rate of the coolant and its temperature at the inlet of the channel are the two
operationally important process-side parameters [14]. A combination of these parameters determines
the convective conditions in the channel and the thermal driving force to remove heat in the mould
wall. Importantly, the two parameters both depend on the geometric characteristics of the channel -
and in particular on its hydraulic diameter - so that their impact on cooling performance cannot be
considered separately of channel cross-section geometry.
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1.5.1. Coolant Flow Rate and Flow Regime

The most important operational variable is the volumetric flow rate of the coolant that controls the
strength of forced convection in the channel of cooling. Convection heat transfer takes place between
the mould wall and the coolant, and the speed at which this heat transfer takes place per unit area of
the wall is defined by the convective heat transfer coefficient 4. This coefficient is highly sensitive to
the flow regime in the channel, that is, in laminar flow (Re < 2300), in transitional flow (2300 < Re
<4000), or in turbulent flow (Re >4000) [22]. The turbulent flow dramatically increases the exchange
of thermal energy between the hot wall and the bulk coolant by the chaotic mixing of fluid layers
across the channel cross-section, the values of 4 are much higher than those obtained in laminar flow
at the same volumetric flow rate. As has been determined, injection mould cooling applications prefer
turbulent flow. The heat transfer benefits of increasing Reynolds number beyond about 10,000 are
greatly offset by the associated increase in pressure drop and pumping power needed to sustain the
higher flow rate [23]. Thus, a practical operating range of Re is often quoted as 4,000 to 10,000. The
implications of this trade-off between heat transfer enhancement and hydraulic cost directly impact
the choice of flow rate levels in a DOE study: levels that cut across the laminar-to-turbulent transition
will give the most diverse range of thermal responses in channel configurations, allowing the response
surface model to represent the non-linear behaviour of the system. A numerical study which involved
a parametric study of the combined effects of coolant channel layout, flow rate and coolant
temperature on the performance of mould cooling identified that compliance with the set of channel
design guidelines led to a 70% difference in the cooling time between the most and least favourable
designs. The same study has shown that a decrease in the coolant temperature by 5°C enabled the
flow rate to decrease by over half but with the same cooling time, which shows how much the two
parameters are interacting. It is physically based: as the rate at which heat is extracted is determined
by the driving temperature change (mould-to-coolant) and the convective coefficient (which varies
with flow rate), a trade-off between the two is thermodynamically possible within constraints. The
practical implication is that flow rate and coolant temperature cannot be studied individually but
instead they should be studied together, which is the rationale behind their combined consideration
as DOE factors in the current study [5].

Also, it should be noted that the hydraulic diameter of a channel of non-circular cross section is not
the same as that of a circular channel having an equivalent open cross section. At a constant cross-
sectional area, a constant volumetric flow rate will generate a flow velocity in the middle of the flow
that is broadly similar. But profile differences may still exist in terms of wetted perimeter, hydr.
diameter and local velocity distribution. For this reason, two profiles of the same channel, running at
the same nominal flow rate, do not necessarily give the same Reynolds number, pressure-drop
characteristic or local wall-flow interaction. This implies that cross-sectional area is not a good
indicator of the influence of profile geometry. It needs to be interpreted along with hydraulic diameter,
coolant flow rate and coolant temperature. This relationship between channel geometry and the
conditions on the process side is one of the reasons why there is a limited understanding of the thermal
and hydraulic behaviour of non-circular conformal cooling channels with fixed-condition profile
comparisons.

1.5.2. Coolant Inlet Temperature

The temperature of the coolant inlet is used to define the thermal driving force required to remove
heat out of the mould. The velocity of heat transfer across the wall of the mould is proportional to the
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temperature difference between the bulk coolant and the wall (which is the temperature difference in
the heat exchanger analysis) and the log mean temperature difference. The lower the coolant inlet
temperature thus enhances this driving force, so that the rate of heat removal is accelerated, and the
time taken to cool the polymer melt down to the ejection temperature is decreased [22].

In industry, the inlet temperature of coolant depends on the kind of temperature control unit (TCU)
employed. Standard TCUs circulate coolant at close to ambient temperatures of about 15 to 25°C
whereas chilled water units can deliver coolant as low as 5 to 10°C to the demanding applications.
High coolant temperatures (30 to 50°C) can be intentionally used in processes where surface finish
or crystallisation behaviour demands a warmer mould surface at the expense of lower cooling
efficiency. The temperature span of 15 to 35°C thus covers a practically useful and relevant operating
range for many thermoplastic mould-cooling studies. It was confirmed in a simulation study of eight
different types of coolant media in a fixed flow rate and fixed inlet temperature that the thermal and
physical properties of the coolant directly correspond to the cooling time and uniform temperature in
the moulded part with water exhibiting the best cooling behaviour of all the coolant media tested
because of its high thermal conductivity and heat capacity. Although this research maintained inlet
temperature fixed, the findings support the idea that the parameters of the coolant side are the main
determinants of the thermal performance of the cooling phase. A predictive study of the behavior of
conformal cooling systems using machine learning further found that only coolant inlet temperature
of two important coolant-side variables, in addition to the inlet pressure, are non-linearly predictive
of cooling efficiency, and that their combined effects with the channel geometry cannot be explained
by a single-factor study [5, 22].

The coolant inlet temperature in this context presents a differential thermal driving force across the
27 simulation runs which, together with the difference in the convective coefficient due to varying
channel profiles and flow rates, provides a rich multi-factor response surface. This is especially
important since the advantage of a lower coolant temperature is not uniformly distributed across
channel profiles, profiles with a larger convective coefficient take up more heat per unit of
temperature driving force, and therefore the performance advantage of a lower coolant temperature
can be enhanced or diminished by the channel geometry. This is one of the main physical processes
that inspired the multi-factor design of this study.

1.6. Thermofluidic Performance Characterisation of Cooling Channels

The thermal and hydraulic behaviour of a cooling-channel system cannot be completely defined using
part-level injection moulding outputs only. Practical factors like part temperature, warpage and
cooling time characterise the final moulding response, but do not address the mechanisms behind the
response from the coolant side. To this end, thermofluidic characterisation is often employed to aid
with the interpretation of cooling channel performance. Reynolds number and pressure drop are
especially convenient, since they characterise the coolant-flow regime and the hydraulic resistance of
the cooling circuit. For non-circular profiles, a hydraulic diameter is used instead of a physical
diameter of the channel to compare different cross-sections on a common hydraulic basis. The
Reynolds number tells if the flow of the coolant is laminar, transitional or turbulent. This is of critical
importance since the flow regime will affect the convective heat transfer between the channel wall
and the coolant. Pressure drop is also significant because the greater the flow of coolant, the more
cooling can be achieved but the more the flow resistance of the cooling circuit and the more the
pumping requirement could increase. Thus, it is important to think about the thermal performance of
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non-circular cooling channels in conjunction with coolant-flow behaviour, as well as the temperature
or cooling-time results at the part level.[14, 24].

1.7. Research Gap and Justification

The reviewed literature in the above sections provides a strong body of evidence to support the fact
that conformal cooling channels are always superior to the traditional straight-drilled channels in
terms of uniform temperature, cycle time minimisation and part warpage control. The conformal
channel performance benefit is achieved through the fact that the distance between the channel and
the surface of the mould and, therefore, between the channel and the complex part geometry can be
controlled and kept constant, which provides more consistent heat removal in the complex part
geometries. Nevertheless, in spite of this and the increasing amount of research in this field, there are
several key areas of research gaps that have not been filled in the published literature. The largest
disconnect is related to the conformal cooling channel cross-section profile. The vast majority of
published work only analyses circular cross-sections, and where non-circular profiles are analysed,
only compare to a single alternative geometry analysed at a constant set of process conditions. Based
on the literature reviewed, there is limited systematic research on asymmetric non-circular profiles
(elliptical and teardrop cross-sections) under a multi-factor framework that also considers changing
coolant operating conditions. The various cross-section or profile changes have been studied so far,
but most of the studies are confined to a comparison of selected families of polygonal or conventional
profiles and not a direct comparison of circular, elliptical and teardrop conformal channels [18]. This
has led to the interaction between cross-section profile and process parameters like flow rate, coolant
temperature, not being characterised often, yet the interaction is physically necessary because the
hydraulic diameter varies due to the profile, leading to differences in Reynolds number at the same
flow rate.

Another area of gap is on the analytical model used in evaluation of cooling channel performance.
Most DOE studies in injection mould cooling report a single macro-level response variable, usually
cooling time or part warpage, without describing the thermofluidic behaviour of the coolant in the
channel. This not only restricts the physical interpretability of measured results but also makes it
impossible to generalise to alternative channel geometries, part materials or process conditions. The
recent review literature has explicitly stated that the field has no extensive multi-objective
characterisation methods and future research ought to be carried out with a temperature profile
metrics in addition to the conventional outcome-based responses. Also, there is a knowledge gap in
the experimentally validated 3D solid body CFD-mode simulation of non-circular conformal cooling
channels. On several occasions, independent studies have shown that the Moldex3D simulation
software can give accurate predictions on the thermal behaviour of mould when it is compared with
experimental measurements. In addition, Moldex3D directly accepts non-circular solid body cooling
channels, and the 3D CFD analysis of non-circular channels since version R11.0, which allows the
complete three-dimensional solution of velocity and temperature fields in arbitrary cross-sections of
the channels without the simplifying assumptions of network analysis. This feature renders a
parametric study of non-circular profiles, using simulation, both methodologically and practically
viable, without having to manufacture a prototype [25].

These gaps allow for a simulation-based design matrix with a systematic variation of the conformal
cooling channel cross-section profile, coolant flow rate and coolant inlet temperature. A profile
comparison for one operating condition would be inadequate, as the effect of geometry of the cross
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section is intertwined with hydraulic diameter, wetted perimeter, the behaviour of the Reynolds
number and the pressure drop. Hence, a multi-factor simulation and response surface approach is a
proper framework to make the comparison of circular, elliptical and teardrop conformal cooling
channel profiles. In this kind of system, straight-line cooling can provide the reference baseline to
compare the overall advantage of conformal routing, and the profile-level behaviour of conformal
channels is the primary concern.

1.8. Chapter Summary

This chapter covered the importance of cooling in injection moulding and the significance of the
design of cooling channels for cycle time, thermal uniformity and dimensional quality. Cooling is a
large component in the injection moulding process, and if the heat is not removed evenly, hot spots
can occur, resulting in extended cooling times, warpage and dimensional inaccuracies. The traditional
straight-line cooling channels are simple and hydraulically efficient, but have a problem with the
linear path and inability to be kept at a constant distance from complex mould surfaces. This
restriction can be overcome by conformal cooling channels, which can match the mould cavity more
closely and lead to more uniform removal of heat. The literature reviewed however, indicates that the
research on conformal cooling is still mainly focused on circular channel profiles. The non-circular
internal channels are made possible by the principle of additive manufacturing, but the impact of the
cross-section profile on the thermal, hydraulic and dimensional performance is not fully developed,
particularly for asymmetric cross-sections like elliptical and tear-drop channels. The chapter also
discussed the significance of the flow rate and inlet temperature of coolant as operating parameters.
Flow rate affects the coolant velocity, and Reynolds number and pressure drop, and coolant inlet
temperature affects the thermal driving force for heat removal. These effects are compounded by
geometry of the channel and therefore, the performance of the profile cannot be assessed at one
operating condition. Thus, a multi-factor simulation approach is needed. The identified research gap
1s the absence of systematic comparison of circular, elliptical and teardrop conformal cooling channel
profiles with different coolant flow rates and inlet temperatures. The present study fills this gap by
employing Moldex3D simulation and six response variables along with the response surface
methodology (RSM). The main focus is the profile level comparison of the three conformal cooling
channel cross-sections, the straight-line channel is used as a reference baseline.
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2. Simulation Framework and Comparative Evaluation Methodology

This chapter presents the methodology used to compare the thermal, hydraulic and dimensional
performance of three conformal cooling channel cross-section profiles. The study is a controlled
simulation-based comparison in which the circular, elliptical and teardrop profiles are compared for
the same mould geometry, material system, route to the cooling channel and process conditions. This
method enables the effect of profile geometry, coolant flow rate and inlet coolant temperature to be
studied whilst minimising the effect of any other variations associated with different mould layouts
and part design. In this kind of comparative study, simulation-based thermal analysis is appropriate
due to the fact that the conformal cooling is highly dependent on the geometry of the channels, the
flow behaviour and the heat transfer characteristics of the coolant within the mould [26]. The three
conformal cross-section profiles are the main comparative area, and the straight-line cooling channel
is provided as a reference baseline.

2.1. Simulation-Based Study Approach

It is technically challenging and expensive to carry out a physical experiment to compare the different
conformal cooling channel profiles in injection moulding. There would be a need for a different
mould insert or an interchangeable insert system for each profile variant, and for the comparison to
be meaningful, the part temperature, cooling time, pressure drop of the coolant and warpage would
need to be measured and controlled under the same process conditions. This is more challenging for
non-circular conformal channels as these are usually produced by additive manufacturing or custom
tooling, rather than drilling. This prompted a simulation-based approach to be chosen for this study.
The aim of the simulation framework is to simulate the relative behaviour of circular, elliptical and
teardrop conformal cooling channel profiles under controlled conditions. All of the part geometry,
mould material, polymer material, channel routing and processing parameters are kept constant, and
the flow rate, inlet coolant temperature, and channel cross-section shape are changed. This allows for
a more targeted comparison of the observed differences in thermal, hydraulic and dimensional
response, as it will be possible to attribute the differences primarily to the chosen design variables. In
the past few years, there have been studies involving comparison using simulation that can now help
in the assessment of the cooling-channel performance prior to the actual moulding [27].

Moldex3D was used to perform the injection moulding and cooling simulations. The geometry of the
cooling channel was imported into the software, which was then used to analyse the cooling-channel
geometry as part of the moulding system and extract the response variables necessary for the study.
These responses are the average part temperature, maximum part temperature, time to ejection
temperature, coolant pressure drop, average Reynolds number and total warpage displacement. To
ensure the same profile comparison throughout the design matrix, the same simulation set-up was
used for all three conformal profiles. The methodology is designed as a structured comparative
methodology. First, the circular, elliptical and teardrop shapes are characterised by having cross-
sectional areas that are close to the same size. Secondly, the flow rate of the coolants is changed, and
the temperature of the coolants inlet is changed based on the chosen simulation matrix. Thirdly, the
thermal, hydraulic and dimensional responses are obtained from Moldex3D. Lastly, the influence of
the coolant operating conditions is interpreted using response surface methodology and multi-
response optimisation to determine the profile giving the best performance in the range of the
simulations performed. The straight-line cooling channel has been implemented solely as a reference
point for the context of the benefits of conformal routing.
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2.2. Simulation Design and Factor Selection

The simulation design was created to evaluate the conformal cooling channel profiles (circular,
elliptical, teardrop) under controlled operating conditions and compare them. The following three
factors: channel cross-section profile (circular - CL, elliptical - EL, and teardrop - TD), volumetric
flow rate of the coolant (Q), and coolant inlet temperature (Tc) were considered in the full conformal-
cooling simulation matrix. There are three profile factors: circular, elliptical and teardrop. The coolant
flow-rate levels are 2, 5 and 10 L/min, while the coolant inlet-temperature levels are 15, 25 and 35°C.
This provides a full conformal-cooling simulation matrix, 3x3x3, with 27 simulation runs. The range
of flow rates selected is considered to represent the low, medium and high flow ranges of coolant
associated in an acceptable mould-cooling environment. The 2 L/min condition corresponds to lower
flow, in which the coolant flow will be transitional or near the lower turbulent threshold for the flow,
depending on the profile and coolant temperature. The 5 L/min condition is a medium operating
condition and is selected as the comparison condition in the middle. The 10 L/min condition is
considered as a high flow condition, with greater convective cooling but at the expense of increased
pressure drop. Conformal cooling, recent studies have also employed simulation to analyse cooling
channel variables and to determine cooling time enhancements before or in conjunction with physical
tooling efforts to implement conformal cooling [28].

Three different inlet coolant temperatures (15°C, 25°C and 35°C) were used to investigate the effect
of thermal driving force on part cooling. The lower the coolant inlet temp the greater the temp
difference between the hot polymer/mould area and the coolant, and the higher the coolant inlet
temperature, the less the difference. The three chosen temperature levels, therefore, provide the ability
to assess the response to each channel profile under cold, medium and warm coolant conditions. Three
straight-line baseline simulations were performed, along with the 27 conformal cooling simulations.
The following baseline simulations were performed at the centre flow rate of 5 L/min and at coolant
inlet temperatures of 15, 25 and 35 °C. The straight-line baseline simulations are not part of the
conformal profile comparison and RSM model fitting. They have been added as reference cases only
for the purpose of context when discussing the thermal effect of conformal routing under matched
coolant-flow and coolant-temperature conditions. Following Table 1. Shows the complete simulation
matrix, including all 27 conformal cooling configurations with 3 Straight-line (SL) baseline runs.

Table 1. Full-Factorial DOE Matrix

Run Profile Flow Rate (L/min) Coolant Temp. (°C) Run ID
1. Circular 2 15 CL-2-15
2. Circular 2 25 CL-2-25
3. Circular 2 35 CL-2-35
4. Circular 5 15 CL-5-15
5. Circular 5 25 CL-5-25
6. Circular 5 35 CL-5-35
7. Circular 10 15 CL-10-15
8. Circular 10 25 CL-10-25
9. Circular 10 35 CL-10-35
10. Elliptical 2 15 EL-2-15
11. Elliptical 2 25 EL-2-25
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Run Profile Flow Rate (L/min) Coolant Temp. (°C) Run ID
12. Elliptical 2 35 EL-2-35
13. Elliptical 5 15 EL-5-15
14. Elliptical 5 25 EL-5-25
15. Elliptical 5 35 EL-5-35
16. Elliptical 10 15 EL-10-15
17. Elliptical 10 25 EL-10-25
18. Elliptical 10 35 EL-10-35
19. Teardrop 2 15 TD-2-15
20. Teardrop 2 25 TD-2-25
21. Teardrop 2 35 TD-2-35
22. Teardrop 5 15 TD-5-15
23. Teardrop 5 25 TD-5-25
24. Teardrop 5 35 TD-5-35
25. Teardrop 10 15 TD-10-15
26. Teardrop 10 25 TD-10-25
27. Teardrop 10 35 TD-10-35
28. Straight Line 5 15 SL-5-15
29. Straight Line 5 25 SL-5-25
30. Straight Line 5 35 SL-5-35

The design structure allows a controlled comparison between geometry of the profile and operating
conditions of the coolant. In the test of conformal cooling runs, the tests are performed for nine
different flows and inlet coolant temperatures. This translates to allowing for comparison of the
difference in the responses extracted at matched operating conditions. The straight line baseline is
processed separately since it is not a different conformal cross-section profile, it is a different route
of cooling channel.

2.3. Fixed Process Parameters

The input conditions should be exactly the same for all runs in a comparative simulation study, so
that any differences in the results are due to the design variables that are chosen. The factors in the
present study vary are the conformal cooling channel profile, the volumetric flow rate of the coolant
(Q) and the inlet temperature of the coolant (Tc). The other 27 conformal cooling simulations and 3
straight-line baseline simulations have all other process, material and geometric settings as shown
below fixed. This method enables comparison of the thermal, hydraulic and dimensional responses
with a controlled setting. In injection moulding, it is important to control the fixed process parameters
as the final properties of the parts and their mechanical characteristics can be influenced by the mould
temperature, material properties, packing conditions, cooling time and melt temperature [29].

Part Material: The same part material, PP POLYFORTFPP20T, which is a 20% talc-filled
polypropylene grade available in the Moldex3D material library, is used in all the simulations. The
material used for all the simulation runs is the same, and therefore the polymer thermal properties,
viscosity behaviour, PVT relationship and ejection-temperature condition are all the same throughout
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the study. This is crucial, as the heat load, cooling rate and warpage response would change if the
polymer material were changed, and the profile comparison would become less controlled. The
material chosen was polypropylene because it is the most popular material used in injection moulding
technical parts and recent studies have demonstrated that the moulded part properties are sensitive to
injection moulding parameters and polypropylene grade properties [29].

Mould Material: For all simulations, the mould material is set to be P20 tool steel. With the use of
the same mould material, the thermal boundary condition around the cooling channel is the same for
all three profiles, circular, elliptical and teardrop. The same data for the thermal properties of the
mould is transferred to all the cases during the simulation set-up, meaning that any difference in the
cooling response cannot be attributed to a change in the thermal properties of the mould: conduction
and heat capacity. This is important since the study does not aim at comparison of the mould material
but at the profile level [2].

Melt Temperature: The melt temperature is set at 230°C, and the initial mould temperature is set at
50°C. This is the initial thermal condition of polymer and mould prior to assessing the cooling
response. If the melt temperature is kept constant, the initial heat load into the mould cavity will be
the same for each simulation. By maintaining the mould temperature constant, the initial mould
condition will be the same, and this allows for the comparison of cooling channel profiles. Melt
temperature and mould temperature are also important controlled variables in the injection-moulding
process, especially for the filling, cooling and part quality during process-development studies [30].

Mould Temperature: The temperature of the initial mould is pre-set at 50°C. This is a typical
processing range of polypropylene, and is consistent with values in similar injection moulding
simulation research of this material type. The temperature of the mould is the initial unheated
temperature of the mould insert at the beginning of the cooling process in the Moldex3D transient
analysis. It serves as the initial temperature over which the cooling system is required to initiate the
cooling of the cold cavity to a thermally stable cyclic state. A temperature of 50°C is used instead of
a lower temperature like 40°C to more closely approximate the real-life steady-state mould
temperature of 50°C after several production cycles, and is always higher than the temperature of the
coolant because of the constant heat input at each of successive shots.

Filling, Packing, Cooling and Mould Opening Time: The input of the filling time, packing time,
cooling time and the mould opening time are also maintained constant for all the runs. The filling-
time is set to 2.75 s, packing-time is set to 9.56 s, cooling-time is set to 30 s, and mould-opening time
is 5 s, so the total cycle-time value is 47.31 s. These values are considered to represent constant
simulation conditions, which allow the effect of the cooling-channel profile and coolant operating
condition to be isolated. The response, Max Time to reach Ejection Temperature (fco0), is then
extracted from Moldex3D, which is the time at which the hottest region of the part reaches the desired
ejection temperature. The z... response is different from the input cooling time set as 30 s, and is not
a fixed parameter.

Coolant Medium: All simulations are carried out with water as coolant. The coolant material is kept
constant to ensure that any change in pressure drop, Reynolds number and thermal response are only
due to the change in conditions of the coolant and not the coolant material itself. The inlet temperature
of the coolant is only changed as a DOE variable at 15°C, 25°C and 35°C, but the medium of the
coolant itself is still the same for all tests, water. This offers a controlled method for studying the
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effect of thermal driving force, but with the thermophysical behaviour of the coolant constant in the
Moldex3D material definition.

Channel Standoff Distance: Channel standoff is 15 mm away from the part surface. This distance
remains constant for the circular, elliptical and teardrop conformal profiles to ensure the comparison
is based on profile geometry, not channel location. The distance between the channel and the cavity
surface might affect the cooling response in addition to the profile shape, if the standoff distance is
changed between profiles. Thus, for a fair comparison of the profiles, the standoff distance needs to
be fixed.

The following Table 2 summarises the fixed parameters applied across all simulation runs.

Table 2. Fixed process and material parameters used in the simulation runs

Parameter Fixed Value
Part Material PP_POLYFORTFPP20T (20% talc-filled PP)
Mould Material P20 Tool Steel
Melt Temperature 230°C

Mould Temperature 50°C

Ejection Temperature 102.93°C
Packing Time 9.56's

Filling Time 2.75s

Cooling Time (Input) 30s

Mould Opening Time Ss

Total Cycle Time 47.31s
Coolant Medium Water
Channel Standoff Distance (From Part Surface) 15 mm

2.4. Part Geometry, Mould Model and Cooling Channel Profiles

The simulation setup comprises the geometry of the moulded pieces, the virtual mould insert and the
cooling-channel system. To ensure that the comparison between the circular, elliptical and teardrop
profiles is controlled, the part geometry and mould model is the same for all the simulation runs. The
cross-section profile of the cooling channel as well as the coolant flow rate and coolant inlet
temperature, are the only parameters that are different for the three conformal profiles, while the
cooling channel route is the same for all three. This means that response differences observed are
primarily associated with the channel profile and the operation of the coolant. The geometry of the
cooling channels should be designed according to the geometry of the part and the local cooling
needs, particularly for complex conformal sections [14].

2.4.1. Part Geometry

The chosen part geometry is a simplified representative casing geometry, similar to that of battery
housings. A model was created to give a controlled geometry of an injection-moulding simulation for
comparing the various conformal cooling channel profiles. The idea of the part is not therefore to
make a replica of the commercial part having exact dimensions, but to model a casing type geometry
with relevant thermal and geometrical features for the cooling analysis. The overall length of the
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CAD model is 115 mm, its width is 92 mm, and its height is 107.5 mm. The thickness of the main
outer walls is 2.5mm, and the internal rib-like partitions is 1.5mm. These internal partitions help to
subdivide the open casing volume into several compartments and cause some local variation in the
heat flow during the cooling. Furthermore, the bottom of the part features larger mounting elements
which extend outwards by around 12.5 mm and have a height of 10.45 mm.

To ensure a fair comparison, the same part geometry was used for all cooling-channel configurations.
This implies that the same moulded part, wall thickness distribution and thermal loading conditions
were used for all the circular, elliptical and teardrop channel cases. So the variation of the average
part temperature, maximum part temperature, cooling time, pressure drop, Reynolds number and
warpage response can be primarily attributed to the cooling-channel profile and the coolant operating
conditions, and not to the variation in the geometry of the moulded part. Therefore, the part should
be interpreted as representative geometry for a casing-type part to use for simulation comparison.
Thus, the results of the study are viewed as a comparison of the performance of the cooling channels
for the chosen casing geometry and not a prediction of the performance for a commercial battery
casing. The geometry of the part that has been used for the simulation study is shown in Fig. 4.
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Fig. 4. Modelled reference used as part geometry a) Top view; b) Front view; ¢) Isometric view; d) Side
view

The geometry was chosen because it includes a number of features that are important to assess the
mould cooling performance. These include large flat areas, vertical side walls, rounded corner areas,
internal rib sections and area thickness changes near the base. These features, which provide different
cooling situations within the part, are more thermally significant than a plain flat plate. Corners,
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thicker base and deeper areas and ribs can hold heat for longer periods of time while thin walls and
ribs cool more quickly. The part geometry thus makes it possible to see how the average temperature,
maximum temperature, cooling uniformity and potential warpage response varies based on different
cooling-channel designs. The geometry was chosen to be as simple as possible to allow a better
investigation of the effect of the cooling-channel profile. Specific details of products were not
included, as this would make the modelling and meshing more complicated, with no direct benefit to
the comparison of the different channel shapes. This simplification helps to have a more controlled
simulation study, whose primary goal is to compare the behaviour of circular, elliptical and teardrop
cooling channels under the same conditions.

2.4.2. Virtual Mould Configuration

The mould geometry was virtually modelled as P20 steel insert, including mould cavity and the
geometry of cooling channels. The same mould block size (296 mm x 246 mm % 350 mm) was
employed for all the simulation cases. Mould block dimensions should not be changed because the
quantity of steel in and around the cavity directly impacts on the heat storage and heat transfer in the
cooling phase. If the mould size is different between simulations, the surrounding thermal mass would
also differ, and the difference in temperature or cooling-time could no longer be attributed to the
cooling-channel profile alone. As such, the same mould volume has been adopted in the circular,
elliptical and teardrop conformal cooling-channel comparison. The use of P20 tool steel was also kept
constant for all simulations. This will ensure that the thermal conductivity, heat capacity and heat-
transfer behaviour of the mould insert is the same in all cases. In this study, the influence of the cross-
section of the cooling channel on the mould should be compared, so any change in the size of the
mould block and the material of the mould would add another variable to the analysis. The virtual
model of the mould is shown in Fig. 5, and the key dimensions of the virtual model.

a) “ & v 3 v h H : 3 3 4

Fig. 5. Virtual mould with dimensions a) 296L x 246W and b) 350H

The comparison will be more controlled, maintaining the same mould material and the same mould
geometry, and the changes observed for the average part temperature, maximum part temperature,
cooling time, pressure drop, Reynolds number and warpage will be directly related to the cooling-
channel geometry and the operating conditions of the coolant. The virtual mould configuration was
specially created for the cooling stage comparison and not for the production mould design. For this
reason, auxiliary mould features like the runner system, ejector system, clamping detail, fastening
components and detailed mould-base hardware were not modelled. In a genuine production mould
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the following would be essential for the manufacture and working of the mould, but are not considered
the primary items of the present comparison. With their removal, the CAD model is simplified, and
the meshing of the other parts is easier, while the simulation can focus on the cavity region, the
surrounding mould material and the cooling-channel volume. These are the most relevant regions for
the assessment of the thermal and hydraulic behaviour of the cooling system. This is also a modelling
simplification that makes the comparative study more consistent. All profiles are exposed to the same
boundary condition and the same surrounding thermal mass, as the same simplified mould block is
used for each simulation. This means that the cooling channels are compared on the basis of the same
geometric and material conditions. This renders the virtual mould appropriate for the isolation of the
effect of profile geometry without any unnecessary changes caused by variation of external mould
features.

2.4.3. Conformal Cooling Channel Routing

The conformal cooling channel is not a straight-line drilled route but has the general shape of the part
geometry. This helps to ensure that the cooling path is closer to the part surface and is more able to
follow the thermal regions of the part. In this study, the same conformal route is used for the circular,
elliptical and teardrop profiles. This is essential because the goal is to compare the behaviour of a
cross-section profile and not different channel layouts. Any change of route between profiles would
impact the results, due to the location of the channel as well as the geometry of the profiles, so the
comparison would not be direct. The study is designed to maintain the same route, thus keeping the
influence of profile shape, wetted perimeter, hydraulic diameter and coolant-flow behaviour isolated.
The channel standoff distance to the part surface is constant for all conformal profiles, and the
distance is 15 mm. This distance determines the proximity of the coolant path to the mould cavity
and hence, the cooling effectiveness has a direct impact on this. A different standoff distance between
profiles could alter the thermal response due to a change in channel location, but not to a change in
channel cross-section geometry. Therefore, the standoff is set to 15 mm in all the conformal cooling
simulations. This provides an equal comparison of the circular, elliptical and teardrop profiles and
eliminates the potential for biasing results due to different distances of the channel from the cavity
surface (See Appendix 1).

2.4.4. Cooling Channel Cross-Section Profile

In this study, the main geometric parameter is the conformal cooling channel cross-section profile.
Three different profiles are being compared: circular, elliptical and teardrop. These profiles have been
chosen for the geometric complexity they increase by without changing the nominal flow area. The
circular profile is taken as reference conformal profile, the elliptical profile is a widened profile
having a larger contact width on the cavity side, while the teardrop profile is designed as an
asymmetric profile for localised better thermal behaviour. All three profiles have a similar cross-
sectional area, that of a 10 mm diameter circular channel. This equal-area condition is very important
as it will ensure the same nominal coolant-flow capacity between profiles. So, the same volumetric
flow rate is a similar coolant-throughput condition for each profile. Previous mould-cooling research
has explored profiled conformal cooling channels as these non-circular sections can alter the cooling
performance, pressure drop and temperature uniformity from that of simply traditional circular
conformal channels [31]. Following Table 3. Summarises the geometric properties of all three channel
profiles.
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Table 3. Geometric Properties of Channel Profiles

Profile Dimensions Cross-Sectional Area (mm2) | Perimeter, P (mm)
Circular | d=10mm 78.54 31.42
Elliptical | 12.24mm x 8.17mm 78.55 32.38
Teardrop | 9.59mm W x 7.19mm H, 0.5mm tip | 78.52 32.50

Circular Cross-Section Profile: The conformal cross-section with a circular profile has a diameter of
10.00 mm, a cross-sectional area of 78.54 mm? and a wetted perimeter of 31.42 mm. The circular
profile is simple in geometry and has a wide understanding in terms of heat transfer and fluid flow.
Furthermore, the distance from the centre to the wall is the same in every radial direction, which is a
15mm Standoff distance, giving the circular section a stable reference geometry for comparison of
the effect of changing the channel shape. In this study, simply the circular profile doesn't correspond
to the straight-line baseline, but to the easiest cooling profile in the conformal cooling group. Thus,
its performance is taken as the benchmark to determine if the elliptical/teardrop profiles offer any
improvement in performance. All three profiles have been formed with a very similar cross-sectional
area, and thus, for the same value of volumetric flow rate, the mean coolant velocity is nearly the
same. But the circular profile results in a slightly larger hydraulic diameter and, consequently, a larger
response to the Reynolds number. From a methodological perspective, it is important to include the
circular profile since it permits the study of the two effects: conformal routing and the effect of
modifying the profile from the circular shape. There would be no simple conformal reference profile
if it were only elliptical or teardrop profiles that were compared. Thus, the circular conformal channel
can be used as a baseline profile to evaluate the thermal, hydraulic and dimensional impact of profile
shaping. The model of the circular conformal cooling channel is illustrated in Fig. 6.

Fig. 6. Conformal Cooling Channel with Circular Profile
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Elliptical Cross-Section Profile: The elliptical profile is included as the first modified conformal
cross-section. It has dimensions of 12.24 mm x 8.17 mm, a cross-sectional area of 78.55 mm?, and a
wetted perimeter of 32.38 mm. The cross-sectional area is maintained very similar to the circular
profile so that a large difference in the capacity of the coolant to flow does not dominate the
comparison. Rather, the elliptical shape changes the shape of the channel, but the flow area is
approximately the same. The major axis is parallel to the cavity wall, with a large channel surface
being nearer to the thermally active portion of the mould. This orientation aims at the optimisation of
the contact relationship between the cooling channel and the cavity-facing mould part, not to alter the
conformal route. The elliptical profile has a slightly greater wetted perimeter and less hydraulic
diameter than the circular profile from a hydraulic perspective. However, as the cross-sectional area
is close to the same, the mean coolant velocity at a specific volume flow rate is approximately similar
as that of the circular channel. Thus, any variation in cooling or pressure drop response is primarily
related to the varying perimeter, hydraulic diameter and flow distribution in the region, rather than to
a significant area change. The elliptical profile is of particular interest to the study since it is a non-
circular shape that is smoother than the circular shape. It enables the analysis to assess if widening
the channel in the area facing the cavity side improves the thermal behaviour with a still favourable
hydraulic resistance. This profile is particularly helpful in the results, when comparing the thermal
performance and pressure drop. The model of conformal cooling channel is elliptical, like shown in
Fig. 7.

Fig. 7. Elliptical Conformal Cooling Channel

Teardrop Cross-Section Profile: The shape of the teardrop profile is the most geometrically
distinctive profile of conformal cooling channels that are studied. Its radius of the tip is 0.50 mm, the
centreline to tip length is 7.19 mm and the diameter of its lobe is 9.59 mm and is rounded. Measured
cross-sectional area: 78.52 mm? Wetted Perimeter: 32.50 mm It is maintained close to the circular
and the elliptical profile so as to have a similar nominal coolant-flow capacity. But the teardrop-
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shaped section is not symmetrical like the circular and elliptical sections. The rounded side of the
profile faces towards the cavity region, the tapered side faces away from the cavity. This orientation
is chosen to be facing the area of most important heat removal, the wider rounded area. The teardrop
profile is added to study the possibility of having a better local thermal behaviour using an asymmetric
profile as opposed to the symmetric channel profiles. The flow area is similar for all the other profiles,
and therefore, the expected difference in performance is not due to greater flow area or greater mean
velocity of the coolants. Rather, the difference is a function of wetted perimeter, hydraulic diameter
and the orientation of the profile and local heat-removal behaviour in the vicinity of the cavity-facing
side. The wetted perimeter is the biggest for the teardrop profile and the smallest for the hydraulic
diameter. This can cause it to exhibit different characteristics with regard to pressure drop and
Reynolds number, and may have potential thermal benefits in the area closest to the part. For this
reason, it is important to assess the teardrop profile to determine if profile shaping can be performed
to achieve better hot-spot control and cooling time with an acceptable hydraulic or dimensional
penalty. The CAD model of teardrop conformal cooling channel is shown in Fig. 8.

Fig. 8. Teardrop Conformal Cooling Channel

2.5. Simulation Setup

Each of the simulations was carried out with the Moldex3D transient analysis sequence. Analysis
sequence comprises the cyclic cooling, filling, packing, transient cooling and warpage stages. This
sequence is indicated as Ct-F-P-Ct-W, and the cooling and mould-temperature behaviour is assessed
in combination with filling, packing and post-cooling deformation. Transient analysis was chosen as
during the cooling stage, the cooling behaviour in the moulded part changes with time. For the present
study, this is important as it gives one of the primary response variables, .00, Which is influenced by
the time needed for the hottest part of the component to reach the chosen ejection temperature. All of
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the simulations used the same material data, process parameters and boundary conditions. This means
that the part material, mould material, melt temperature, mould temperature, filling time, packing
time, cooling-time input, mould opening time and coolant medium were not varied. The only design
variables varied were the channel profile, coolant flow rate, and coolant inlet temperature. This
configuration enables one to compare the simulation results directly throughout the entire design
matrix [32].

2.5.1. Process Analysis Type

All simulations are run on the Transient Analysis sequence in Moldex3D, which is marked as Ct-F-
P-Ct-W, which indicates cyclic cooling stages, filling stages, packing stages, transient cooling stages,
and warping stages, respectively. Transient analysis mode is also chosen in place of the cycle-
averaged analysis mode, which determines the temperature distribution in the mould and in the part
over time during the cooling stage, instead of just determined as a single steady-state average. The
extraction of the Time to Reach Ejection Temperature result, the primary thermal output measure of
the study, which needs the understanding of the temperature behaviour during the entire cooling
period, requires this time-resolved method.

2.5.2. Mesh Generation

Prior to the main simulation runs, a mesh convergence study was performed in order to determine a
suitable mesh density. This study aimed to make sure that the primary thermal result was not highly
sensitive to the size of the mesh and that the computation is feasible. Five different mesh levels were
tested: 10 mm, 6 mm, 4.5 mm (recommended by Moldex3D), 3 mm and lastly 1.5 mm seeding. The
primary convergence metric was chosen to be the time to reach the ejection temperature (fcoor). Since
this response is directly related to the cooling-stage performance and is also one of the main outputs
used to compare the cooling-channel profiles, 7...; was decided to be a more practical convergence
response for this study. The mesh independence study is summarised in Table 4.

Table 4. Mesh Convergence Study

Mesh Type Seeding Size Element Count (Total) Leool (S) Compute Time (min)
Coarse 10mm 71,352 236.670 10

Medium 6mm 173,953 236.610 16

Recommended | 4.5mm 300,001 236.630 45

Fine 3mm 619,935 236.640 58

Extra Fine 1.5mm 2,563,220 236.630 251

As observed in Table 4 that the .00/ value does not vary much at various levels of mesh. The spread
between the highest and lowest #.00r value is 0.060 s, which is less than 0.03% of the mean value. The
recommended mesh with 4.5 mm seeding and 300,001 elements gives tc,0=236.630 s. This is the
same as the result of the extra-fine mesh and just 0.010 s from the result of the fine mesh. But it took
251 min per run for the extra-fine mesh while the recommended mesh required only 45 min per run.
Hence, the chosen mesh for the principal simulation matrix was chosen due to its ability to give
constant thermal output at significantly reduced computational cost. All 27 conformal cooling
simulations and 3 baseline simulations of straight lines were then simulated using the recommended
mesh. This ensured that all the simulation cases were solved with the same strategy of the mesh and
that the differences in the results were not due to inconsistent mesh density.
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2.5.3. Cooling Analysis Computation Setup

The cooling analysis was carried out by the Moldex3D Cool CFD mode by combining with 3D solid
cooling channels. This mode was chosen because it can solve the behaviour of coolant flow and heat
transfer in the 3-D coolant volume. This is relevant to the current study as the elliptical and teardrop
profiles are not circular and hence cannot be represented by a one-dimensional equivalent channel
model. A 3D cooling-channel model makes it possible to simulate the velocity field, pressure
distribution and temperature behaviour in the actual cooling channel volume. The 3D Cool CFD setup
also provides the output of hydraulic responses like coolant pressure drop, average Reynolds number
etc. These responses can be used to thermofluidically characterise the circular, elliptical and teardrop
profiles. The three profiles have similar flow area but different wetted perimeter and hydraulic
diameter, and it is therefore more appropriate to consider the use of a three-dimensional coolant
domain to compare profile-dependent hydraulic behaviour. The walls of the cooling channels in the
simulation workflow were meshed with the surrounding mould domain in order to enable a heat
exchange calculation between the mould insert and the flowing coolant. This allowed the same model
to be used for the part-side thermal response and coolant-side hydraulic response evaluation in the
simulation. Thermal, hydraulic, and dimensional outputs (7uvg, Timax and tcoor, AP, and Reavg, and Warp)
were thus included in the final dataset.

2.6. Output Extraction and Thermofluidic Characterisation

The necessary response variables were then obtained from the Moldex3D post-processing
environment after every simulation. The outputs were chosen for representing the thermal, hydraulic
and dimensional behaviour of the cooling-channel system. There were six response variables
represented in the study: Average part temperature (7uv), Maximum part temperature (7nax), Time to
reach ejection temperature (Z.00), Coolant pressure drop (AP), Average Reynolds number (Reag), and
Warpage displacement (Warp). The three conformal cooling profiles can be compared based on the
following outputs, but also based on their cooling performance, hydraulic resistance and dimensional
quality [33].

2.6.1. Extracted Simulation Response Variables

Average Part Temperature (Tavg): This is the average temperature of the moulded part at the end of
the specified cooling stage. This response is for assessment of the overall thermal state of the part. It
is an average value and is not as sensitive as the maximum temperature to isolated local hot spots.
Thus, Tue can be used for comparison of the overall cooling effect of the circular, elliptical and
teardrop shapes.

Maximum Part Temperature (Tmax): It is the highest nodal temperature on the part at the end of the
cooling stage, in degrees Celsius. It is a single value that is prone to local thermal hotspots, usually
at the base of deep ribs, connection of thin-walled structures or furthest away from the cooling
channels, and thus an indicator of the worst thermal scenario, rather than the overall cooling effect.
Tmax is kept as a thermal response to evaluate the possibility of part overheating and its influence on
ejection integrity and post-ejection deformation.

Time to Reach Ejection Temperature (tc00): It 1s the time (in seconds) taken for the very last node in
the part to cool to the material ejection temperature of 102.93°C, as defined in the Moldex3D material
data set for PP POLYFORTFPP20T. This is the minimum duration of cooling phase required for
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safe part ejection without deformation damage, and hence is the primary factor affecting the minimum
cycle time for a given profile and process condition. This is different from the cooling time input of
30 s, which governs the duration of the cooling phase where the coolant is flowing; 7.0/ is a separate
output that measures the amount of time required for the part to thermally equilibrate below the
specified ejection temperature [15].

Coolant Pressure Drop (AP): A hydraulic penalty is calculated for each cooling-channel profile and
operating condition, using a pressure-drop calculation for the coolant. Parameters influencing the
pressure drop in a given coolant medium are flow rate, length of channels, hydraulic diameter, bends,
shape of profile and local wall-flow behaviour. The conformal route is the same for the three
conformal profiles used in this study, and so the differences in pressure drop between the circular,
elliptical and teardrop are primarily due to the cross-section geometry and the operating conditions.
The pressure-drop response is significant since greater cooling performance may be needed to
accommodate higher coolant flow, and a greater flow may mean greater pumping needs. Hence, AP
is considered one of the minimised responses for the multi-response optimisation. This will avoid the
optimisation choosing a condition which will provide a good thermal performance but will cause an
unnecessarily high hydraulic penalty. [7, 18].

Coolant Reynolds Number (Reav): The average Reynolds number (Reu) is the mean of the coolant
Reynolds number in the cooling channel. It is used to indicate the flow regimes to determine whether
the flow of the coolant is predominantly transitional or turbulent. Re, is not considered to be a direct
performance objective during the optimisation stage. It is, however, utilised to describe the condition
of coolant flow and to assist a pressure-drop and thermal-response discussion. While Reynolds
number is relevant to cooling performance, there is a possibility of having too high a Reynolds
number with no proportional cooling increase, but rather a pressure drop increase [23].

Part Warpage (Warp): This is the maximum sum of nodal displacement from the nominal CAD
geometry after the mould has opened and cooled, in millimetres. Warpage is caused by uneven
thermal shrinkage: areas that remain warmer longer will have higher residual thermal stresses, which
relax as the part is ejected, distorting the part. Given the impact of cross-section profile on temperature
uniformity, warpage is also used as a response variable to reflect the dimensional quality of the part
as a result of different profiles' thermal performance.

2.6.2. Hydraulic Diameter (Dh)

Hydraulic diameter is used to compare the circular, elliptical and teardrop profiles from a hydraulic
viewpoint. The hydraulic diameter is the diameter of the channel for a circular channel. The hydraulic
diameter of a non-circular channel is based on the internal area of a channel and the wetted perimeter.
This will enable the comparison of the elliptical and teardrop profile by a like hydraulic unit of
measure. In profiled conformal cooling channels, the use of geometric and hydraulic indicators is
particularly significant since the cross-section may not be circular and thus change the behaviour of
the flow and the cooling performance of the channel [31]. For the elliptical and teardrop cross-
sections, the hydraulic diameter is equivalent to the internal flow diameter, which is defined as:

-
P €9)
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Where Dh is the hydraulic diameter, 4 the internal cross-sectional flow area and P the wetted
perimeter. Values for area and perimeter were taken from the SolidWorks -cross-section
measurements. Table 5 presents the hydraulic diameters calculated.

Table 5. Calculated Hydraulic Diameter

Profile Area, A (mm?) Wetted Perimeter, P (mm) Hydraulic Diameter, DA (mm)
Circular 78.54 31.42 10.00

Elliptical 78.55 32.38 9.70

Teardrop 78.52 32.50 9.66

From Table 5, it can be seen that the hydraulic diameter of circular profile is highest, followed by
elliptical and teardrop profiles. The difference in the cross-sectional areas is not large, so the
difference in the hydraulic diameters is primarily due to difference in the wetted perimeter. The
teardrop profile has the largest wetted perimeter, and smallest hydraulic diameter. The latter are then
used for interpretation of the Reynolds-number response.

2.6.3. Flow Velocity (V)

The mean cross-sectional flow velocity (V) indicates the speed at which the coolant travels through
the cooling channels at a specific flow rate. This value is an important component for calculating the
Reynolds number and determines the kinetic energy required for effective convective heat transfer.
Since Moldex3D defines flow conditions using the volumetric flow rate (Q), rather than direct
velocity. According to the principle of continuity, the mean flow velocity is given by:

A 2

Where V' is the mean velocity of the coolant, Q is the flow rate through the channel and 4 is the cross
section of the flow area in the channel. This relationship is only considered as one of the
interpretations of the nominal flow condition, as the detailed coolant-flow solution is directly obtained
from Moldex3D.

Because the cross-sectional area of the circular, elliptical and teardrop profiles is similar, the mean
velocity of the coolant for each profile at a given flow rate will be very similar. Hence, the comparison
of the profiles is not due to a big difference between the nominal flow velocity. The difference in
main velocity is between the flow-rate levels selected. The velocity difference between a given
profile, however, at a fixed flow rate is small due to the similar cross section of all the profiles at a
given flow rate; the mean velocity is around 0.42 m/s for 2 L/min, 1.05 m/s for 5 L/min and 2.10 m/s
for 10 L/min. This helps to uphold the equal area design principle applied in the study. The profiles
are compared under similar nominal coolant-throughput conditions and differences in hydraulic and
thermal behaviour are primarily related to wetted perimeter, hydraulic diameter, profile orientation
and the local flow distribution.

2.6.4. Reynolds Number (Re)

The Reynolds number is used for the interpretation of the flow regime of the coolant inside the cooling
channel. In this study, Reay 1s directly taken from the volume-averaged value of each simulation run
that is calculated in the Moldex3D CFD cooling module. It is not directly used as an optimisation

38



goal but as a flow-regime indicator for diagnostic use. It's important to note that Reynolds number is
not inherently “good” or “bad” as a higher Reynolds number could reflect better coolant mixing, but
could also correspond to a higher pressure drop. Thus, the condition of coolant flow is described by
Reag and AP is used as the hydraulic penalty in the optimisation [23]. The governing equation for Re
in the duct is:

_ pVDy
o 3)

Re

where p is the density of the coolant, V' is the mean velocity of the coolant, D/ is the hydraulic
diameter, and u is dynamic viscosity. For this study, this relationship indicates that the Reynolds
numbers can be varied in three different ways. In the first place, the greater the flow rate of the
coolant, the greater the mean velocity V, which will have a significant effect on making Re greater.
Secondly, a higher coolant inlet temperature will reduce the dynamic viscosity of water, thus leading
to a higher Re at the same nominal flow rate. Third, even with the flow rate and the cross-sectional
area kept almost the same, small changes are found due to the differences in hydraulic diameter.

Thus, most significant changes in Re., are likely to be due to coolant flow rate and coolant
temperature. The 2L/min case is considered the low-flow regime, with the majority of the final
simulation results lying in the transitional regime. The 5 L/min condition transitions the coolant flow
into the turbulent region for all of the coolant flow profiles, and the 10 L/min condition is a high
turbulent flow case. This flow-regime change is significant because it provides an insight into why
the cooling performance initially improves with increasing flow rate but becomes lower with a greater
pressure-drop penalty with further increases in flow rate.

Although profile geometry has an effect on Rea it is not as large as changing the flow rate. The mean
velocity of the three profiles (circular, elliptical and teardrop) at the same volumetric flow rate are
nearly the same because the cross-section areas of the three profiles are approximately equal. Hence,
the differences of Rea with profiles are primarily associated with the local flow behaviour and
hydraulic diameter. From the values of the hydraulic diameter in Table 5, it is believed that the
circular profile will have the highest Re. value, and the next highest is the elliptical followed by the
teardrop profile. This anticipated trend is later compared to the results of the Moldex3D Reynolds-
number extraction in Chapter 3.

2.7. Response Surface Methodology

More than one process variable affects the thermal, hydraulic and dimensional performance of the
conformal cooling channels. In this study, coolant inlet temperature and coolant volumetric flow rate
affect average part temperature, maximum part temperature, cooling time, pressure drop, Reynolds
number and warpage displacement. These relationships are not necessarily linear, as more coolant
flow may improve heat removal at lower flow rates, but offer less improvement at higher flow rates.
Meanwhile, the pressure drop may be a nonlinear function of flow rate. Hence, Response Surface
Methodology was employed to model the input factors and simulation output responses. To evaluate
linear, quadratic and interaction effects within one modelling framework, response surface
methodology was chosen. However, unlike other simulation approaches, RSM models a continuous
response surface for the range of operating conditions tested. This enables the visualisation of
response behaviour, the estimation of values at intermediate operating conditions and optimisation.
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Similar RSM-based methods have been utilised in research on warpage modelling and optimisation
of straight drilled and conformal cooling channels for injection moulding applications [34].

2.7.1. RSM Input Factors and Response Variables

The RSM analysis was carried out using two continuous input factors, namely coolant inlet
temperature (Tc) and coolant flow rate (Q). One combined model did not explicitly include the cross-
sectional profile as a categorical factor. Rather, individual RSM models were created for the circular,
elliptical and teardrop conformal cooling profiles. The advantage of this approach was that it allowed
the effect of Tc and Q to be evaluated within each of the profiles, as well as the difference in the
response behaviour between the three profile geometries. The physical factor levels for the Moldex3D
simulation matrix were coolant inlet temperature of 15°C, 25°C, and 35°C, as well as coolant flow
rate of 2 L/min, 5 L/min, and 10 L/min. These physical units are used when reporting the simulation
conditions and the JASP Response Optimiser Solution. But, regression coefficient tables and
polynomial equations will be exported in coded-coefficient form. Thus, A and B in the fitted RSM
equations represent coded values of coolant inlet temperature and coolant flow rate, respectively, and
not the actual values of Tc and Q. The symbols in the regression equations and the physical RSM
input factors are shown in the following Table 6.

Table 6. RSM input factors, and physical levels, and coded equation symbols

Factor Symbol Level 1 Level 2 Level 3
Coolant inlet temp A 15°C 25°C 35°C
Flow Rate B 2 L/min 5 L/min 10 L/min

The levels in Table 6 refer to the physical values that are used for the Moldex3D simulations. The
JASP Response Optimiser Solution will also give the optimum settings in physical units, °C and
L/min. However, the regression equations that JASP exports are in coded units, meaning A and B in
the equations are coded versions of Tc and Q, respectively, not the actual physical values. The
following six response variables were modelled: Tavg, Timax, tcoot, AP, Reavg, and Warp. There were
three conformal profiles and six response variables analysed for each conformal profile, resulting in
a total of 18 response surface models to be fitted. The three straight-line baseline simulations were
not considered for RSM-fitting because they are not a conformal cross-section profile variant, and
they are a different route for the cooling channel.

2.7.2. Second-Order Polynomial Model

Since the behaviour of the response may involve curvature and interaction effects, a second-order
polynomial model was chosen. For instance, the effect of the coolant flow rate on cooling time could
be more pronounced at low flow rates and less pronounced at high flow rates, whereas the effect of
the flow rate on pressure drop could be more pronounced at high flow rates. Such non-linear
behaviour would not be described by a first-order model, which only models a flat response plane.
Similarly, recent conformal-cooling optimisation research has employed a simulation-based approach
to assess the impact of the cooling-channel design variables and the cooling-rate improvement [28,
34, 35]. The Second-order polynomial is generalised by:

Y = Bo + B1A + BoB + P11A% + By B + B1,AB “4)

40



where, v is the predicted response; 4 is the coded variable corresponding to coolant inlet temperature
(Tc, °C); B is the coded variable corresponding to the coolant flow rate (Q, L/min); Sy, intercept of
the coded response-surface model; f; and >, linear coefficients; and f;;, 522, and f2, quadratic and
interaction coefficients, respectively. JASP displays the equations that have been fitted, but the levels
of the factors and the output from the optimiser are in terms of the physical units of °C and L/min.
For each response variable and each conformal profile, the model was fitted separately. The obtained
equations were then used to produce the response surface plots and to determine the significance of
the factors as well as to predict the response at any point within the range of the experimental
conditions. Table 7 shows specific physical interpretation of each term in the context of this study.

Table 7. Physical interpretation of the second-order polynomial terms for this study

Term Coefficient Meaning
A Coded Variable Coded variable corresponding to coolant inlet temperature, Tc
B Coded Variable Coded variable corresponding to coolant flow rate, Q
Bo Intercept Predicted response at the centre-point conditions
B A Linear — Coolant Temp Main effect of Coolant inlet temperature
B.B Linear — Flow Rate Main effect of Coolant flow rate
f114% Quadratic — Coolant Temp | Curvature in the Coolant temperature direction
B.,B? Quadratic — Flow Rate Curvature in the Flow rate direction
B12AB Interaction Combined effect of coolant inlet temp and flow rate

2.7.3. RSM Design Structure and Model Adequacy

Each conformal cooling profile has nine RSM simulation runs for three levels of coolant inlet
temperature and three levels of coolant flow rate. The same nine combinations of Tc and Q were used
for the circular, elliptical and teardrop profiles. This results in equivalent response-surface datasets
for each profile and facilitates comparing the profile-specific models under the same operating
conditions. There are 6 terms in each second-order model, the intercept, 2 linear terms, 2 quadratic
terms and one interaction term. Each response model has nine points of the simulation, so there are
three degrees of freedom left after model fitting. The resulting degrees of freedom structure is shown
in Table 8 below.

Table 8. Degrees of freedom for each profile-response RSM model

Source Degrees of Freedom
Linear Terms 2
Quadratic Terms 2
Interaction Term 1
Error 3
Total 8

It should be noted that the error left, at the end of the above Table 8, is residual error. The residual
error is not a measure of pure experimental error because the design points in the simulation matrix
are not replicated. It, rather, stands for the approximation error that occurs between the polynomial
approximation and the deterministic output of the Moldex3D simulation. Thus, the model adequacy
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assessment is to check the capability of the chosen second-order polynomial model to describe the
simulation data in the design space tested. A model adequacy matrix was used for the evaluation of
the fitted RSM models. This matrix represents the statistical measure that is applied to determine the
appropriateness of the response surface models for response interpretation, interpolation and
optimisation. Table 9 below shows the evaluation indicators.

Table 9. Model evaluation metrics for fitted RSM models

Metric Definition Purpose

Proportion of total variation in the response

R? Overall goodness of fit

explained by the model

Adjusted R? R? corrected for number of model terms Used to check the model fit reliability after |
R . . accounting for linear, quadratic and interaction
(Adj R%) relative to observations
terms

Predicted R? Estimates the predictive ability of the fitted Used to assess the response surface suitability
(Pred R?) model within the tested design space for interpolation and optimisation
Standard error A smaller value relative to response range

Shows typical model error in response units

of regression (S) indicates better practical model accuracy

Evaluates the fitted model to explain a

ANOVA model .. . . Used as a supporting indicator of model
o statistically meaningful portion of response . S
of significance L adequacy, not as proof of physical validation
variation
. Show if the model errors have systematic Randomly distributed residuals support the use
Residual plots . .
patterns of fitted model for interpretation

The indicators in Table 9 are used to evaluate the mathematical adequacy of the fitted response
surfaces. A good model should have a high R?, adjusted R? and predictive R? and a low standard error
of regression, S, compared to the range of the response. Residual plots are also examined to make
sure that there are no systematic trends in the fitting errors. The distribution of the residuals can be
random and the statistics of the model fit can be good, so that the fitted response surface can be used
within the range of the factors tested for interpolation and optimisation. The amount of these
indicators of adequacy is not experimental validation of the physical moulding process. For the
purpose of this study, they only confirm the appropriateness of the polynomial models to represent
the Moldex3D simulation responses with reasonable accuracy. The true model-fit values are
presented in Chapter 3 when the quality of the eighteen response surface models that were fitted are
examined prior to interpreting the response surfaces and optimisation results.

2.7.4. RSM Implementation in JASP

Response surface analysis was performed in JASP, the statistical environment used to fit the RSM
models and output the model results. JASP was chosen because it offers the necessary output for
regression, ANOVA, residuals, model-fit and response-surface in a uniform statistical workflow [36].
The software has been described in literature as a graphical statistical platform for common statistical
analyses, where the analysis procedures are carried out by the existing statistical packages. The
simulation results of Moldex3D were created into three distinct data sets: circular conformal cooling
channel, elliptical conformal cooling channel and teardrop conformal cooling channel. Each set of
data had nine simulation runs, which included the three coolant inlet-temperature levels and three
coolant flow-rate levels. The following six response variables (Tuvg, Tmax, tcoot, AP, Reavg, Warp) were
imported along with the two input factors (Tc, Q) for each profile.
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Coolant inlet temperature and coolant flow rate were considered as continuous scale variables and
used their physical values in the RSM setup. The fitted separate second-order response surface model
for each response and each conformal profile led to six fitted response surface models for each
conformal profile and eighteen fitted RSM models in total. The results chapter's regression equations,
coefficient tables, ANOVA results, model-fit statistics, and residual plots and response surface plots
were all captured from the JASP outputs. The regression equations are presented in internally coded
units; input factors and the interpretation of the responses are related to the physical parameters of
coolant inlet temperature and coolant flow rate. Thus, the values of the coefficients are used to
interpret the direction of the factors, the curvature and the interaction behaviour and the operating
conditions are still expressed in °C and L/min.

2.8. Methodological Scope, Assumptions and Limitations

This study presents a methodology that is based on a controlled comparison of three cross-section
profiles of conformal cooling channels using simulation. Analyses are presented for the circular,
elliptical and teardrop profiles for the same part geometry, polymer and mould material, conformal
channel route and fixed process settings. Thus, the results presented here are valid in the simulation
domain chosen and should only be compared as relative results for the defined battery-casing case.
The study does not aim to develop a general rule for the cooling channel design for all injection
moulding tools, part geometries and polymers. The entire workflow was carried out using three
primary software. The geometry of the part, the mould and cooling channels were generated by
SolidWorks. The injection moulding, cooling and warpage simulation was done using Moldex3D and
the thermal, hydraulic and dimensional response variables were extracted. All response surface
models were fitted using JASP, and model adequacy and statistical outputs for the responses were
obtained and used for their interpretation. The functions of the different software are summarised in
Table 10.

Table 10. Software tools used in the methodological workflow

Software Role in Methodology Main Outputs used in the Study

SolidWorks CAD modelling of part and Cooling - Part geometry, circular, elliptical, teardrop channel
channel profiles geometry

Moldex3D Injection Moulding, Cooling and Tavgs Tinaxs teool, Reavg, AP, Warp
Warpage Simulation

JASP Response surface modelling and RSM equations, coefficient tables, ANOVA, residual
statistical evaluation plots, model-fit statistics and response surface plots

It is made sure that the Moldex3D material data, process settings and cooling channel boundary
conditions are consistent to compare the three profiles. The same simulation setup is used for all the
cases in this study, so the relative differences between the profiles are of primary interest. The results
are thus interpreted as comparative predictions and not experimentally measured production values,
but based on the simulations. Physical moulding trials can add to the variation resulting from machine
behaviour, sensor accuracy, coolant supply stability, actual variation of material batches, condition
of the tool surface and manufacturing tolerances. The RSM models are also limited by the selected
design space. The models were only fitted for coolant inlet temperatures of 15°C, 25°C and 35°C,
and coolant flow rates of 2, 5 and 10 L/min, and the response surfaces are used for interpretation
within these ranges. The optimiser values are operating conditions predicted by the RSM and are not
extra Moldex3D runs.
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The manufacturability of the non-circular internal channels is outside the main scope of this
methodology. While the simulation is created using the internal channel geometry designed, actual
manufactured inserts could be constrained by the limitations of additive-manufacturing, internal
surface roughness, powder removal, minimum channel feature size, overhangs and post-processing
access. This is significant as recent research has demonstrated that the surface roughness of conformal
cooling channels can affect the channel's coolant pressure, Reynolds number and flow velocity; and
research on self-supporting conformal channels has indicated that manufacturability may affect the
choice of channel shape for injection moulding toolings that are non-circular. The straight-line
cooling channel is given just as a reference baseline. It serves to put the overall thermal impact of
conformal routing at equal coolant conditions into perspective. The circular, elliptical and teardrop
conformal profiles are the main ones that are compared in terms of methodology. In general, the
methodology offers a structured and repeatable approach to reveal profile-level trends, trade-offs and
RSM predicted operating regions. Additional tasks involve confirmation simulations at the predicted
optimum points, experimental measurement of the coolant pressure and physical validation of the
parts quality [37].

2.9. Chapter Summary

This chapter presented the methodology used to compare circular, elliptical and teardrop conformal
cooling channel profiles. The study was conducted as a controlled simulation-based comparison with
the same part geometry, mould material, polymer material, conformal channel route and the same
injection moulding process parameters. The variables of the main interest were the profile of the
cooling channel, the flow rate of the coolant and the inlet coolant temperature. The conformal cooling
simulation matrix comprised of 27 runs with three different channel profiles, three different flow rates
(2, 5 and 10 L/min), and three different coolant inlet temperatures (15, 25 and 35 °C), while three
straight-line cooling simulations were performed at 5 L/min, at 15 °C, 25 °C and 35 °C as a reference.
The geometry of the moulded part was a simplified geometry based on a battery casing, the virtual
mould was designed as a P20 steel insert. The circular, elliptical and teardrop cooling channels were
modelled in SolidWorks with approximately equal cross-sectional areas to ensure comparable
nominal coolant flow capacity. The profiles chosen were the circular as the reference and the elliptical
as well as the teardrop as modified non-circular profiles. All conformal channels were located on the
same route with a constant standoff of 15 mm, so that the focus of the comparison was on the cross-
sectional geometry of the channel. Injection moulding, cooling and warpage simulation was done
using Moldex3D. A mesh convergence study was carried out, and a seeding size of 4.5 mm with
300,001 elements was chosen as it yielded stable cooling-time results at a lower computational cost.
The main responses evaluated were average part temperature, maximum part temperature, time to
reach ejection temperature, coolant pressure drop, average Reynolds number and warpage
displacement. The hydraulic diameter, mean coolant velocity and Reynolds number were used for
thermofluid characterisation. Differences in hydraulic behaviour were primarily related to wetted
perimeter, hydraulic diameter and local flow effects, since the channel areas were similar. Finally,
response surface methodology analysis was performed using JASP to obtain 18 second-order RSM
models for each of the three profiles, in order to compare the thermal, hydraulic and dimensional
performance of the three profiles.
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3. Results and Discussion

This chapter discusses the results and discussion of the Moldex3D simulation matrix created in
Chapter 2 to be used for the comparative evaluation of the cross-section profiles of conformal cooling
channels. In this simulation matrix, there are 27 conformal cooling channel runs, and 3 straight-line
baseline runs as described in the simulation framework. There are three cross-section profiles
(circular, elliptical and teardrop profiles), and three coolant flow rates (2, 5 and 10 L/min) and three
coolant inlet temperatures (15, 25 and 35°C) considered in the conformal cooling simulations. The
straight-line baseline simulations are used to assess the thermal benefit of conformal cooling. Six
response variables are obtained within each simulation: average part temperature (7uv), maximum
part temperature (7ax), time to reach ejection temperature (Zc001), coolant pressure drop (AP), volume-
averaged Reynolds number (Reu¢) and total warpage displacement (Warp). Then, each conformal
profile and each response is analysed using response surface methodology RSM, resulting in 18
second-order models fitted to each response. Coolant flow rate (Q) and coolant inlet temperature
(Tc)are continuous scale factors in the final RSM analysis, and the response surfaces are presented in
terms of engineering units for the tested operating space. Firstly, the raw simulation response data is
presented, followed by a discussion on model adequacy, thermal behaviour, hydraulic behaviour,
factor effects, multi-response optimisation, cross-profile comparison and comparison with the
straight-line baseline [27]. All the RSM JASP results, as per profiles, are added in Appendix 5, 6 and
7, for circular, elliptical and teardrop profiles respectively.

3.1. Simulation Response Data

The entire set of simulation response data for the twenty-seven runs of the conformal cooling channel
is presented in the following Table 11. A channel profile abbreviation, the coolant flow rate and the
coolant inlet temperature are used to identify each run. In the case of CL-5-25, CL indicates the
circular conformal cooling channel, 5 is the flow rate of the coolant in L/min, and 25 is the inlet
temperature of the coolant in °C. The run-identification structure enables comparison of the influence
of profile geometry, coolant flow rate and coolant temperature consistently throughout the complete
simulation matrix. Comparative simulation studies are typical when performing conformal cooling
research to assess cooling performance, cycle-time behaviour and thermal performance prior to
physical mould manufacturing, particularly in the case of additively manufactured cooling channels.

Six response variables (Tuvg, Tmax, tcoot, AP, Reag and Warp) are obtained from Moldex3D. T 1s the
average part temperature at the end of the defined cooling stage and T 1s the maximum part
temperature at the same cooling stage. Both of these thermal responses are used in conjunction with
each other as 7., gives the general thermal response of the part while Tyax represents the localised
hot-spot behaviour. The response z..0/ is the time it takes to cool the hottest area of the part to the
chosen ejection temperature and is therefore directly related to the cooling stage time and the potential
for cycle time. The pressure drop of the coolant AP is a measure of the hydraulic resistance of the
cooling circuit, and Reag is a flow-regime indicator. Finally, Warp is the total warpage displacement
after cooling and ejection and is used as the dimensional-quality response. These variables give a
thermal, hydraulic and dimensional overall assessment of the three conformal cooling channel
profiles. Full raw simulation response tables, as per profile, along with input process parameters are
given in Appendix 4.
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Table 11. Full Simulation Run Data from Moldex3D and additional 3 Straight cooling channel baseline runs

Run ID fi miny | TECO | T )| Tam(0) | teor(5) (AkI;a) Reas (:Kf;‘)"
CL-2-15 |2 15 48.881 128.701 95199 |4 2955952 | 0.743
CL-225 |2 25 55.724 132.233 98.544 | 4 3508.093 | 0.76
CL-2-35 |2 35 61.412 135.448 102,51 |3 4075.821 | 0.773
CL-5-15 |5 15 36.299 123.457 89.586 | 19 6377.085 | 0.716
CL-5-25 |5 25 44.076 127.405 93.978 | 18 801547 | 0.735
CL-5-35 |5 35 52.051 131.531 98.525 | 17 9808318 | 0.754
CL-10-15 | 10 15 31119 121.552 86922 | 64 12490 0.71
CL-10-25 | 10 25 39.754 125.856 92.104 | 62 15930 0.73
CL-10-35 | 10 35 48.526 130.268 97227 | 61 19550 0.749
EL-2-15 |2 15 47.894 128.008 95773 | 4 2748.41 0.741
EL-225 |2 25 54.28 131.376 99.149 | 4 3257.195 | 0.756
EL-2-35 |2 35 60.726 134.765 103.18 |3 3799.826 | 0.772
EL-5-15 |5 15 36.016 123.263 89.663 | 18 6005.583 | 0.717
EL-5-25 |5 25 43.934 127.336 95.62 17 7523249 | 0.736
EL-5-35 |5 35 51.795 131.334 99.784 | 16 9165332 | 0.754
EL-10-15 | 10 15 31.026 121.405 87.506 | 61 11740 0.709
EL-10-25 | 10 25 39.81 125.745 93.914 | 59 14920 0.728
EL-10-35 | 10 35 48.326 130.013 98.931 | 58 18240 0.748
TD-2-15 | 2 15 48.494 120.788 91325 |4 2645312 | 0.75
TD-2-25 |2 25 54.791 124.416 94902 | 4 3135234 | 0.765
TD-2-35 | 2 35 61.237 128.201 10035 |3 3656.934 | 0.781
TD-5-15 |5 15 36.061 115.626 86358 | 19 5915928 | 0.725
TD-5-25 |5 25 43.934 120.224 91.23 18 7179421 | 0.744
TD-5-35 |5 35 51.903 124.793 95639 | 17 8790.302 | 0.762
TD-10-15 | 10 15 31.004 113.717 84349 | 66 11260 0.715
TD-10-25 | 10 25 39.7 118.605 89.707 | 64 14330 0.735
TD-10-35 | 10 35 48.434 123.514 94.51 63 17540 0.755
SL-5-15 | 5 15 82.434 144.250 167.06 | 0.873 | 545652 | 0.764
SL-5-25 |5 25 87.475 146.951 180.73 | 0775 | 678779 | 0.780
SL-5-35 |5 35 92.623 149.786 20343 | 0.693 | 8287.00 | 0.801

A number of general trends can be observed in the raw data before incorporation of any parameter
model. In all three conformal profiles, Tavg, Tmax, and fco0r decreases steadily with increasing flow rate,
and AP and Reuy, increase with flow rate. This shows a thermal-hydraulic tradeoff. A rise in the
temperature of coolant increases Tuvg, Tmar and tco0or in all profiles and at all flow rates, which is
consistent with the decrease in thermal driving force between the coolant and mould wall. The
teardrop application of the profile results in significantly lower values of Tyuax than the circular and
elliptical at all equivalent operating conditions, which is a pattern also quantified in the cross-profile
comparison.
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3.2. RSM Model Adequacy and Validation

The simulation response data from Table 11 was analysed by the response surface methodology
(RSM) introduced in Chapter 2. Each conformal cooling channel profile was associated with a
different second-order response surface model. A total of eighteen RSM models were obtained as
three conformal profiles, and six response variables were analysed. Coolant flow rate (Q) and coolant
inlet temperature (Tc) were both continuous scale factors and were used as such in the final analysis.
Thus, flow-rate levels were set to 2, 5 and 10 L/min, and the coolant inlet temperature levels were set
to 15, 25 and 35°C, respectively. This enabled the fitted response surfaces to be representative of the
actual physical spacing of the process variables tested, particularly the coolant flow rate, which did
not have a uniform interval between the tested response levels. Prior to the analysis of the factor
effects, response surfaces and optimisation results, it is important to check if the fitted models are
able to capture the Moldex3D simulation results. The coefficient of determination (R?), adjusted
coefficient of determination (adj R?), predictive coefficient of determination (pred R?) and standard
error of the regression (S) were used to assess model adequacy. These indicators provide information
on the reliability of the fitted response surface for interpolation and optimisation in the tested design
space.

3.2.1. Coefficient of Determination and Predictive Fit

The model-fit statistics of the eighteen final RSM models based on the scales are given in the
following Table 12. The coefficient of determination (R?) is the value proportional of the response
variation accounted for by the fitted model. The adjusted coefficient of determination (adj R?) is a
measure that takes into account the number of terms that are being fit in the model, and checks if the
fitted model remains strong after including linear, quadratic and interaction terms. The expected
predictive ability of the model in the tested factor range is evaluated using the predictive coefficient
of determination (pred R?). The standard error of regression (S) is the typical error of prediction in
the original response unit, e.g. °C, seconds, kPa or millimetres.

Table 12. RSM Model Fit Statistics

Profile Response R? Adj R? Pred R? S
Circular Tovg 0.999 0.997 0.988 0.525 °C
Circular Tnax 0.999 0.998 0.99 0.214 °C
Circular teool 0.999 0.998 0.992 0.203 s
Circular AP 1 1 0.999 0.343 kPa
Circular Reuyg 1 1 1 40.43
Circular Warp 0.997 0.993 0.972 0.002 mm
Elliptical Tavg 0.999 0.998 0.991 0.423 °C
Elliptical Tax 0.999 0.998 0.99 0.205 °C
Elliptical Leool 0.995 0.986 0.947 0.592 s
Elliptical AP 1 1 0.999 0.343 kPa
Elliptical Reuyg 1 1 1 28.75
Elliptical Warp 0.999 0.997 0.988 0.001 mm
Teardrop Tovg 0.999 0.998 0.991 0.443 °C
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Profile Response R? Adj R? Pred R? S

Teardrop Tnax 0.999 0.996 0.984 0.286 °C
Teardrop teool 0.997 0.991 0.967 0.462 s
Teardrop AP 1 1 0.999 0.343 kPa
Teardrop Reuyg 1 1 1 65.15
Teardrop Warp 0.999 0.998 0.992 0.000928 mm

Table 12 indicates that all eighteen fitted models of response surface have good adequacy within the
investigated simulation domain. The R? values are between 0.995 and 1.000, which means the second-
order models account for nearly all the variation in the response in the Moldex3D data. The goodness
of fit of the adjusted R? values is close to the goodness of fit of the R? values, which indicates that the
terms used in the model have not been used to inflate their fit. The range of the predictive R? values
is 0.947 to 1.000, which reflects acceptable predictive capability of the models for interpolation in
the range selected. The least successful predictive model is the elliptical £,/ response, which has pred
R?=0.947. This however is still well above the commonly accepted minimum value for predictive
adequacy of 0.80. The pressure-drop and Reynolds-number models are found to be in nearly perfect
agreement since these responses are largely dominated by systematic hydraulic relationships with
coolant flow rate and coolant temperature. The thermal-response models also exhibit high fit quality
with a prediction error of less than 0.6 s for 7.0 and less than 0.6°C for the temperature responses.
Thus, the developed RSM models are deemed to be adequate for interpretation of the responses,
surface plotting and multi-response optimisation. The results of these model adequacy checks are
considered to be a validation of the fitted response surfaces with the deterministic simulation data,
rather than an experimental validation of the physical moulding process. The study is not
accompanied by physical moulding trials or confirmation simulations at the points predicted by the
optimiser, so the models of the RSM are used as an interpolation and optimisation tool within the
tested simulation space. Hence, the latter optimum values are shown as the RSM-predicted operating
conditions.

3.2.2. Residual Diagnostics

The ANOVA results also confirm the models of the fitted response surfaces are adequate. The overall
second-order models are statistically significant for all 3 conformal cooling profiles and all 6
responses within the deterministic simulation data set. This validates that the model structure chosen
can capture the main tendency of the responses as the coolant flow rate and coolant inlet temperature
change. For the hydraulic responses, the most evident and systematic effects are found for the coolant
flow rate with respect to the hydraulic responses. This is to be expected since the higher the flow rate,
the more velocity the coolant will have, leading to a higher Reynolds number and higher hydraulic
resistance of the cooling circuit. Both coolant inlet temperature and coolant flow rate affect the fitted
response surfaces for the thermal responses, but in different ways. The thermal driving force between
the heated polymer/mould region and the coolant is mainly controlled by the coolant inlet temperature
and the convective removal capacity of the cooling channel is controlled by the coolant flow rate.
The quadratic flow-rate terms in the thermal and hydraulic models are significant and indicate a non-
linear relationship between flow rate and its effect. Specifically, the thermal gain due to the increased
flow rate diminishes with an increase in flow rate, and the pressure-drop penalty escalates rapidly.
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This favours the later optimisation result as the preferred operating region is not the highest tested
flow rate, but one with a moderate flow rate.

The residual plots also were checked to determine if the fitted models exhibit systematic error
patterns. For all the response models, the range of the residuals is small relative to the total range of
the response, and there are no large unexplained deviations. The pressure-drop and Reynolds-number
models, in particular, exhibit very regular behaviour, as these responses are primarily determined by
the predictable hydraulic relationships. The thermal-response models exhibit somewhat greater
residuals, particularly for cooling time, although the magnitude of the residuals is considered
acceptable for the purposes of interpolation within the factor space tested. So, the RSM models fitted
are deemed to be appropriate for the interpretation of the responses and for multi-response
optimisation. The results of adequacy however, should be viewed in the context of the study. The
ANOVA and residual statistics are used to check the validity of the fitted response surfaces with the
Moldex3D simulation data, but not with the experimental data from the moulding process. No
experimental moulding trials were conducted at the optimiser-predicted points within the tested
simulation domain, so the RSM optimums presented later in this chapter are considered as predicted
operating conditions within the tested simulation domain.

3.3. Effect of Process Parameters on Thermal Responses

The thermal response analysis is done to assess the effect of coolant flow rate, coolant inlet
temperature and cross-section profile of the channel on the temperature state and cooling-time
behaviour of the moulded part. Three different thermal responses are considered: average part
temperature (7u), maximum part temperature (7qx) and time to reach ejection temperature (fcoor).
These responses are various measures of cooling performance. The average part temperature is an
indication of the overall thermal level of the moulded part at the end of the defined cooling stage, and
the maximum part temperature is indicative of localised hot-spot behaviour. Cooling time response
is a measure of the time the hottest area takes to reach the desired ejection temperature and thus is
directly related to potential cycle time savings. The cycle time, warpage and thermal response are
also examined as they are all directly related to the productivity and quality of the injection-moulding
process and are evaluated in similar conformal-cooling studies [27, 35]. For the present simulation
results, profile geometry is not a significant factor for the thermal responses as compared to coolant
inlet temperature and coolant flow rate for average part temperature. But if localised thermal
behaviour is taken into account, then profile geometry becomes more significant. This difference is
significant because T 1s an indicator of the overall cooling status of the part, while Tinax and fcoor are
more indicative of the local hot spots and heat removal effectiveness near the critical areas. Hence,
the three thermal responses are discussed separately in the following subsections.

3.3.1. Average part Temperature (7,)

Ty represents the average temperature of the moulded part at the end of the specified cooling phase.
It is used as a general indicator of the overall thermal state of the part, after the same cooling time has
been applied for all the simulation cases. The smaller the 74, the more heat that has been extracted
from the polymer during the known cooling window. Hence, this response would be beneficial to
compare the bulk cooling performance of the circular, elliptical and teardrop conformal cooling
channel profiles for a range of coolant inlet temperatures and flow rates. 7.y, should however, be
considered as a response of the overall thermal response as it is not a good indicator of the presence
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of localised high-temperature areas, which are better represented by Tinax and z.o.. The response
surface plots of 7., are presented in Fig. 9.
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Fig. 9. RSM response surface plots for Average part temperature (7,.¢) as a function of flow rate and coolant
temperature: a) circular profile, b) elliptical profile, c) teardrop profile

The response surfaces in Fig. 9 are mathematically represented by the fitted RSM equations. They
are used to determine the contribution of each input factor to the average part temperature prediction,
and to aid in the subsequent profile comparison. The linear terms reflect the primary direction of the
change, and the quadratic and interaction terms reveal if the response changes nonlinearly over the
operating conditions examined. So, the equations are useful in converting the surface plots to provide
a more meaningful numerical interpretation of the 74, response. The fitted RSM equations for Ty
in coded units are:

For Circular Profile:

Tavger = 41.933 + 7.7124 — 7.770B — 0.137A% + 5.728B* + 1.162AB (5)
For Elliptical Profile:
Tovger = 41.794 + 7.741A — 7.290B — 0.044A? + 5.246B* + 1.065AB (6)
For Teardrop Profile:
Tavgrp = 41.697 + 7.762A — 7.564B + 0.047A% + 5.548B% + 1.117AB (7)

Where A represents the coded variable corresponding to coolant inlet temperature (Tc), and B
represents the coded variable corresponding to coolant flow rate (Q) in the internally coded RSM
model. Therefore, 4 and B should not be substituted using the direct physical values of Tc and Q.

The three equations exhibit the same general response behaviour. In all profiles, the coefficient of the
coolant inlet temperature is positive, that is, the higher the Tc, the higher the 7.,.. For all profiles, the
flow rate of the coolant has a negative coefficient, which means that an increase in Q decreases Tavg.
Both variables have linear coefficients of similar magnitude, suggesting that the average part
temperature is dependent upon both the coolant temperature and flow rate. The positive B?
coefficients indicate that the effect of flow rate on 74, is diminishing returns: the higher the flow rate,
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the less improvement in 74y,. This also applies to the raw Moldex3D data. For the circular profile at
Tc=25°C, Tuv decreases from 55.724°C at 2 L/min to 44.076°C at 5 L/min, and then to 39.754°C at
10 L/min. The maximum cooling improvement (11.648°C) is obtained when the flow is increased
from low to medium, and the smallest cooling improvement (4.322°C) is obtained when the flow is
increased from medium to high. The same response pattern is observed in the elliptical and teardrop
profiles (Table 12). The effect of the coolant inlet temperature is more straightforward. In the three
profiles, Tu, always increases as Tc increases at a given flow rate. For example, in the circular profile
at 5 L/min, T4, increases from 36.299°C, at Tc=15°C, to 44.076°C, at Tc=25°C, and to 52.051°C, at
Tc=35°C. This is to ensure that the thermal driving force for heat removal is greater for a lower
coolant inlet temperature and thus results in a lower average part temperature. The basic observation,
that the three channel profiles generate the same mean part temperature at all conditions in the
experimental domain, can be verified by a direct comparison of 74, across all three profiles at the
same conditions, as presented in the following Table 13.

Table 13. T,,, comparison across all three profiles at all operating conditions

Q (L/min) Tc (°C) CL T (°C) EL 7 (°C) TD Tavg (°C) Max difference (°C)
2 15 48.881 47.894 48.494 0.987
2 25 55.724 54.28 54.791 1.444
2 35 61.412 60.726 61.237 0.686
5 15 36.299 36.016 36.061 0.283
5 25 44.076 43.934 43.934 0.142
5 35 52.051 51.795 51.903 0.256
10 15 31.119 31.026 31.004 0.115
10 25 39.754 39.81 39.7 0.110
10 35 48.526 48.326 48.434 0.200

The above table indicates that the part temperature average is only slightly influenced by the cross-
section profile. The maximum difference between profiles is 1.444°C at 2 L/min, and Tc=25°C, and
0.283°C or less at 5 and 10 L/min. Thus, the main control of 74 is the coolant flow rate and coolant
inlet temperature, with the cross-section profile having a secondary effect on the average thermal
response. This indicates that the geometry of a profile is not the primary distinguishing feature for
the bulk part temperature; it has a more significant effect later in the local maximum temperature and
cooling-time responses.

3.3.2. Maximum Part temperature (7max)

Maximum part temperature (7max) is the temperature, at a point within the part, which is highest at
the end of the specified cooling period. Ty is more sensitive to the behaviour of local hot-spots and
thus would better indicate the effectiveness of cooling in the most critical part region, although T
could be used to describe the overall thermal condition of the part. This response is significant as
locally elevated temperatures may cause a delay in solidification, extend the cooling time, and
contribute to non-uniform shrinkage after ejection. T, therefore, provides very valuable
information in determining if a cooling-channel profile can adequately cool the slowest-cooled area
of a part. It is one of the most critical indicators of thermal conditions in this study, as the prime
advantage of profile modification is anticipated to be presented in the local heat removal instead of
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merely the average part temperature. Response surface plots for 7, are shown in the following Fig.
10.
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Fig. 10. RSM response surface plots for Maximum part temperature (75.x) as a function of flow rate and
coolant temperature: a) Circular Profile, b) Elliptical Profile, ¢) Teardrop Profile

As seen in the surface plot in Fig. 10, decreasing the coolant inlet temperature and increasing the flow
rate of coolant decreases the Tyu... But the most pronounced difference is not just the trend with the
process conditions, but also the relative placement of the response surfaces. The teardrop profile is
still significantly lower than the circular and elliptical profiles in the operating space tested,
suggesting a definite improvement in local hot-spot cooling. The circular and elliptical profiles have
very similar response surfaces and are very close throughout the range tested. The equations that were
fitted give the mathematical form of the 7.« response surfaces in Fig. 10. The use of these is to
quantify the effect on the predicted maximum part temperature of the coolant inlet temperature,
coolant flow rate, and shape of the profile. The fitted RSM equations for 7yuax per profile are:

For Circular Profile:

Trmaxcr, = 126.533 + 3.9624 — 3.118B — 0.00542 + 2.480B% + 0.468AB (8)
For Elliptical Profile:
Traxel = 126.487 + 3.942A — 2.831B — 0.0214% + 2.079B? + 0.437AB 9)
For Teardrop Profile:
Traxrp = 119.329 + 4.443A — 2.928B + 0.025A4% + 2.195B% + 0.561AB (10)

Where A represents the coded variable corresponding to coolant inlet temperature (Tc), and B
represents the coded variable corresponding to coolant flow rate (Q) in the internally coded RSM
model.

All three equations have a positive coefficient of A, indicating that the greater the coolant inlet
temperature, the greater the 7. The coefficient of B is negative, and this indicates that an increase
in the flow rate of coolant results in a decrease in the value of Ty The positive B? The effects of
flow rate are non-linear, meaning that the decrease in Ty 1s smaller at high flow rates. The intercept
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value is the most significant difference with respect to profile. The teardrop profile has a much lower
intercept than the circular and elliptical profiles, which indicates that the 7y response is shifted down
through the entire process space. This behaviour is also confirmed by the raw Moldex3D simulation
results. In the case of the circular profile, the increase of the flow rate from 2 to 10 L/min at Tc=15°C,
the T decreases from 128.701°C to 121.552°C. This is true of the other profiles as well, but the
teardrop profile is always able to keep the maximum temperature down. At 10 L/min and 15°C, for
instance, the teardrop profile results in 7u,=113.717°C whereas the circular profile results in
Tnax=121.552°C, and the elliptical profile in 7,,=121.405°C. This validates the teardrop profile's
benefit of local hot-spot cooling, and not just a slight change in the bulk part temperature. The
following Table 14 compares the 7.4 across all three profiles.

Table 14. T,,.. comparison across conformal cooling channel profiles

Q (L/min) | Tc (°C) CL Tmax (°C) EL Tmax (°C) TD Tmax (°C) TD advantage vs CL (°C)
2 15 128.701 128.008 120.788 7.913
25 132.233 131.376 124.416 7.817
2 35 135.448 134.765 128.201 7.247
5 15 123.457 123.263 115.626 7.831
5 25 127.405 127.336 120.224 7.181
5 35 131.531 131.334 124.793 6.738
10 15 121.552 121.405 113.717 7.835
10 25 125.856 125.745 118.605 7.251
10 35 130.268 130.013 123.514 6.754

Note: values above the part freeze temperature of 122.93 °C are marked in bold

As shown in Table 14, the teardrop profile is able to decrease Tmax for all matched operating points.
The advantage compared to the circular profile is between 6.738°C and 7.913°C and the elliptical
profile is very close to the circular profile. This is a good indication that the influence of the profile
geometry on Tiax 1S far more significant than for 74.e. The primary thermal advantage of the teardrop
profile is actually not to change the average part temperature, but to control hot spots. This difference
is also evident in the freeze-temperature comparison. The 10 L/min and 15°C condition is the only
condition which is below the PP freeze temperature for the circular and elliptical profiles. The
teardrop profile, on the other hand, is under the freeze temp in five instances: TD-2-15, TD-5-15, TD-
5-25, TD-10-15 and TD-10-25. That is, the teardrop profile has an acceptable local solidification
behaviour in a wider range of operating conditions, such as moderate flow. The T response
indicates that profile geometry definitely has an impact on the local thermal performance. The circular
and elliptical profiles are found to behave in a similar way, but the teardrop profile shows a significant
decrease in the maximum part temperature for the process range tested. This is significant as it
demonstrates that the teardrop channel is more effective in cooling the most critical area of the part,
and this is later reflected in the favourable performance of the channel in the cooling-time and
optimisation analysis.

3.3.3. Cooling Time (Zco01)

Cooling time (#00:) 1s the time it takes for the hottest point of the moulded part to cool to the ejection
temperature, which is selected to be 102.93°C. It is one of the most critical process responses as it is
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directly linked to the cooling stage time and hence to the possible cycle time of the injection moulding
process. In the conformal cooling simulations, #..; ranges from 84.349 s for TD-10-15 to 103.180 s
for EL-2-35. The following Fig. 11 shows the response surface plots for zcoo:.
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Fig. 11. RSM response surface plots for Cooling Time (Z.0) as a function of flow rate and coolant
temperature: a) Circular Profile, b) Elliptical Profile, c) Teardrop Profile

It can be seen from the surface plots in Fig. 11 that as the inlet coolant temperature is decreased and
the coolant flow rate is increased, the cooling time is decreased. But the impact of these two variables
is not the same. The temperature of the coolant inlet is a significant factor, as it determines the
temperature driving force between the hot part region and the coolant. The flow rate also decreases
tcool, Dut the benefit diminishes at higher flow rates due to a diminishing return of the convective
benefit. The mathematical form of the 7.,/ response surfaces shown in Fig. 11 is given by the fitted
equations. They are used to make comparisons of the effect of the operating variables and profile
geometry on the predicted cooling time. The fitted RSM equations for #...: for each profile are:

For Circular Profile:

teoorc, = 92.969 + 4.486A — 3.333B + 0.1194% + 2.369B% + 0.728AB (11)
For Elliptical Profile:
teootgr = 94.422 + 49054 — 2.958B — 0.422A% + 2.268B% + 0.9554B (12)
For Teardrop Profile:
teoorrn = 90.084 + 4.7694 — 3.002B + 0.142A% + 2.345B% + 0.2914B (13)

Where A4 represents the coded variable corresponding to coolant inlet temperature (Tc), and B
represents the coded variable corresponding to coolant flow rate (Q).

In all three equations, the coefficient of A is positive, indicating that an increase in coolant inlet
temperature will result in an increase in z..,.. The coefficient of B is negative, indicating that an
increase in the flow rate of the coolant will lead to a decrease in #.0o.. The B? values are positive,
indicating that the flow rate effect is nonlinear, that is, the higher the flow rate, the greater the
reduction in cooling time, but the reduction is smaller as flow rate increases. The raw data indicate
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that coolant inlet temperature's effect is greater than flow rate within the range tested for the circular
profile. At Q=5 L/min, increasing Tc from 15°C to 35°C increases fcoos from 89.586 s to 98.525 s,
giving an increase of 8.939 s. At Tc=25°C, increasing Q from 2 to 10 L/min reduces #.oo from 98.544
s t0 92.104 s, giving a reduction of 6.440 s. This verifies that reducing coolant temperature is more
effective on cooling time and increasing flow rate is an added but lesser benefit. Similarly, the
diminishing return effect of flow rate is seen in the circular profile at Tc=25°C as #.0o decreases from
98.544 s t0 93.978 s for an increase in Q from 2 to 5 L/min, which is a decrease 0of 4.566 s. The further
increase of Q from 5 to 10 L/min leads to a decrease of 7coos from 93.978 s to 92.104 s, which is only
1.874 s less. Thus, the greatest benefit from the cooling-time perspective is when switching from low
flow to medium flow, and the greatest to highest flow offers a lesser benefit. Table 15 below gives a
simple comparison of /o0 in all profiles and conditions.

Table 15. t.,,; comparison across profiles

Q (L/min) | Tc (°C) CL 001 (S) EL Zeo0i(s) TD o0 (S) TD advantage vs CL (s)
2 15 95.199 95.773 91.325 3.874
2 25 98.544 99.149 94.902 3.642
2 35 102.510 103.180 100.350 2.160
5 15 89.586 89.663 86.358 3.228
5 25 93.978 95.620 91.230 2.748
5 35 98.525 99.784 95.639 2.886
10 15 86.922 87.506 84.349 2.573
10 25 92.104 93.914 89.707 2.397
10 35 97.227 98.931 94.510 2.717

This indicates that the teardrop profile is the shortest cooling time at each matched operating
condition. The teardrop advantage over the circular profile is between 2.160 s and 3.874 s. TD-10-15
achieves the shortest cooling time in the complete conformal data set, 7c00/=84.349 s. For the moderate
flow rate of 5 L/min and 15°C, the teardrop profile results in #.,0=86.358 s, while the circular profile
results in 700=89.586 s and the elliptical profile results in 7,0=89.663 s. This validates the fact that
the teardrop profile results in a uniform cooling-time reduction over the design space investigated.
This decrease in cooling time is directly related to the 7uux behaviour mentioned in Section 3.3.2.
Note that the teardrop profile has a more effective reduction of the local hot-spot temperature, which
means that the hottest region has a smaller thermal distance to traverse in order to attain the ejection
temperature. Hence, the teardrop profile is able to reach the ejection condition earlier than the circular
and elliptical profiles. This reduction in absolute time may not seem significant, but in high-volume
production, this time difference can make a big difference over many moulding cycles.

The results for 700 Overall indicate that the teardrop profile of the cooling-channel influences not only
the hot-spot regions, but also the time necessary for the part to reach the ejection condition. For the
same geometry and routing arrangement, the circular and elliptical profiles do not demonstrate a
significant improvement in cooling-time response when varying from circular to elliptical. However,
the teardrop profile is always lower in all the matched cases, showing that its effect is not restricted
to just one coolant temperature and flow rate. This behaviour is important because #00: is controlled
by the last region of the part to reach the ejection temperature. Thus, the answer is more dependent
on what the most thermally critical area is than on the average part temperature. This is also the reason
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for the teardrop profile to present a more pronounced benefit in terms of 7},ax and tco0r, compared to
Tavg. That is, the main contribution of the teardrop profile is not on the bulk temperature of the entire
part, but on the severity of local hot-spots, which is the most important factor to consider when
determining the time that the critical region reaches the ejection condition. This is important from a
process perspective because the cooling phase can't be reduced without risk of harming the part until
the hottest region is cool enough. If the average part temperature is low, but there is a local hot spot
that is above the ejection condition, then the part may be susceptible to distortion or dimensional
instability after ejection. Thus, the results of the teardrop profile reduction of #..,; are more meaningful
than simply an average-temperature reduction. It suggests that the teardrop geometry improves the
cooling response at the controlling region of the part, which is the region that determines the minimum
cooling requirement. This trend is presented graphically in Fig. 12, and it can be seen that the profile
ranking in the entire conformal-cooling simulation matrix is stable; the teardrop profile has the
shortest cooling time, and the circular and elliptical profiles are found to be close together. This is in
agreement with the later optimisation result, which indicates that the teardrop profile has the lowest
RSM-predicted cooling time of the three conformal cooling profiles.
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Fig. 12. Comparison of cooling time (Z...;) for circular, elliptical and teardrop CCC profiles under matched
coolant flow rate and coolant temperature conditions

3.4. Effect of Process Parameters on Hydraulic and Dimensional Responses

The hydraulic response analysis is used to analyse the effects of conformal cooling channel profile
on the flow behaviour and flow resistance. In this section, two responses, coolant pressure drop (AP)
and average Reynolds number (Reuy), are considered. Pressure drop is an indication of the hydraulic
resistance of the cooling channel and is important because higher pressure drop will require greater
pumping demand from the cooling system. Reynolds number is used as an indicator of flow regime
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and is used to explain the transition or turbulence of the coolant flow. These two responses need to
be considered together in conformal cooling systems, since the benefit of increased flow rate can be
to increase the cooling, but beyond a certain point, the benefit of increased flow rate may be
negligible, while the penalty of increased pressure drop continues to increase. This is a trade-off that
needs to be considered when determining a suitable range of Reynolds number values when
considering conformal cooling moulds, as excessive values of the Reynolds number can lead to
significant increases in pressure drop value without a corresponding increase in cooling value [23].
For the present results, the coolant flow rate is the most important parameter to control AP and Reavg,
with the coolant inlet temperature having a secondary effect due to its influence on the coolant
properties. So, the pressure drop and Reynolds number are analysed separately in the following
subsections. The pressure-drop section compares the hydraulic penalty for each profile and flow-rate
condition, and the Reynolds-number section describes the flow-regime behaviour.

3.4.1. Pressure Drop (AP)

Coolant pressure drop (AP) is the hydraulic resistance of the cooling channel circuit. The lower the
pressure drop, the better, as it will lessen the pumping requirements to flow the coolant through the
mould. However, pressure drop should be understood in conjunction with thermal performance, as
the increase in coolant flow rate can result in better heat removal and also higher hydraulic resistance.
Thus, in this study, AP is considered as the primary hydraulic penalty for each conformal cooling
channel profile. The following Fig. 13 shows the response surface plots for coolant pressure drop AP.
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Fig. 13. Response surface plots of coolant pressure drop (AP) as a function of coolant inlet temperature and
coolant flow rate: a) circular profile, b) elliptical profile, and c) teardrop profile

From the surface plots in Fig. 13, the pressure drop is seen to be dependent primarily on the coolant
flow rate. For the low flow rate, the pressure drop values of all three profiles are very similar. The
more you increase flow rate, the more the difference between the profiles, where the elliptical profile
has the lowest pressure drop and the teardrop profile will have the highest pressure drop. The effect
of the coolant inlet temperature is smaller than the effect of flow rate, but pressure drop decreases
slightly with increasing coolant temperature. The equations for the AP response surfaces presented in
Fig. 13 are presented. They are used to compare the hydraulic responses of the three channel profiles,
and to determine the influence of flow rate on the growth of pressure drop. The RSM model fitted
equations of AP for each profile are:
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For Circular Profile:

APy, = 24.822 — 1.041A + 29.333B + 8.178B% — 0.490AB (14)
For Elliptical Profile:
APg, = 23.456 — 1.041A + 27.833B + 8.044B? — 0.4904B (15)
For Teardrop Profile:
APrp = 25.022 — 1.041A + 30.333B + 8.978B% — 0.490AB (16)

Where A4 represents the coded variable corresponding to coolant inlet temperature (Tc), and B
represents the coded variable corresponding to coolant flow rate (Q). The A% term is not included in
the equations as it does not appear in any of the three pressure-drop models.

Pressure-drop models are fitted very well with the RSM outputs, which is characterised by R?=1.000,
adjusted R?>=1.000 and predictive R?>=0.999 for all three profiles. All three equations contain a strong
positive coefficient for B and thus show that the pressure drop is primarily a function of the flow rate
of the coolant. The B? coefficients are also positive, indicating that this increase is not proportional.
This is an indication that the pressure-drop penalty is much greater for a transition from 5 to 10 L/min
than from 2 to 5 L/min. In all three profiles, the coefficient of A is negative, which means that the
pressure drop is slightly decreased with an increase in coolant inlet temperature. This is due to the
fact that water viscosity decreases with an increase in temperature, which makes the flow
hydraulically less resistant. The comparison of the profiles shows that the elliptical profile has the
lowest hydraulic resistance, and the teardrop profile has the highest. At low and medium flow rates,
this difference is small, but it is more apparent at 10 L/min, for which the values of the pressure drop
are 62 kPa, 59 kPa, and 64 kPa for the circular, elliptical, and teardrop profiles, respectively. So, at
this operating condition, the teardrop pressure drop is 5 kPa greater than the elliptical profile and 2
kPa greater than the circular profile. Raw pressure drop values are listed in Table 16.

Table 16. Coolant pressure drop (AP, kPa) across all three channel profiles

Q (L/min) | Tc (°C) CL AP (kPa) EL AP (kPa) TD AP (kPa) AP difference (TD-EL, kPa)
2 15 4 4 4 0

2 25 4 4 4 0

2 35 3 3 3 0

5 15 19 18 19 +1

5 25 18 17 18 +1

5 35 17 16 17 +1

10 15 64 61 66 +5

10 25 62 59 64 +5

10 35 61 58 63 +5

The data from above table shows that the influence of the profile on the pressure drop is low for low
flow rate and increases for high flow rate. All three profiles have a 3-4 kPa pressure drop range at 2
L/min. The teardrop and the circular profiles are just 1 kPa higher than the elliptical profile, at 5
L/min. The teardrop profile shows a difference of 5 kPa, however, at 10 L/min. This means that the
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teardrop profile is hydraulically more disadvantageous and is only apparent during high flow
conditions. The pressure-drop results, overall, indicate that the coolant flow rate is the most
significant hydraulic variable, with profile geometry being a secondary, but significant, variable. The
elliptical profile is the most hydraulically favourable, while at high flows, the teardrop profile causes
the greatest pressure drop. But this loss of pressure needs to be balanced by the thermal benefits of
the teardrop profile, particularly the reduction in 7yax and fcoor. This is discussed later in the multi-
response optimisation section.

3.4.2. Average Reynolds Number (Reu)

The main flow-regime indicator used for the coolant in the conformal cooling channels is the average
Reynolds number (Reavg). It can be used to show if the flow of the coolant is predominantly laminar,
transitional or turbulent in the cooling-channel volume. For this study, the traditional flow-regime
classification is used: laminar flow is considered to be for Re< ~2300, transition for ~2300< Re<
~4000, and turbulent for Re> ~4000. The level of coolant mixing and the ability of the coolant to
remove heat from the mould wall is dependent on the flow regime, and this interpretation is important.
In this current comparison, Reay is not considered as an optimisation variable. Instead, it is utilised
as a diagnostic hydraulic response whose purpose is to aid understanding of the coolant-flow
condition created by each profile and operating point. This is important as a higher Reynolds number
does not necessarily indicate better performance overall. Increased Re., may signify greater coolant
movement and greater turbulence as well as greater pressure-drop penalty. Hence Rea 1s used in
conjunction with pressure drops and thermal responses and not on its own. The response surface plots
for Reag are shown in Fig. 14.
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Fig. 14. Response surface plots for average Reynolds number (Re.) as a function of coolant inlet
temperature and coolant flow rate: a) circular profile, b) elliptical profile, and c) teardrop profile

As seen in the surface plots of Fig. 14, Reay 1s seen to increase significantly with the coolant flow
rate and also with the coolant inlet temperature. The effect of flow rate is predominant since the
increase in Q directly increases the coolant velocity in the channel. The influence of coolant
temperature is also seen as the higher coolant temperature results in a lower water viscosity and hence
a higher Reynolds number at the same nominal flow rate. Thus, the maximum Re., values are found
at the maximum flow rate and maximum coolant inlet temperature. The plotted form of the Reavs
response surfaces presented in Fig. 14 are obtained from the fitted equations. These are applied to
compare behaviour of the three channel profiles under the flow regime and to determine the hydraulic
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behaviour as a function of coolant flow rate and coolant temperature. The RSM model fitted equations
of Reay for each profile are:

For Circular Profile:

Regygcr = 9579.312 + 2058.6514 + 6238.356B + 58.342A% + 133.438B2 + 1481.6124B (17)

For Elliptical Profile:

Regygp, = 8987.816 + 1898.485A + 5849.0958 + 49.7104% + 96.615B% + 1359.4884B (18)

For Teardrop Profile:

Regygrp = 8637.242 + 1804.457A + 5615.420B + 86.5284% + 66.320B% + 1321.702AB (19)

Where A represents the coded variable corresponding to coolant inlet temperature (Tc), and B
represents the coded variable corresponding to coolant flow rate (Q).

The coefficient of B is much bigger than the coefficient of 4 in all three equations, which means that
the flow rate is the most important parameter that affects Reavs. The positive 4 coefficient indicates
that increasing the coolant inlet temperature also increases Reag, but by a lesser effect than due to
increase in flow rate. The positive sign of the interaction term 4B indicates that flow rate's effect
increases with increasing coolant temperature, since as the temperature of the coolant increases, the
viscosity of the coolant decreases. This explains why the highest Reynolds numbers are obtained at
Q=10 L/min and Tc=35°C. The profile ranking is the same in all operating conditions. The circular
profile has the highest Reag, the elliptical profile has the next highest Reas and the teardrop profile
has the lowest Reuyv,. This ranking is based on the hydraulic diameter rank of the three profiles. The
cross-sectional area of the profiles is almost the same, and the difference of the Reynolds number is
primarily associated with the hydraulic diameter and the flow behaviour at the considered point. Thus,
the circular profile will have the highest Reynolds number as it has the largest hydraulic diameter,
and the teardrop profile will have the lowest Reynolds number as it has the smallest hydraulic
diameter. The following Table 17 shows the Rea for all three profiles.

Table 17. Re,, for all three profiles

Q (L/min) | Te (°C) CL Reag EL Reag TD Reavg Flow regime

2 15 2955.952 2748.41 2645.312 Transitional

2 25 3508.093 3257.195 3135.234 Transitional

2 33 4075.821 3799.826 3656.934 &ﬁ‘;‘;‘“filr/ gﬁ’rde”me
5 15 6377.085 6005.583 5915.928 Turbulent

5 25 8015.47 7523249 7179.421 Turbulent

5 35 9808318 9165.332 8790.302 Turbulent

10 5 12490 11740 11260 Turbulent

10 25 15930 14920 14330 Turbulent

10 35 19550 18240 17540 Turbulent
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As tabulated in the above table, the 2 L/min cases are primarily in the transition region. The only
exception is the circular profile at Q=2 L/min and Tc=35°C with Re.,=4075.821, which is just above
the traditional turbulent threshold. All three profiles are in the turbulent regime at 5 L/min and 10
L/min. This confirms that the main flow-regime transition is between 2 L/min and 5 L/min flow.
Higher flow rates (e.g., 10 L/min) create greater turbulence intensity at the expense of the pressure
drop penalty mentioned in Section 3.4.1. The overall results of the Ree indicate that flow rate is the
most influential parameter to control the coolant flow regime, and coolant temperature is the
secondary parameter with a consistent trend. The teardrop profile has the lowest Reynolds number,
and the circular profile has the highest Reynolds number. However, the lower Req, of the teardrop
profile does not lower the thermal advantage. From that, it is seen that the teardrop profile still yields
the lowest Tynar and the shortest .00, as shown in Sections 3.3.2 and 3.3.3, respectively. This implies
that the thermal advantage of the teardrop profile is primarily due to its profile geometry and the local
behaviour of heat removal, but not necessarily to the highest Reynolds number.

3.4.3. Warpage Displacement (Warp)

The deviation of the moulded part from the nominal CAD shape after cooling down and ejection is
called Warpage displacement (Warp). In this study, it serves as the main dimensional-quality response
since it is an indicator of how far the final part is from the desired part shape. A warpage value
indicates the dimensional stability, assembly accuracy and the risk of problems with fits in the final
component. Warpage is primarily due to differential cooling or differential shrinkage of the part inside
the mould. Regions that are hotter than others for longer shrink last after other regions have solidified.
This difference in shrinkage puts internal stresses into the material and can relax after ejection,
causing the part to bend, twist or deform. Thus, in addition to the behaviour of the coolant flow, the
local temperatures, the position of the cooling channels, the geometry of the profile and the behaviour
of its material shrinkage can all affect the warpage. For this reason, the warpage is also provided with
the thermal and hydraulic responses. Although the use of a "cooling-channel" profile may decrease
the maximum temperature and the cooling time, it should not produce too much dimensional
deformation. In the present comparison, the warpage response is used to help quantify whether or not
the circular, elliptical, and teardrop profiles have similar dimensional behaviour for the same coolant
flow rate and coolant inlet temperature. Fig 15 shows the response surface plots for Warp.
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Fig. 15. Response surface plots of warpage displacement (Warp) as a function of coolant inlet temperature
and coolant flow rate: a) circular profile, b) elliptical profile, and c) teardrop profile
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As can be seen from the surface plots in Fig. 15, the higher the coolant inlet temperature, the higher
is the warpage and the lower the coolant flow rate, the higher is the warpage. But the total fluctuation
is not large compared to the one mentioned above for thermal and hydraulic response. From the three
profiles it is seen that the surface shapes are very similar, which means that the effect of cross-section
profile on the final warpage displacement is limited. The only difference is under the same operating
conditions, the teardrop profile produces slightly higher values of warpage than the circular and
elliptical profiles, although these differences are quite small. The equations fitted for the Warp
response surfaces in Fig. 15 give the mathematical form of the surfaces. They are employed to
determine the relative importance of inlet coolant temperature, coolant flow rate, and the profile
geometry on the dimensional response predicted. The RSM model fitted equations of Warp
displacement for each profile are:

For Circular Profile:

Warpc, = 0.731 + 0.0184 — 0.014B — 0.00142% + 0.014B? + 0.0024B (20)
For Elliptical Profile:
Warpg, = 0.731 4+ 0.0184 — 0.014B + 0.0004% + 0.011B2 + 0.002AB 21
For Teardrop Profile:
Warprp = 0.739 + 0.0184 — 0.015B + 0.00042 + 0.011B% + 0.002AB (22)

Where A4 represents the coded variable corresponding to coolant inlet temperature (Tc), and B
represents the coded variable corresponding to coolant flow rate (Q).

The coefficient of A is positive in all three equations, indicating that warpage is increased with an
increase in the inlet coolant temperature. The coefficient of B is negative, which shows that increasing
the coolant flow rate reduces warpage. This behaviour is similar to the thermal-response results, as a
decrease in the coolant temperature and an increase in the coolant flow rate result in a decrease in the
thermal non-uniformity that leads to the shrinkage-related deformation. The magnitude of the higher-
order coefficients is small, indicating that the response in warpage is near linear over the range of
operating conditions tested. This is also reflected in the raw Moldex3D data. The influence of coolant
inlet temperature and flow rate on warpage of the circular profile is in the expected direction; that is,
as coolant inlet temperature increases, warpage also increases, while it decreases only by a small
margin when flow rate increases; however, the magnitude of the changes is small. Table 18 shows
the raw warpage values.

Table 18. Warpage Displacement (mm) across all three profiles

Q (L/min) | Te (°C) CL Warp (mm) EL Warp (mm) TD Warp (mm) Max Difference (mm)
2 15 0.743 0.741 0.750 0.009
25 0.760 0.756 0.765 0.009
2 35 0.773 0.772 0.781 0.009
5 15 0.716 0.717 0.725 0.009
5 25 0.735 0.736 0.744 0.009
5 35 0.754 0.754 0.762 0.008
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Q (L/min) | Te (°C) CL Warp (mm) EL Warp (mm) TD Warp (mm) Max Difference (mm)

10 15 0.710 0.709 0.715 0.006
10 25 0.730 0.728 0.735 0.007
10 35 0.749 0.748 0.755 0.007

This table reveals that of all the responses in the study, warpage is the least profile sensitive. The total
warpage lies within 0.709 to 0.781 mm for all conformal cooling runs with a total spread of 0.072
mm; the largest difference between any two of the profiles is 0.009 mm at matched operating
conditions. This validates the results, which show that the warpage is much less sensitive to the cross-
section profile than to Tuu and t.00. The results of warpage are that the dimensional response is
dominated by the coolant inlet temperature and the coolant flow rate, and the effect due to profile
geometry is very small. Compared with the circular and elliptical profiles, the teardrop profile causes
slightly more warpage, but less than 0.010 mm at all matched operating conditions. Hence, no
appreciable dimensional-quality loss is incurred within the chosen simulation domain associated with
the thermal benefit of the teardrop profile. This is significant as the teardrop profile offers lower Tyax
and shorter #.,,; with similar warpage level to the other two conformal cooling profiles.

3.5. Factor Significance Analysis

The thermal, hydraulic and dimensional responses were each analysed in the previous sections. This
section provides an overview of the general effect of the coolant inlet temperature and coolant flow
rate on the overall results of all responses using the fitted RSM model coefficients. The idea is not so
much to repeat the discussion on each response, but to note which factor controls each response and
how that will impact the later optimisation. The regression equations reported by JASP will be in the
internal coded units and can be compared within the tested design space in terms of the direction and
relative strength of the factor effects. A in this section is coolant inlet temperature (Tc) and B is
coolant flow rate (Q).

3.5.1. Linear Effects of Coolant Temperature and Flow Rate

The linear coefficients indicate the predominant direction of change due to coolant inlet temperature
and flow rate. Table 19 shows linear coefficients for each of the six response variables and all three
conformal cooling channel profiles. These coefficients are used for the RSM models for the circular,
elliptical and teardrop profiles.

Table 19. Linear regression coefficients for coolant temperature (A) and flow rate (B) in the fitted RSM

models

Response Profile A (Tc Coefficient) B (Q Coefficient) Dominant factor
Circular +7.712 -7.77 Q=Tc

Tavg (°C) Elliptical +7.741 -7.29 Tc
Teardrop +7.762 -7.564 Tc
Circular +3.962 -3.118 Tc

Tnax (°C) Elliptical +3.942 -2.831 Tc
Teardrop +4.443 -2.928 Tc
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Response Profile A (Tc Coefficient) B (Q Coefficient) Dominant factor
Circular +4.486 -3.333 Tc
Leoot (8) Elliptical +4.905 -2.958 Tc
Teardrop +4.769 -3.002 Tc
Circular -1.041 +29.333 Q
AP (kPa) Elliptical -1.041 +27.833 Q
Teardrop -1.041 +30.333 Q
Circular +2058.651 +6238.356 Q
Reag Elliptical +1898.485 +5849.095 Q
Teardrop +1804.475 +5615.42 Q
Circular +0.018 -0.014 Tc
Warp (mm) Elliptical +0.018 -0.014 Tc
Teardrop +0.018 -0.015 Tc

The coefficient pattern is consistent for the thermal responses. The thermal response of Tuvg, Tmax and
tcool Increases with the increase of coolant inlet temperature in all profiles because the coefficient for
coolant temperature is positive. Physically, this is due to the fact that thermal driving force for heat
removal is less with warmer coolant. The flow-rate coefficient is negative for each of the thermal
models, indicating that as the flow rate of the coolant is raised, the part is cooled more rapidly and
the part temperature decreases. The magnitude of the temperature coefficient is generally larger than
that of the flow-rate coefficient, in this case, for Tax and t.001, Wwhich shows that for the behaviour of
the local hot-spot temperature and cooling-time, coolant inlet temperature is more important than
flow-rate as a linear factor. The impacts of coolant flow rate and coolant temperature are more
balanced for 7ue. The circular model has nearly equal coefficient values: +7.712 (Tc) and —7.770
(Q). This proves that both factors have a strong influence on the average part temperature. In the
elliptical and teardrop models, the effect of coolant temperature is slightly more influential, while the
effect of flow rate is nearly as influential. This also strengthens the previous interpretation that process
conditions exert a major influence on the control of 74, as opposed to profile geometry.

The factor pattern of the hydraulic responses is different. The coefficient of flow rate for pressure
drop is highly positive in all three profiles (circular = +29.333, elliptical = +27.833 and teardrop =
+30.333). These values are much larger than the coolant-temperature coefficient of —1.041. Hence,
the flow rate of the coolant is the main factor on which pressure drop depends. The negative
temperature coefficient is indicative that with an increase in coolant temperature, the pressure drop
decreases a little, which is in line with the decrease in water viscosity as the temperature increases.
Coolant flow rate is also the primary parameter in determining the Reynolds-number response. The
circular, elliptical and teardrop flow-rate coefficients are +6238.356, +5849.095 and +5615.420,
respectively. The coolant-temperature coefficients are also positive, but smaller. This verifies that
Reavg 1s also increased primarily due to increasing velocity of the coolant and the temperature of the
coolant i1s added effect due to its viscosity reduction. Coefficient pattern for warpage is consistent
with thermal responses: warpage increases with coolant temperature and warpage decreases (not
significantly) with flow rate. The absolute values of the coefficients are, however small, which
verifies that the sensitivity of warpage is much smaller than the thermal and hydraulic sensitivities.
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The linear coefficient analysis, overall, also demonstrates separation between the thermal and
hydraulic control mechanisms. The inlet temperature of the coolant is the most important parameter
for the Toax, tcoor and Warp, while the flow rate of the coolant is the most important parameter for the
AP and Re,v. Both factors have a significant influence on the average part temperature. This means
that in order to improve the cooling system, one has to make a compromise: decrease the coolant
temperature to improve thermal performance, but increase the flow rate to improve the heat removal,
which strongly increases the hydraulic resistance. The quadratic, interaction and multi-response
optimisation analyses are used to further assess this trade-off.

3.5.2. Quadratic and Interaction Effects

The quadratic and interaction coefficients indicate the presence of linear or nonlinear behaviour
between the responses within the range studied. The A2, B> and AB coefficients for the fitted RSM
models are summarised in the following Table 20.

Table 20. Quadratic (A%, B?) and interaction (AB) coefficients in the fitted RSM model

Response Profile A? Coefficient B? Coefficient AB Coefficient
Circular -0.137 +5.728 +1.162
Tig (°C) Elliptical -0.044 +5.246 +1.065
Teardrop 0.047 +5.548 +1.117
Circular -0.005 +2.48 +0.468
Tnax (°C) Elliptical -0.021 +2.079 +0.437
Teardrop +0.025 +2.195 +0.561
Circular +0.119 +2.369 +0.728
teool (S) Elliptical -0.422 +2.268 +0.955
Teardrop +0.142 +2.345 +0.291
Circular +0.000 +8.178 -0.49
AP (kPa) Elliptical +0.000 +8.044 -0.49
Teardrop +0.000 +8.978 -0.49
Circular +58.342 +133.438 +1481.612
Reayg Elliptical +49.71 +96.615 +1359.488
Teardrop +86.528 +66.32 +1321.702
Circular -0.000833 +0.014 +0.002
Warp (mm) Elliptical +0.000167 +0.011 +0.002
Teardrop +0.000 +0.011 +0.002

Maximum nonlinearity is related to the coolant flow rate. The positive B? coefficients for the thermal
responses show that as the flow rate increases, the thermal returns decrease. This is consistent with
the previous findings that showed a greater improvement in going from low to medium flow than
medium to high flow. The same B? effect is even greater in pressure drop, the B? coefficients are
+8.178 for circular, +8.044 for elliptical and +8.978 for teardrop. This validates that a drop in pressure
rises non-linearly in relation to the flow rate. The A? coefficients are all small, indicating that the
coolant inlet temperature is essentially linear in the range of the experiments. The largest interaction
effects are for Reae, with the AB coefficients being considerably larger than for the other responses.
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This is a result of the effect of flow rate and coolant temperature on coolant velocity and viscosity. In
the thermal responses, the interaction terms are there but of lesser magnitude, so that Q and Tc
interact, but the main response behaviour is still dominated by their linear and flow-rate curvature
effects.

3.5.3. Overall Factor Ranking and Interpretation

The coefficient analysis verifies that the conformal cooling problem is not a single-factor
improvement problem but rather is a multi-response trade-off. The thermal responses are improved
from the lower coolant inlet temperature due to the higher thermal driving force for heat removal.
The higher the flow rate to the coolant, the better it cools, but the positive B? terms indicate that the
improvement is diminished as the flow rate is increased. Meanwhile, the pressure drop rises sharply,
in a nonlinear fashion, with flow rate. Hence, the maximum flow-rate condition is not necessarily the
most advantageous operating situation. The results of the coefficient analysis are summarised in Table
21.

Table 21. Overall factor influence based on fitted RSM coefficient behaviour

Response Primary Factor Secondary Factor Main Higher-Order Behaviour
Tuvg Q~=Tc (near equal) Profile geometry Strong (Q?) curvature
(minor)
Tnax Tc Q, Profile Geometry (Q?) curvature; TD shifts response lower
Leool Tc Q, Profile Geometry (Q?) curvature; TD gives shorter cooling
time
AP Q Tc (negligible) Strong (Q?) pressure-drop growth
Reag Q Tc Strong (Q X Tc) interaction
Warp Tc Q Small (Q?) and (Q X Tc) effects

Thermal performance is basically enhanced by reducing coolant temperature and increasing adequate
coolant flow; hydraulic performance is primarily constrained by the pressure drop penalty at high
flow. Profile geometry is only slightly affecting 7w, and Warp but is clearly affecting Tinax and zcoor.
The teardrop profile optimises the local hot-spot control and cooling time, and the elliptical profile
has a good hydraulic characteristic because of its low-pressure drop behaviour. In general, it is
concluded that the optimum operating condition should be chosen by multi-response optimisation
using the factor-effect analysis to understand the reasons. Any solution needs to lower thermal
responses while minimising any additional hydraulic drag. This forms the foundation for the
desirability-based optimisation in the following section.

3.6. Multi-Response Optimisation Results

In factor-effect analysis conducted in Section 3.5, it was concluded that the performance of a cooling
channel cannot be judged by a single response. A reduced coolant inlet temperature and increased
coolant flow rate yield better thermal response, and higher coolant flow rates result in a higher coolant
pressure drop. Hence, thermal performance and hydraulic resistance can be coupled with the
dimensional quality, and optimisation problem should consider all of them. Therefore, multi-response
optimisation was carried out with the fitted RSM models. Five responses were optimised, namely the
average part temperature (7ayg), maximum part temperature (7max), cooling time (fcoor), coolant
pressure drop (AP) and warpage displacement (Warp). An indicator of the flow regime (Reas) was
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not considered as an optimisation objective, as it is not a direct response of the flow to the
minimisation/maximisation of the objective function. In this case, Re.,c was only used to interpret the
coolant-flow condition. The selected responses were consolidated with the composite desirability
approach in this study. In this method, each response is transformed into an individual desirability in
a range of 0 to 1, and then these individual desirabilities are aggregated into a single optimisation
index [34]. The composite desirability is calculated by:

1
D= (dy Xdy X ... di)% (23)

where D is the composite desirability value, and k is the number of responses that are in the
optimisation.

In all the selected five responses, they were minimised and were given the same importance, the
optimisation is a balance between the cooling performance, pressure drop and warpage. The
optimisation was carried out individually for the three different profiles of conformal cooling
channels, namely circular, elliptical and teardrop. This was to determine the optimum operating
condition for each of the profiles and compare the effect of the combined optimum of the profiles.
The optimum values reported in the following section are not additional runs directly simulated using
Moldex3D, but rather the operating conditions within the tested design space that are optimum as
predicted by the fitted RSM models.

3.6.1. Optimisation Results by Cooling Channel Profile

The results of optimisation for each profile are shown in Table 22 below. This table provides a
summary of the predicted optimum coolant flow rate, coolant inlet temperature, composite
desirability and corresponding response values for each conformal cooling channel profile. This
comparison is intended to find which of the three profiles, circular, elliptical or teardrop, will offer
the best overall thermal response, pressure drop and warpage.

Table 22. RSM-predicted optimum conditions as response values for each CCC profile

Response/Parameter Circular Profile Elliptical Profile Teardrop Profile
Composite Desirability (D) | 0.989 0.989 0.993

Q (L/min) 4.73 5.273 4.713

Tc (°C) 15.611 15.701 16.023

Tavg (°C) 30.646 27.557 30.618

Tnax (°C) 120.89 120.029 113.717

Leool (8) 86.922 87.506 83.736

AP (kPa) 6.24 6.071 5.083

Warp (mm) 0.704 0.699 0.715

The optimum coolant inlet temperature predicted for all profiles is still near the low end of the range
tested, with a temperature of 15.611°C to 16.023°C. The optimum flow rate is predicted to be
moderate (4.713 to 5.273 L/min) and not the highest flow rate tested (10 L/min). This validates the
fact that the most favourable multi-response region is not achieved by increasing the coolant flow to
its maximum. Instead, the optimiser chooses a flow-rate range which has a lower pressure drop and
better thermal performance.

67



The desirability of the circular profile is D=0.989. At this optimum point, the predicted pressure drop
is 6.240 kPa, the predicted cooling time is 86.922 s, and the predicted maximum part temperature is
120.890°C. The results show that the circular shape can provide a high ratio of cooling capacity to
pressure loss at a moderate flow. The elliptical profile also provides a composite desirability of
D=0.989. It is predicted to have optimum values at Q=5.273 L/min, Tc=15.701°C. The lowest
predicted warpage value is 0.699 mm for the elliptical profile and a low predicted pressure drop of
6.071 kPa. This corresponds to the previous hydraulic-response interpretation that the elliptical
profile is desirable when pressure drop and dimensional stability are paramount. The teardrop profile
has the highest composite desirability of D=0.993. Its predicted optimum occurs at Q=4.713 L/min
and Tc=16.023°C. At this point, the predicted Tnax is 113.717°C and the predicted t.o0/ 1s 83.736 s,
which are the lowest values among the three profile optimums. As such, the teardrop profile continues
to be the preferred profile when the primary objective is to achieve reduction of the local hot-spot and
cooling-time improvement. The overall results of the optimisation show that the trade-off highlighted
in the factor-effect analysis is true. Low coolant temperature is found to increase cooling
performance, with a weaker effect on pressure drop than high flow rate, which is found to increase
thermal response but with a stronger effect on the pressure drop. The optimum solutions are in a low
temperature and moderate flow region accordingly. After optimisation, all three profiles give good
performance, but the teardrop profile has the highest desirability, and the lowest predicted maximum
part temperature and predicted cooling time.

3.6.2. Interpretation of the Optimised Operating Region

The results from optimisation indicate the optimal operating region is mainly located at the lower
limit for the coolant temperature and around the middle of the coolant flow range. The predicted
optimum inlet temperature of the coolant for all three profiles is between 15.611°C and 16.023°C,
and the predicted optimum flow rate of the coolant is between 4.713 L/min and 5.273 L/min. This
confirms that the best region is not at the maximum flow rate tested (10 L/min), but rather at a
moderate flow rate region where the thermal responses are better without the high pressure drop that
is present at the highest flow rate tested. The pressure drop predicted at the optimal points are low for
all three profiles, ranging from 5.083 kPa for teardrop profile to 6.240 kPa for circular profile. This
1s significant, since the results of the pressure-drop analyses in Section 3.4.1 indicated that the
pressure drop rises significantly at high flow rates. Optimisation is not just for the best cooling
condition, but an optimisation for a balance of cooling performance, hydraulic resistance and
warpage.

The circular and elliptical shapes have similar values of the composite desirability (D=0.989), but
their thermal performance is less than that of the teardrop shape at the optimum predicted value. The
circular profile yields 7,&=120.890°C and #.,,—=86.922 s, whereas the elliptical profile yields
Tnax=120.029°C and 2.00=87.506 s. The teardrop profile results in 75,,=113.717°C and t:00,=83.736
s, compared to. Thus, the teardrop profile offers the maximum reduction in the hot-spot area, and the
fastest predicted cooling time of the three optimum solutions. These desirability differences have
been found to be small, D=0.989, for the circular and elliptical profiles and D=0.993, for the teardrop
profile. Thus, it is not necessarily better to consider the teardrop profile as being superior only because
of the desirability score. The choice is primarily supported by the values of the responses that
correspond to the desirability value of the desirability result, namely the lower value of Tax and the
shorter value of #.001. The elliptical profile is still appealing in terms of hydraulics and dimension, with
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the lowest predicted warpage of 0.699 mm, and low predicted pressure drop of 6.071 kPa. With
hydraulic resistance as well as thermal performance being taken into consideration, however, the
teardrop profile makes the best overall compromise. In general, the optimisation results suggest that
the best operating condition for the conformal cooling system studied is a low inlet coolant
temperature and moderate coolant flow. This operating region will not sustain the hydraulic penalty
of the highest flow-rate operating condition but will ensure that good thermal performance is
maintained. Which one of the three profiles is selected as the preferred profile is the teardrop channel,
which provides the composite desirability of high and the best hot-spot and cooling-time response
among the three profiles in the test simulation domain. The ideal values are not confirmation runs
from Moldex3D, but rather are the RSM prediction values.

3.7. Cross-Profile Performance Comparison

The responses to thermal, hydraulic, dimensional and optimisation were analysed separately in the
previous sections. This section will compare the three conformal cooling channel profiles side-by-
side to determine the overall cooling channel performance. The comparison is done with the raw
Moldex3D response data, the fitted RSM models and the result of multi-response optimisation. This
is to find out if the circular, elliptical or teardrop cross-section offers the best combination of cooling
ability, hydraulic resistance and dimensional stability. The profile comparison demonstrates that there
is no one 'best' profile in each response. The teardrop profile functions best on the primary thermal
responses mostly, the maximum part temperature 7,,..x and cooling time #..o;. The elliptical profile is
most effective in hydraulic resistance, having the least pressure drop at the same conditions of
operation. Many responses are close to the elliptical profile, but not as good at reducing the hot spot
as the teardrop profile. The overall comparison is summarised in Table 23.

Table 23. Overall performance comparison of conformal cooling channels profiles

Response Best Profile Intermediate Profile | Weakest Profile | Main Observation
Tave Max profile difference =
eAH fzﬁi — — 1.444°C; at (Q = 5) L/min, max
quiv difference < 0.283°C
Tinax Teardrop reduces Ty by
Teardrop Elliptical Circular 6.738-7.913°C compared with
circular
teool . o Elliptical / Teardrop reduces #coor by 2.160—
Teardrop Circular / Elliptical Circular 3.874 s compared with circular
AP Elliptical gives the lowest
L . pressure drop; TD-EL
Elliptical Circular Teardrop difference reaches 5 kPa at 10
L/min
Reayg . _ Ranking follows hydraulic
Circular Elliptical Teardrop diameter: CL > EL > TD
Warp All nearly o o Max profile difference at
equivalent matched conditions = 0.009 mm
Desirability D Teardrop Circular / Elliptical o ;)F[g)g:g 0.993; CL=0.989; EL =

As seen in the above table, the greatest profile-dependent improvement is for Tua and fcoo. The
teardrop profile will reduce maximum part temperature under all matched operating conditions and
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will also provide the shortest cooling time. It is good to see that this is not average part temperature
reduction but local hot-spot control that is the key benefit of the teardrop profile. The 7., response
is a function of the cross-section profile for low flow rates, but it is nearly profile independent at
medium and high flow rates, meaning that bulk part temperature is controlled primarily by the coolant
flow rate and coolant inlet temperature and not by cross-section profile.

The hydraulic ranking is different. The elliptical profile results in the lowest pressure drop at matched
conditions, particularly at higher flow rates, with the teardrop profile resulting in the highest pressure
drop at matched conditions. The thermal advantage of the teardrop profile should, however, be
considered in conjunction with the pressure drop. The teardrop profile is still found to be the most
desirable one in the results of the optimisation due to its hydraulic disadvantage being offset by its
improved Tnar and t.0r under the chosen response weighting. The Reynolds-number comparison
reveals that the circular profile results in the maximum Re,e, With the elliptical shape and teardrop
shape being next, as shown. The maximum Reynolds number, however, does not necessarily
represent the maximum thermal performance. The teardrop profile has the lowest Rea even though
it has the lowest T and shortest #.00. Thus, the thermal benefit of the teardrop profile is not only
due to greater flow intensities. It has primarily to do with the cross-section geometry and how it
affects the local heat-removal behaviour. The cross-profile comparison of the profiles indicates that
the teardrop profile is the best profile to consider when thermal performance is a primary concern,
since it offers the highest hot-spot reduction and the fastest cooling time. The elliptical profile is the
best one to use when hydraulic resistance is the primary factor, and the circular profile is a good
reference case with even, but less distinctive, performance. When all the responses are considered
together, the teardrop profile is the best overall compromise for the selected battery-casing geometry
and simulation conditions. It has the greatest advantage in the local thermal behaviour, with a
practically equal warpage response for circular and elliptical profiles.

3.8. Conformal Cooling Channel and Baseline Straight Cooling Channel Comparison

The three profiles of conformal cooling channels were compared to the straight-line cooling channel
baseline to assess the improvement in cooling performance due to the conformality of the channels.
The performance of the straight-line baseline was simulated at Q=5 L/min for 15°C, 25°C and 35°C
at the inlet of the coolant. These conditions are similar to the centre flow rate condition in the
conformal cooling design matrix, making it possible to compare the straight-line baseline with the
three conformal profiles using the same flow rate of the coolant and the same temperature of coolant.
The conformal cooling channels are normally regarded as having more uniform and efficient cooling
than straight channels, due to their ability to closely conform to the mould cavity surface and minimise
the distance between the cooling path and thermally critical areas [38]. The results of the thermal
comparison for straight-line baseline and conformal cooling profiles are shown in Table 24 below.

Table 24. Thermal response comparison (conformal cooling channels vs straight line cooling channels
baseline)

Response Te (°C) SL CL EL TD CCC Improvements vs SL
15 82.434 36.299 36.016 36.061 56.0-56.3%

Tavg (°C) 25 87.475 44.076 43.934 43.934 49.8-49.8%
35 92.623 52.051 51.795 51.903 43.844.1%
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Response Tc (°C) SL CL EL TD CCC Improvements vs SL
15 144.25 123.457 123.263 115.626 14.4-19.8%
Tnax (°C) 25 146.951 127.405 127.336 120.224 13.3-18.2%
35 149.786 131.531 131.334 124.793 12.2-16.7%
15 167.06 89.586 89.663 86.358 46.4-48.3%
Leool () 25 180.73 93.978 95.62 91.23 47.1-49.5%
35 203.43 98.525 99.784 95.639 51.0-53.0%

The comparison is based on the average part temperature (7uyg), maximum part temperature (7max)
and cooling time (Z.001) as these responses are directly linked to the cooling advantage of the conformal
channel geometry. All three of the conformal cooling channel profiles present a significant
improvement in the thermal responses as compared to the straight-line baseline in the table. The
average part temp is lowered by about 43.8-56.3%, depending on the coolant inlet temp and profile.
The reduction in the cooling time is also significant (46.3% to 53.0%). These reductions verify that
the conformal channel path offers better thermal performance by virtue of having the route of the
coolant closer to the part geometry than the straight-line channel route having an ineffective heat
conduction distance.

From a process quality perspective, the decrease of T is smaller than both 75, and t..0r, but still
significant. For the straight-line baseline, the i is found to be 146.951°C, at Tc=25°C; and for the
teardrop conformal profile, the T is found to be 120.224°C, at Tc=25°C. This equates to a drop in
temperature of 26.727°C. The T is also reduced significantly by the circular and elliptical profiles;
the teardrop profile offers the greatest reduction in T for each matched baseline condition, of the
conformal profiles. The main benefit of conformal cooling is not just the profile shape, but channel
route, which is confirmed by the baseline comparison. Even the most basic conformal cross-section
(circular), decreases the cooling time from 180.730 s to 93.978 s when Q=5 L/min and Tc=25°C. This
indicates that the primary advantage compared to straight line cooling is the conformality, and the
profile geometry further influences the local response of the thermal field in the conformal channel

group.

An increase in the pressure drop of the coolant is achieved with the thermal improvement. The
matched flow rate straight-line baseline pressure drop in the system at 15°C, 25°C and 35°C are
0.873kPa, 0.775kPa and 0.693kPa, respectively. At the same baseline conditions (15, 25, 35 °C), the
pressure drops of the conformal cooling channels are 18-19 kPa, 17-18 kPa, and 16-17 kPa,
respectively, which amounts to an increase of pressure drops of 20.6-24.5 times over the straight-line
baseline. This is a confirmation of hydraulic penalty of conformal channel routing, but the absolute
values of the pressure drop are moderate within the tested flow range. The overall results of the
straight-line baseline comparison support the thermal advantage of the conformal cooling for this
geometry of the battery casing. The major advantage is the conformal routing of the channel, which
significantly lowers the average temperature of the parts and cooling times, in comparison to the
straight-line channel. The teardrop profile gives the best local reduction of hot-spots, and the elliptical
profile is still hydraulically favourable among the conformal profiles. Thus, the basic comparison is
in favour of conformal cooling as the main step towards the optimisation of the straight-line cooling,
and the profile geometry as a secondary step in conformal geometry optimisation.
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3.9. Results Interpretation and Limitations

The results indicate that the selection of conformal cooling channel profile should depend on the
priority of the desired performance and not be based on one of the response variables. Average part
temp and warpage curves are similar for both the circular and the elliptical and teardrop profiles, but
are more distinct for maximum part temp, cooling time and pressure drop. When considering the
profile comparison, therefore, it is most meaningful to consider it in the context of local hot spot
control, cooling time reduction and hydraulic resistance. In a thermal sense, the teardrop profile is the
best profile as it provides the lowest maximum part temperature and the fastest cooling time. This
means that there is better cooling of the critical hot-spot region locally. The hydraulic consideration
is more favourable for elliptical profile as it offers minimum pressure drop at similar operating
conditions. The circular shape serves as a good reference with balanced behaviour but is not dominant
in the thermal and hydraulic responses. This is corroborated by the optimisation results. The optimum
operating range does not necessarily coincide with the maximum measured flow rate and includes a
region of low hydraulic head loss and low flow rate; this is the thermal improvement area. This
indicates that the cooling channel design is a compromise between cooling and the pressure penalty.
In this trade-off, the teardrop shape offers the best compromise for the chosen optimisation objective
due primarily to the lower maximum part temperature and the shorter cooling time. The results
obtained should be analysed in the context of the simulation scope. The study is conducted on one
geometry of the moulded part, one polymer material, one conformal channel route and three cross-
section profiles with close to the same cross-sectional area. However, the results and findings of the
selected simulation case should not be applied directly to all injection moulding applications as they
are conclusions. The study also concentrates on the responses of thermal, hydraulic and warpage from
Moldex3D simulation, but without physical moulding experiments, measured part temperatures, or
experimental cooling time validations. Furthermore, the manufacturability of the non-circular
channels, such as the limits of metal additive manufacturing, the internal surfaces operation, removal
of powder residues, and accessibility of post-processing, is also not comprehensively assessed. The
optimiser values are also RSM-predicted values and not further confirmation runs in Moldex3D.
However, further confirmation would need to be achieved by further simulations at the optimum
points predicted, by sensitivity analysis for varying channel layouts and part geometries and/or by
experimental testing with manufactured mould inserts. The scope should be taken into account when
evaluating the profile ranking and its practical applicability of the proposed teardrop cooling-channel
profile.

3.10. Chapter Summary

This chapter presented the Moldex3D simulation results, RSM analysis, multi-response optimisation
and engineering interpretation for the circular, elliptical and teardrop conformal cooling channel
profiles. Coolant inlet temperature and flow rate were found to be important factors on the thermal,
hydraulic and dimensional responses, whereas profile geometry dominated on the local thermal
behaviour. The differences in profile for average part temperature (7ug) were small at 1.444 °C on
average, and only 0.283 °C between flow rates of 5 and 10 L/min. The profile effect was more
pronounced for maximum part temperature (7,.:) with the teardrop profile being 6.738-7.913 °C
cooler than the circular profile and 2.160-3.874 s faster for cooling time (#c00/). From the hydraulic
results it was found that the coolant flow rate primarily controls the pressure drop and Reynolds
number. Pressure drop rose non-linearly with flow rate, indicating that very high flows are not
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efficient. The lowest pressure drop was found to be for the elliptical profile, and the highest for the
teardrop profile, with a maximum difference of 5 kPa at 10 L/min. The circular profile achieved the
highest mean Reynolds number, but did not lead to the best thermal response. The least profile
sensitive response was warpage with a difference of a maximum of 0.009 mm. The models were fitted
and the R? values ranged between 0.995 and 1.000, while the predicted R? values ranged between
0.947 and 1.000. The optimum ranges of coolant flow-rate and coolant inlet temperature were found
to be 4.713-5.273 L/min and 15.611-16.023 °C, respectively, by multi-response optimisation. The
teardrop profile had the greatest desirability (D=0.993) compared to the circular (D=0.989) and
elliptical (D=0.989) profiles, primarily because of the lower predicted Tinax and #coor. The conformal
cooling resulted in a reduction of up to 43.8-56.3% for T,.; and up to 46.3—53.0% for .00 compared
to the straight-line baseline at 5 L/min. The teardrop profile exhibited the best overall thermal
performance and tolerable pressure-drop behaviour.
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4. Economic and Environmental Impact Analysis

Based on the results presented in Chapter 3, it was shown that the cross-section profile of conformal
cooling channels has an effect on the thermal and hydraulic performance of the injection moulding
cooling system. The profile shape (circular profile) was taken as the reference conformal profile
shape, and the elliptical and teardrop profiles were considered as modified profile shapes. The
teardrop profile exhibited the best thermal characteristics, primarily because of reduced maximum
part temperature and reduced time to ejection temperature. The elliptical profile had the least tendency
to pressure drop and is applicable in situations where a pressure drop is the limiting criterion. The
straight-line cooling channel is only added to this chapter as a secondary baseline, to give an industrial
perspective to the general impact of conformal routing. It is important to interpret these simulation
findings from an economic and environmental point of view. Cooling time is a significant component
of the injection moulding cycle, and even a slight reduction in the time to ejection temperature may
be significant in high-volume production. But the variation in conformal profile shapes is expected
to be less than that between straight-line and conformal cooling. Thus, the profile level results are
considered as optimisation effects and not as complete process level changes. This has been verified
by earlier studies that demonstrate that conformal cooling can contribute to a more uniform cooling,
reduce cycle time, and enhance part quality, and that the final energy and cost benefits are dependent
on machine, mould, material and production conditions [12, 39].

The analysis in this chapter is developed as a scenario-based impact assessment. The model is mainly
based on the simulation results from Chapter 3, such as time to ejection temperature, maximum part
temperature, and pressure drop and is integrated with specified production assumptions. No physical
moulding test or measured data in the factories were available, so the results should be considered as
a potential impact for industry in the simulated range, but not as actual production savings.

4.1. Basis and Assumptions of the Profile-Based Impact Model

The economic and environmental assessment has been created as a scenario-based profile comparison
model. This was done because the present work is simulation-based and does not use industrial
production data. The model doesn't aim to predict the cost or energy consumption of any particular
factory. Rather, it illustrates how the observed differences between circular, elliptical and teardrop
conformal profiles might impact indicators related to production, given a transparent set of
assumptions.

The primary comparison is done at the same operating condition (5L/min coolant flow rate and 25°C
coolant inlet temperature). This condition was chosen because it was in the middle of the simulation
matrix, and to be able to compare all three conformal profiles under the same coolant operating
condition. The circular conformal profile is the reference profile, as circular channels are the
traditional and most frequently adopted channel cross-section in the design of cooling channels. The
elliptical profile is considered as the hydraulic-efficiency alternative, and the teardrop profile is
considered as the thermal-performance alternative. The straight-line cooling case (5L/min, 25°C) is
only added as a second baseline to illustrate the general difference between straight-line routing and
conformal routing.

For the matched condition chosen, the circular profile had 7.,,=93.978 s, the elliptical profile had
tc00i=95.620 s, and the teardrop profile had #.0,=91.230 s. Thus, the teardrop profile resulted in a 2.748
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s decrease in time to reach ejection temperature as compared to the circular conformal reference,
which is about a 2.92% reduction in cooling time as seen in the profile level. This improvement is
minor, but is similar to the thermal improvement noticed in Chapter 3 with the teardrop, where the
maximum part temperature was reduced from 127.405°C to 120.224°C at the same operating
condition. This means that the teardrop profile not only offers shorter cooling time, but also greater
hot-spot reduction. At this condition, however, the elliptical profile did not decrease the cooling time
when compared to the circular profile; it decreased the pressure drop from 18 kPa to 17 kPa, however,
which is more desirable if the main design parameter is the hydraulic resistance. The fixed non-
cooling portion of the injection moulding cycle was calculated using the fixed parameters of filling,
packing and mould-opening times used in the simulation setup:

zl:non—cooling = tfill + tpack + topen (24)

Where tyon-cooling 18 the non-cooling cycle time (s), ts;y; is the fixed filling cycle time (s), tpqack 1S
the fixed packing cycle time (s) and t,y,,, is the fixed mould opening time (s). Substituting the fixed
parameter values of each stage gives a total non-cooling time (t,on—cooting) 0f 17.31 s. The estimated

total cycle time for each cooling profile is then calculated as:
tcycle = tnon—cooling + teool (25)

where t;yce 1s the estimated injection moulding total cycle time, and t;4; is the simulated time to
reach the ejection temperature, as per the profile.

All profiles use the same non-cooling time to give the productivity comparison as a function of the
simulated cooling-time difference. This method is suitable for relative comparison, but not as if the
calculated cycle time is the actual industrial cycle time. In practice, the actual cycle time would also
be influenced by machine movement, mould opening/closing characteristics, ejection parameters,
safety margin of the process, strategy of production control, and part-quality requirements. The
scenarios model assumptions are summarised in Table 25. Values derived from the simulation are
differentiated from assumed production and cost values in the table. This distinction is necessary as
Moldex3D simulation gives technical output results like fcoor, Tmax and AP, but cannot give factory-
specific results like annual production volume, electricity price, machine hourly cost, emission factor,
or additional tooling cost.

Table 25. Assumption basis for profile-based economic and environmental model

Symbol Val di

Parameter ymno alue used in Assumption basis
model

Reference conformal - Circular, 5 L/min, Standard conformal cross-section used as the
profile 25°C profile reference
Hydraulic-efficiency - Elliptical, 5 L/min, | Selected because it showed the lowest pressure-
profile 25°C drop tendency among conformal profiles
Thermal-performance - Teardrop, 5 L/min, | Selected because it gave the lowest Ty and
profile 25°C shortest t..o; at the matched condition
Secondary - Straight-line, 5 Included only for contextual comparison with
conventional baseline L/min, 25°C conventional cooling
Fixed non-cooling time | fuon-cooting 17.31s Calculated from fixed simulation inputs
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Symbol Value used in
Parameter y ue usedt Assumption basis
model
Time to reach ejection | Z.p0r . . .
From Chapter 3 Direct Moldex3D simulation output
temperature
Maximum part Tnax From Chapter 3 Dlre(j‘t Moldex%D simulation output used for hot-
temperature spot interpretation
Coolant pressure drop AP From Chapter 3 Enrect Moldex3D s1mulgt10n output used for
ydraulic-power estimation
Annual production Va Medium-volume production scenario; replace
volume 500,000 parts/year with factory production data for industrial use
Average machine P, 15 kW Scenario value; actual value depends on machine
power size, drive type and operating state
Electricity price C. 0.20 €/kWh Scena.n.o Valqe; replace with local industrial
electricity tariff
Machine hourly rate Ch 40 €/h Scenario Yalue representlng machine-time cost;
replace with company costing data
Grid emission factor EFgia 0.25 kg COL/kWh Scen.arlo Valué; .replac.e Wlth national or factory-
specific electricity emission factor
Pump efficiency Ny 06 Scenarllo value use.d to convert ideal hydraulic
power into approximate pump demand
Additional profile- C Scenario Vglue representing gddmonal
. . 8,000 € manufacturing cost of non-circular conformal
specific tooling cost . . . .
insert; replace with supplier quotation

The technical differences between the profiles are obtained from the results of the simulation, and the
economic and environmental inputs are considered as scenario parameters. This makes sure that the
effect of the profile isn't exaggerated. For instance, the teardrop profile offers just a small percentage
of reduction in t_cool over the circular profile, however this may be economically significant if used
in high production volumes. Likewise, the elliptical profile is not the profile which provides the
shortest cooling time, but may be desirable from a hydraulic efficiency perspective or due to pump-
capacity restrictions. Table 25 gives assumed values, which should be substituted for measured values
or values supplied by the manufacturer in the industrial application. The annual production volume
1s best derived from the production plan, the electricity price from the electricity contract of the
factory or also from a database for official industrial electricity prices and the cost of the profile-
specific tooling from the mould insert manufacturer. This is in line with the energy evaluation studies
that have been carried out with injection-moulding machines, where accurate energy and
environmental evaluation is only possible with the use of machine-specific and process-specific data,
and not with generic data [39, 40, 41].

4.2. Productivity Impact of Cooling Channel Profile Selection

The first production level impact of cooling channel profile selection is related to cycle time. In
injection moulding, the number of parts produced per hour is directly connected to the total cycle
time. Since the same part geometry, mould material, polymer material, coolant flow rate and coolant
inlet temperature are used for the profile comparison, the productivity effect is evaluated from the
difference in the simulated time to reach ejection temperature. The number of possible cycles per
hour is calculated as:
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v = 3600
tcycle (26)

Where N is the number of cycles per hour and 7., is the estimated cycle time (s), as per the profile.
The profile level productivity difference can then be calculated by comparing each profile with the
circular conformal profile as reference:

Nyrorite — Ngi
profile circular % 100

Iy =
N Ncircular (27)

Where Iy s the productivity change compared with the circular conformal profile in %, Nprosite 1s the
number of cycles per hour for the selected elliptical or teardrop profile, and Ncircular is the number
of cycles per hour for the circular conformal profile, here used as reference. The circular profile is
taken as the reference as this is the standard conformal cooling profile. Next, the elliptical and
teardrop profiles are compared with it, and the effect that the change in the channel cross-section has
on production is assessed. The matched condition of 5 L/min and 25°C is chosen because it is the
mid-range operating point for the simulation matrix. The calculated productivity comparison is shown
in Table 26 below.

Table 26. Estimated productivity impact of conformal cooling channel profile selection at 5L./min and 25 °C
range

Profile teoo1 (S) Estimated Cycles/h, | Productivity change compared Annual machine hours
teyere (S) N with circular profile (%) per 500,000 parts

Circular | 93.978 111.288 32.35 Reference 15,456.67 h

Elliptical | 95.62 112.93 31.88 —1.45% 15,684.72 h

Teardrop | 91.23 108.54 33.17 2.53% 15,075.00 h

Results in Table 26 indicate that the profile level productivity impact is less than the straight-line
versus conformal cooling difference, but still significant for repeat production. The teardrop
conformal profile saves an estimated 2.748 s of cycle time when compared to the circular conformal
profile. This results in the productivity gain of approximately 2.53% at the matched condition. This
results in an estimated machine-time saving of ~381.67 h/year over the assumed annual part
production volume of 500,000 parts and the circular conformal profile. Thus the teardrop profile is
not a large process-level change on its own, but does offer a small and useful cycle time benefit when
the mould is being used on high volume production. The opposite trend is observed with the elliptical
profile. It provides slightly more time to reach ejection temperature than the circular profile at the
desired condition. Hence, it is less productive than the circular and teardrop profiles. However, this
does not mean that the elliptical profile is not useful. The primary benefit of it is not to reduce cooling
time but to reduce the tendency to create a high pressure drop, since it is the lowest pressure drop
tendency among conformal profiles. This implies that cycle time alone can't be used to make the
profile decision. If maximum thermal performance and shorter cycle time is the production goals, the
teardrop profile is more favourable. The elliptical profile is still relevant if the limiting factor is
hydraulic resistance or capacity of the coolant loop. The difference in straight-line and conformal
cooling is far greater than the difference in conformal profile shapes. For this reason, the industrial
significance of the profile comparison is not to be understood as an alternative to the general
conformal cooling benefit, but as an optimisation benefit once the conformal cooling has been
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determined. In this study, the teardrop profile is the most favourable producing effect in the conformal
cooling group, and the straight-line comparison only validates the general conformal routing benefit.

4.3. Energy Usage and Hydraulic Operating Trade-Off

The second impact of profile selection is related to energy use and hydraulic operating requirements.
Though the time to reach the ejection temperature is influenced by the profile of the cooling channel,
so is the coolant pressure drop. The two effects should be taken together as the best thermal profile is
not always the best hydraulic profile. Based on previous energy studies for injection moulding, it is
found that the energy consumption depends on the injection moulding machine, mould, and material
and process parameters and thus the energy results should be considered as process-specific rather
than universal values [39, 40]. The machine energy per part is estimated in the simplified scenario
model based on the average machine power and estimated cycle time:

Leyct
Emachine,part = Py X 3Cg(c)(; (28)

Where Enachinepare 1S the machine energy per part in kWh/part, P,, is the assumed average machine
power in kW, and 7 is the calculated cycle time in seconds. The annual machine energy is then
calculated as:

Emachine,annual = Emachine,part X Va (29)

Where V, is the annual production volume. Finally, the approximate hydraulic power required to
overcome the coolant pressure drop is calculated as:

Q- AP
p (30)

Phyd =

Where Pjyq is the hydraulic power in W, Q is the coolant volumetric flow rate in m*/s (equivalent to
8.33 X 10~ m?/s, for the case of 5 L/min), AP is the coolant pressure drop in Pa, and 7p is the assumed
pump efficiency of 0.60 as a real pump is not always 100% efficient. The calculated energy and
hydraulic comparison is shown in Table 27 below.

Table 27. Estimated machine-energy and hydraulic-power comparison of the CCC profiles at 5L/min and
25°C

AP Estimated machine energy | Annual machine energy for Approx. pump power
Profile (kPa) per part (KkWh/part) 500,000 parts (kWh/year) at (np =0.60) (W)
Circular 18 0.4637 2,31,850 2.500
Elliptical 17 0.4705 2,35,270.83 2.361
Teardrop 18 0.4523 2,26,125 2.500

From the results in Table 27, it is seen that the teardrop profile has the lowest estimated machine
energy per part as it has the shortest estimated cycle time. Under the assumed production volume and
machine-power scenario, the teardrop conformal profile is capable of reducing the annual energy
demanded by the machine by about 5,725 kWh/year when compared to the circular conformal profile.
This saving is not due to a reduction in pressure drop but rather by the reduction in cycle time. Thus,
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the advantage of the teardrop profile is primarily on the thermal aspect. The estimated machine energy
is slightly higher at the selected matched condition for the elliptical profile than the circular profile
due to a longer simulated time to reach ejection temperature. But, it provides the smallest pressure
drop of all conformal profiles. Hence, this has led to a slightly reduced calculated ideal hydraulic
power and estimated pump power for the elliptical profile. This is because the absolute pressure-drop
values are still low with regard to pump power in this case, where the difference is small (5 L/min).
In this case, the potential hydraulic saving of the elliptical profile is not significant, but it might be
more significant in a mould with longer cooling circuits, a higher flow rate, more parallel/serial
channels or limited coolant-pump capacity.

The comparison illustrates the principal benefit of the profile selection. When looking to minimise
hot spots, cooling time and time-dependent machine energy, the teardrop profile is more favourable.
The elliptical shape is more desirable where low hydraulic resistance is desired. For the practical
conformal reference, the circular profile still gets the most balanced behaviour, and it is easier to read
the geometry with it. Thus, the selection of the profile should be based on the priority of production.
For the present simulation domain, the teardrop profile is the best thermal and time-based energy
option, while the elliptical profile is the best hydraulic option. Also, it should be noted that the
calculated pump power is very small as compared to the assumed machine power. For instance, the
pump power of the circular and teardrop profiles is approximately 2.5 W, and the machine power
assumed is 15 kW. It is not to say that pressure drop is not a critical factor. It simply indicates that
for the particular short circuit simulation condition, the effect on the energy under cycle time
reduction is sufficiently high compared to the pumping-energy difference. In an actual production
system, additional hose and fitting losses, manifold losses, cooling losses, losses due to surface
roughness and flow-control equipment would have to be added prior to making a final coolant-system
decision.

4.4. Environmental and Economic Impact of Profile Selection

The influence of the environmental effect of the profile selection is predominantly associated with
the difference in the estimated machine operating time [42]. The teardrop profile would also provide
the lowest time-dependent machine energy consumption in the scenario model since it results in the
lowest estimated cycle time at the selected matched condition. Compared with the circular profile the
elliptical profile has the lowest pressure-drop tendency, however, a longer cooling time compared to
the circular profile at this condition, which leads to longer estimated machine operating time. This
demonstrates that the environmental implications of the choice of profile vary depending on the
desired outcome, either thermal productivity or hydraulic efficiency. The annual machine-hour saving
compared with circular conformal profile is calculated as:

Va(tcycle,circular - tcycle,profile)
Hsgpea = 3600 (31)

Where Hsavea 1s the annual machine time saved in h/year, V, is the annual production volume in
parts/year, feycle,circular 1S the estimated cycle time of the circular conformal profile in seconds, teycie profite
is the estimated cycle time of the selected profile in seconds. The annual machine-energy saving is
therefore calculated as:

Esqveda = Hsavea X Bn (32)
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Where Esaveq 1s the annual energy saving in kWh/year, Hyavea 1S the annual machine time saved in
h/year, and Py, is the assumed average machine power in kW. Thus, the corresponding CO; reduction
can be estimated as:

CO24pea = Esqvea X EFgrid (33)

Where CO2yavea 1s the estimated carbon dioxide reduction in kg COz/year, Esaves 1 the annual energy
saving in kWh/year, and EFiq is the assumed electricity grid emission factor in kg CO2/kWh. Scaling
this into annual cost savings estimated from machine-time saving and electricity saving:

Cannual = (Hsaved X Ch) + (Esaved X Ce) (34)

Where Cunmual 1s the estimated annual saving in €/year, Cj, is the assumed machine hourly rate in €/h,
and C. is the assumed electricity price in €/kWh. Finally, a simple payback period for AM additional
tooling cost can be calculated as:

Ce

PB= ———
Cannual (35)

Where PB is the payback period in years, C; is the assumed AM tooling cost for the injection mould
insert in €, and Cunuar 1s the estimated annual savings in €/year. The following Table 28 shows the
calculated environmental and economic impact values calculated using the above equations. The
circular profile is used as a conformal reference case.

Table 28. Calculated impact of elliptical and teardrop profiles on energy savings and CO2 reduction at
matched process conditions selected

E i CO: reducti
Machine hours saved nergy savuTg 2 reduc 1(.)n Estimated Simple
R compared with compared with .

Profile compared with . ) annual saving payback

circular (h/year) circular circular (kg (€/year) eriod

y (kWh/year) CO:/year) y P

Circular 0 0 0 0 Reference
Elliptical —228.05 —3,420.83 —855.21 -9,806.39 Not applicable
Teardrop 381.67 5,725.00 1,431.25 16,411.67 0.49 years

The results indicate that in selected scenario, the teardrop profile provides the best economic and
environmental benefit as it has a lower estimated cycle time than the circular profile. The estimated
savings are 381.67 hours of machine time per year and 5,725 kWh per year with an assumed
production rate of 500,000 parts per year. This equals to an estimated reduction of 1,431.25 kg
COq/year and annual savings of some 16,411.67 €/year. Assuming that there is an extra tooling cost
0f'8,000 €, which is specific to the tool, the simple payback period is about 0.49 years. In this scenario,
the saving for elliptical profile is not provided since the simulated cooling time for it is higher than
that of the circular profile at 5 L/min and 25°C. This result should not be taken as a statement of
overall suitability of the profile, however. It's value is related to reduced hydraulic resistance, which
may be more significant for longer cooling circuits, increased flow rates, and/or pump-capacity
restrictions. Hence, the teardrop profile is more useful for energy and production cost reduction,
which are time-dependent, and elliptical profile remains useful from a hydraulic-design point of view.
The values in Table 28 are an estimated potential impact only. The electricity price, machine hourly
rate, grid emission factor and extra tooling cost are assumed in the case. In industrial applications,
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these values need to be substituted with data obtained on site in the factory, like measured electricity
consumption, real production volume, quotation for mould inserts, coolant-system performance, etc.

4.5. Practical Implementation and Conformal Profile Selection

The final decision on which cooling channel profile to use for the cooling should not be made on the
thermal result of the simulation alone. For the present study, the teardrop profile results in the best
thermal performance, however, other factors must be taken into consideration for industrial
applications such as manufacturability, surface quality, powder removal, inspection, pressure drop
and tooling cost. The shape, size, location, mechanical strength and coolant pressure drop are all
factors that should be accounted for in making the design of conformal cooling channels, which are
typically made possible through additive manufacturing or hybrid additive-subtractive manufacturing
[38]. This is particularly relevant for non-circular conformal cooling channels and the
manufacturability. While circular channels are well known, some additive or hybrid manufacturing
processes can have challenges in manufacturing internal channels, as overhangs may be an issue [43].
Another important factor is the quality of the internal surface. The geometry of the channels used in
the simulations for this study are idealised and the surfaces of real additively manufactured channels
may be rougher. This can affect the flow, pressure drop and the transfer of the heat of the coolant.
Thus, the pressure drop results may be regarded as the best simulation results until the profile is made
and tested. The roughness of the surface has also been observed to influence the flow behaviour and
efficiency of cooling channel in additively manufactured conformal cooling channels [37]. The
following Table 29. Summarises the practical interpretation and implementation concerns as per each
profile.

Table 29. Per-profile strength, implementation concern and practical interpretation

Profile Main strength in this study Main implementation concern | Practical interpretation
. itable wh ional
. Standard conformal reference Does not give the strongest hot- Suitable w cna conventiona
Circular . . . and lower-risk conformal
with balanced behaviour spot reduction .
profile is preferred
i Lowest pressure-drop tendency | Weaker cooling-time result at Sulltable Wwhen hydra.uh.c L
Elliptical . resistance or pump limitation is
among conformal profiles the selected condition .
1mportant
Requires manufacturability, Suitable when hot-spot control
Teardrop Lowest Tyax and shortest Z.00/ surface quality and cleaning and cycle-time reduction are the
verification main priorities

Hence, the selection of the profile should be based on production priority. If the primary objective is
to minimise hot spots and minimise time to reach ejection temperature then the teardrop profile is the
most desirable profile in the simulations performed. The elliptical profile is more appealing if the
pressure loss of the coolant is the major concern. The circular profile is still useful as the reference
conformal design as it offers well-balanced behaviour, and is easier to implement and compare. The
selected profile should undergo the following before final industrial use: Manufacturability, Surface-
quality assessment, Pressure testing and Physical moulding validation.

4.6. Chapter Summary

This chapter interpreted the results of the cooling-channel profile from Chapter 3 from both an
economic and environmental perspective. Given that the study was based on simulation, the impact
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assessment was created as a scenario-based calculation model. The model involved the simulated
time to reach ejection temperature, maximum part temperature, coolant pressure drop and assumed
annual production volume, machine power, electricity price, machine hourly rate, grid emission factor
and extra tooling cost. The difference between the circular, elliptical and teardrop conformal profiles
was found to be relatively small in the productivity calculation, but may be important in the case of
repeated production. At the matched condition of SL/min and 25°C, the teardrop profile was found
to have a 2.748 s lower estimated cycle time as compared to the circular conformal profile. This
would translate to a potential machine-time savings of approximately 381.67 h/year for the assumed
annual production volume of 500,000 parts. This means that improvement of cooling at the profile
level — even if only a small one — can be useful in large volume production. This energy and hydraulic
comparison revealed that there is a compromise to select the profile. The lowest machine energy
consumption for the different times of operation was achieved for the teardrop profile due to the
shortest cooling time. The elliptical profile was found to provide the least tendency to increase
pressure drop of the conformal profiles. Thus, the teardrop profile is more advantageous if the primary
goal is the reduction of hot-spots and improvement of cooling-time, and the elliptical profile is more
advantageous if hydraulic resistance is the primary concern. It was found that in comparison with the
circular profile, the teardrop profile resulted in an annual energy saving of 5,725 kWh/year and a
carbon dioxide reduction of 1,431.25 kg CO-/year which was estimated using the environmental and
economic calculation. The total assumed additional tooling cost resulted in simple payback period of
0.49 years with the estimated annual saving of 16,411.67 €/year. It is important to note that those
values are indicative of potential impact as they are based on assumed production data and have not
been proven with physical production. At the overall level, identification of balance between thermal
performance and hydraulic behaviour of a profile was seen as practically useful. The optimum
teardrop profile for the investigated range is the best thermal profile and the elliptical profile is the
best hydraulic profile. For final industrial use, the cost would have to be evaluated on a factory-by-
factory basis from the manufactured inserts and also validated physically in the moulding process.
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Conclusions

Existing studies confirm that conformal cooling channels significantly improve heat removal and
reduce cooling time compared with conventional straight-line cooling channels. However,
previous studies on conformal cooling have been primarily conducted with circular channel
profiles. This shows that the efficiency of conformal cooling can be further improved by changing
the cross-section profile of the channel. Thus, non-circular profiles (elliptical and teardrop
channels) were determined to be potentially important alternatives to be explored.

The simulation framework was established with one geometry, one mould material, one polymer
material, and one common conformal cooling route, thus the comparison can be mainly conducted
on the cooling-channel profile and the operation parameters of the coolant. Three different forms
of profiles for conformal cooling were chosen: circular, elliptical and teardrop. Coolant was run
at three different flow rates of 2, 5 and 10 L/min and three different inlet temperatures of 15, 25
and 35°C. The performance indicators chosen were average part temperature (7,vg), maximum
part temperature (7Tmax), time to reach ejection temperature (Zco01), coolant pressure drop (AP),
average Reynolds number and warpage displacement (warp). These responses were used to
compare the cooling systems thermally, hydraulically and dimensionally.

The Moldex3D simulation results demonstrated that conformal cooling channels were able to
enhance the cooling effect when compared with the straight-line base case. For the conformal
cooling profiles, the teardrop profile always provided the best local thermal performance,
lowering the maximum part temperature and time to ejection. The elliptical profile on the other
hand, exhibited better hydraulic behaviour, resulting in lower pressure drop in the cooling
channel. This indicates that the optimum profile depends on the objective: either to improve the
thermal properties, or to enhance the hydraulic properties.

The simulation and RSM comparison showed clear differences between the three conformal
profiles. The teardrop profile turned out to be the best thermal profile with the lowest maximum
part temperature and cooling time. Among the profiles, elliptical profile exhibited the least
tendency to pressure drop and hence is favourable in situations where pressure drop is a major
concern. There was little difference between warpage in profiles, the largest profile level
difference being approximately 0.009 mm. The results of the RSM analysis revealed that the
optimum region for the present study was at a moderate flow rate of the coolant and low coolant
inlet temperature, around 4.713-5.273 L/min and 15.611-16.023°C, respectively, with teardrop
profile having the highest desirability.

The industrial impact assessment revealed that the teardrop conformal cooling profile can be used
to practically achieve cycle-time, energy and environment benefits for the selected production
scenario. The representative matched operating condition teardrop profile showed the greatest
improvement in cycle times over the straight-line baseline. This enhancement suggests potential
opportunities for shorter machine operation times, higher production yields, lower electricity use
and lower emissions associated with electricity use. The economic analysis also revealed that the
extra expense incurred for conformal cooling is economical under high volume production.
Hence, the teardrop conformal cooling shape is the most beneficial for the chosen geometry
regarding a combination of thermal performance, cycle-time reduction and industrial
applicability.
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Recommendations

The teardrop conformal cooling profile is recommended when the primary application is to
enhance local thermal control, reduce hot spots and shorten cooling time. This profile had the best
performance in the simulation results for maximum part temperature and time to reach ejection
temperature. Hence, it is particularly recommended for parts with ribs, bosses, corners and other
areas of localised thickness which, after the general cooling phase, are likely to retain heat. When
the primary consideration for the mould design is thermal performance, the teardrop profile
should be taken into consideration by the mould designer.

The elliptical profile is recommended if the hydraulic efficiency is more important. The teardrop
profile exhibited more favourable local thermal performance while the elliptical profile exhibited
more favourable pressure-drop behaviour when operating under matched conditions. This is
beneficial for cooling systems where pumping power, coolant-circuit resistance or pressure are
significant practical considerations. Therefore, the final decision on which profile to choose,
teardrop or elliptical, should be based on the main goal of the production, either shorter cooling
time or lower hydraulic resistance in an industrial application.

Experimental validation is recommended before industrial implementation. A mould insert with
the selected conformal cooling profile should be manufactured, using metal additive
manufacturing, and tested under real injection-moulding conditions. The measured cooling time,
part temperature, measured pressure drop and warpage should then be used for comparison with
the Moldex3D results. This is important since there are phenomena that are hard to capture in
simulation, which are present in real moulds, such as surface roughness in printed channels, actual
coolant flow losses, imperfect thermal contact, machine variation and material-processing
variation.

Further research should be conducted on other non-circular channel shapes as well as other
orientation of profiles and other channel's conformal routes. One representative casing-type
geometry, one material system, one mould material and one conformal routing strategy was used
in the present study. So these findings should be expanded to other part geometries, wall thickness
distributions, polymer materials and mould materials, to make general conclusions for all
injection-moulded products. Additional research would also be worth exploring to analyse hybrid
cooling configurations, varying channel spacings, varying standoff distances, and varying profile
shapes and channel-route optimisation.

In high volume injection moulding, conformal cooling should be taken into consideration for
industrial applications where cooling time has a significant effect on productivity and cost.
Optimised conformal cooling can help cut machine operating times, boost the production output,
help achieve uniform temperatures, and minimise thermal defect waste. These enhancements can
also reduce the energy usage and help make polymer production more sustainable. The increased
manufacturing cost of conformal inserts must, however, be balanced against anticipated
production volumes, energy savings and quality improvements. Conformal cooling is therefore
best suited in situations where the volume of production is high enough to justify the extra cost
of the tooling, because of the cycle-time and quality advantages.
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Appendices

Appendix 1. SolidWorks CAD of Conformal Cooling Channel Routing

Part Geometry with Conformal Cooling Routing (all views)
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Part Geometry with Conformal Cooling Routing (Section View)
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Appendix 2. SolidWorks CAD of Part Geometry with Conformal Cooling Channels

Part Geometry with Circular Cooling Channels (All Views)
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Part Geometry with Teardrop Cooling Channels (All Views)
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Appendix 3. Part and Cooling Channel Models in Moldex3D Environment with Meshes

Moldex3D: Part Thickness Estimation
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Moldex3D: Straight-Line Cooling Channels with Mouldbase Mesh
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Moldex3D Mesh: Elliptical Cooling Channels with Mouldbase
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Appendix 4. Moldex3D Simulation Results Data

Simulation Results Data for Straight-Line Cooling Channels

# 1 2 3

Run Run 1 Run 2 Run 3

Run Code SL-5-15 SL-5-25 SL-5-35
Note 5L/m_15°C 5L/m_25°C 5L/m_35°C
Polymer PP PP PP

Melt Temperature Range (°C) 190~250 190~250 190~250
Mold Temperature (°C) 40 40 40

Ejection Temperature (°C) 102.93 102.93 102.93
Freeze Temperature (°C) 122.93 122.93 122.93

Process Condition

Filling Time (sec) 2.75 2.75 2.75
Packing Time (sec) 9.56 9.56 9.56
Cooling Time (sec) 30 30 30
Cycle Time (sec) 47.31 47.31 47.31
Melt Temperature (°C) 230 230 230
Mold Temperature (°C) 50 50 50
Melt Front Time (sec) - Max 2.818 2.77 2.809
Pressure (MPa) - Max 17.418 17.192 16.635

Temperature (°C) - Max 230.03 230.03 230.03
Pressure (MPa) - Max 8.925 8.81 8.518
Cooling

Average Temperature (°C) - Max 144.25 146.951 149.786
Average Temperature (°C) - Avg 82.434 87.475 92.623
Time to Reach Ejection Temperature (sec) - Max 167.06 180.73 203.43
Coolant Pressure (kPa) - Range (Min-Max) 0-0.8731 0-0.7754 0-0.6925
Cooling Channel Reynolds Number (-) - Avg 5456.515 6787.789 8287.003
Coolant Temperature (°C) - Min 15 25 35
Warpage

Total Displacement (mm) - Max 0.764 0.78 0.801
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Simulation Results Data for Circular Cooling Channels

Process Condition

# 1 2 3 4 5 6 7 8 9

Run Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9
Remark CL-2-15 CL-2-25 CL-2-35 CL-5-15 CL-5-25 CL-5-35 CL-10-15 CL-10-25 CL-10-35
Note 2L/m_15°C 2L/m_25°C 2L/m_35°C 5L/m_15°C 5L/m_25°C 5L/m_35°C 10L/m_15°C 10L/m_25°C 10L/m_35°C
Polymer PP PP PP PP PP PP PP PP PP

Melt Temperature Range (°C) 190~250 190~250 190~250 190~250 190~250 190~250 190~250 190~250 190~250
Mold Temperature (°C) 40 40 40 40 40 40 40 40 40

Ejection Temperature (°C) 102.93 102.93 102.93 102.93 102.93 102.93 102.93 102.93 102.93
Freeze Temperature (°C) 122.93 122.93 122.93 122.93 122.93 122.93 122.93 122.93 122.93

Melt Front Time (sec) - Max

Filling Time (sec) 2.75 2.75 2.75 2.75 2.75 2.75 2.75 2.75 2.75
Packing Time (sec) 9.56 9.56 9.56 9.56 9.56 9.56 9.56 9.56 9.56
Cooling Time (sec) 30 30 30 30 30 30 30 30 30
Cycle Time (sec) 4731 4731 4731 47.31 47.31 4731 4731 47.31 4731
Melt Temperature (°C) 230 230 230 230 230 230 230 230 230
Mold Temperature (°C) 50 50 50 50 50 50 50 50 50

Pressure (MPa) - Max

Temperature (°C) - Max

230

230

230.03

230

230

230.01

230

230

230.01

Pressure (MPa) - Max 10.552 10.369 10.106 11.042 10.729 10.396 10.828 10.493 10.208
Cooling

Average Temperature (°C) - Max 128.701 132.233 135.448 123.457 127.405 131.531 121.552 125.856 130.268
Average Temperature (°C) - Avg 48.881 55.724 61.412 36.299 44.076 52.051 31.119 39.754 48.526
Time to Reach Ejection Temperature (sec) - Max 95.199 98.544 102.51 89.586 93.978 98.525 86.922 92.104 97.227
Coolant Pressure (kPa) - Range (Min-Max) 0-4 0-4 0-3 0-19 0-18 0-17 0-64 0-62 0-61
Cooling Channel Reynolds Number (-) - Avg 2955.952 3508.093 4075.821 6377.085 8015.47 9808.318 12490 15930 19550
Coolant Temperature (°C) - Min 15 25 35 15 25 35 15 25 35

Warpage

Total Displacement (mm) - Max

0.76

0.716

0.735

0.73
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Simulation Results Data for Elliptical Cooling Channels

Process Condition

# 1 2 3 4 5 6 7 8 9

Run Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9
Remark EL-2-15 EL-2-25 EL-2-35 EL-5-15 EL-5-25 EL-5-35 EL-10-15 EL-10-25 EL-10-35
Note 2L/m_15°C 2L/m_25°C 2L/m_35°C 5L/m_15°C 5L/m_25°C 5L/m_35°C 10L/m_15°C 10L/m_25°C 10L/m_35°C
Polymer PP PP PP PP PP PP PP PP PP

Melt Temperature Range (°C) 190~250 190~250 190~250 190~250 190~250 190~250 190~250 190~250 190~250
Mold Temperature (°C) 40 40 40 40 40 40 40 40 40

Ejection Temperature (°C) 102.93 102.93 102.93 102.93 102.93 102.93 102.93 102.93 102.93
Freeze Temperature (°C) 122.93 122.93 122.93 122.93 122.93 122.93 122.93 122.93 122.93

Filling Time (sec) 2.75 2.75 2.75 2.75 2.75 2.75 2.75 2.75 2.75
Packing Time (sec) 9.56 9.56 9.56 9.56 9.56 9.56 9.56 9.56 9.56
Cooling Time (sec) 30 30 30 30 30 30 30 30 30
Cycle Time (sec) 4731 4731 4731 4731 4731 4731 4731 4731 4731
Melt Temperature (°C) 230 230 230 230 230 230 230 230 230
Mold Temperature (°C) 50 50 50 50 50 50 50 50 50

Filling
Melt Front Time (sec) - Max 2.835 2.833 2.831 2.839 2.841 2.836 2.843 2.836 2.836
Pressure (MPa) - Max 20.026 19.584 19.144 20.839 20.222 19.679 21.127 20.496 19.874

Cooling

Temperature (°C) - Max 230 230.02 230.02 230 230 230.01 230 230 230.01
Pressure (MPa) - Max 10.263 10.025 9.809 10.683 10.362 10.076 10.806 10.484 10.175

Average Temperature (°C) - Max 128.008 131.376 134.765 123.263 127.336 131.334 121.405 125.745 130.013
Average Temperature (°C) - Avg 47.894 54.28 60.726 36.016 43.934 51.795 31.026 39.81 48.326
Time to Reach Ejection Temperature (sec) - Max 95.773 99.149 103.18 89.663 95.62 99.784 87.506 93914 98.931
Coolant Pressure (kPa) - Range (Min-Max) 0-4 0-4 0-3 0-18 0-17 0-16 0-61 0-59 0-58
Cooling Channel Reynolds Number (-) - Avg 2748.41 3257.195 3799.826 6005.583 7523.249 9165.332 11740 14920 18240
Coolant Temperature (°C) - Min 15 25 35 15 25 35 15 25 35

Total Displac

t (mm) - Max
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Simulation Results Data for Teardrop Cooling Channels

Process Condition

# 1 2 3 4 5 6 7 8 9

Run Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9
Remark TD-2-15 TD-2-25 TD-2-35 TD-5-15 TD-5-25 TD-5-35 TD-10-15 TD-10-25 TD-10-35
Note 2L/m_15°C 2L/m_25°C 2L/m_35°C 5L/m_15°C 5L/m_25°C 5L/m_35°C 10L/m_15°C 10L/m_25°C 10L/m_35°C
Polymer

Melt Temperature Range (°C) 190~250 190~250 190~250 190~250 190~250 190~250 190~250 190~250 190~250
Mold Temperature (°C) 40 40 40 40 40 40 40 40 40

Ejection Temperature (°C) 102.93 102.93 102.93 102.93 102.93 102.93 102.93 102.93 102.93
Freeze Temperature (°C) 122.93 122.93 122.93 122.93 122.93 122.93 122.93 122.93 122.93

Filling Time (sec) 2.75 2.75 2.75 2.75 2.75 2.75 2.75 2.75 2.75
Packing Time (sec) 9.56 9.56 9.56 9.56 9.56 9.56 9.56 9.56 9.56
Cooling Time (sec) 30 30 30 30 30 30 30 30 30
Cycle Time (sec) 4731 47.31 4731 4731 47.31 4731 4731 47.31 47.31
Melt Temperature (°C) 230 230 230 230 230 230 230 230 230
Mold Temperature (°C)

Filling

Melt Front Time (sec) - Max 2.836 2.825 2.826 2.834 2.824 2.826 2.836 2.831 2.828
Pressure (MPa) - Max 20.633 19.476 18.976 20.778 20.203 19.66 21.047 20411 19.832
Packing

Temperature (°C) - Max 230 230.02 230.02 230 230 230.01 230 230 230.01
Pressure (MPa) - Max 10.558 9.965 9.723 10.621 10.314 10.053 10.779 10.45 10.132
Cooling

Average Temperature (°C) - Max 120.788 124.416 128.201 115.626 120.224 124.793 113.717 118.605 123.514
Average Temperature (°C) - Avg 48.494 54.791 61.237 36.061 43.934 51.903 31.004 39.7 48.434
Time to Reach Ejection Temperature (sec) - Max 91.325 94.902 100.35 86.358 91.23 95.639 84.349 89.707 94.51
Coolant Pressure (kPa) - Range (Min-Max) 0-4 0-4 0-3 0-19 0-18 0-17 0-66 0-64 0-63
Cooling Channel Reynolds Number (-) - Avg 2645.312 3135.234 3656.934 5915.928 7179.421 8790.302 11260 14330 17540
Coolant Temperature (°C) - Min 15 25 35 15 25 35 15 25 35
Warpage

Total Displacement (mm) - Max 0.75 0.765 0.781 0.725 0.744 0.762 0.715 0.735 0.755
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Appendix 5. JASP RSM Analysis Results for Circular Conformal Cooling Channel

Average Part Temperature - 74 (.C)

Model Summary
S R? Adjusted R? Predictive R?
0.525 0.999 0.997 0.988
ANOVA
Source Sum of squares df Mean square F p
Model 777.5 5 155.5 563.5 <.001
Linear terms 715.4 2
Tc (.C) 353.2 1 353.2 1280 <.001
Q (L/min) 362.2 1 362.2 1313 <.001
Squared terms 56.53 2
Tc (.C)"2 0.037 1 0.037 0.135 737
Q (L/min)*2 56.49 1 56.49 204.7 <.001
Interaction terms 5.515 1
Tc (.C) * Q (L/min) 5.515 1 5.515 19.99 .021
Error 0.828 3 0.276
Total 778.3 8
Note. Type Il sums of squares.
Coded Coefficients
Alias Term Effect Coefficient Standard error t p VIF
(Intercept) (Intercept) 41.93 0.412 101.9 <.001
A Tc (.C) 15.42 7.712 0.216 35.78 <.001 1.010
B Q (L/min) -15.54 -7.770 0.214 -36.23 <.001 1.021
AN2 Tc (.C)"2 -0.273 -0.137 0.371 -0.368 737
BA2 Q (L/min)*2 11.46 5.728 0.400 14.31 <.001
AB Tc (.C)* Q (L/min) 2.324 1.162 0.260 4.471 .021 1.010

Regression equation in Coded Units

Tavg (.C)=41.933+7.712A-7.77B - 0.137 A*2 + 5.728 B"2 + 1.162 AB
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Matrix residual plot for Tug
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Maximum Part Temperature - Tax (.C)

Model Summary
S R? Adjusted R? Predictive R?
0.214 0.999 0.998 0.990
ANOVA
Source Sum of squares df Mean square F p
Model 163.0 5 32.61 713.7 .001
Linear terms 151.5 2
Tc (.C) 93.23 1 93.23 2041 .001
Q (L/min) 58.32 1 58.32 1277 .001
Squared terms 10.59 2
Tc (.C)"2 5.339x10" 1 5.339x10" 0.001 .975
Q (L/min)*2 10.59 1 10.59 231.8 .001
Interaction terms 0.895 1
Tc (.C) * Q (L/min) 0.895 1 0.895 19.60 .021
Error 0.137 3 0.046
Total 163.2 8
Note. Type Il sums of squares.
Coded Coefficients
Alias Term Effect Coefficient Standard error t p VIF
(Intercept) (Intercept) 126.5 0.167 755.5 <.001
A Tc (.C) 7.924 3.962 0.088 45.17 <.001 1.010
B Q (L/min) -6.235 -3.118 0.087 -35.73 <.001 1.021
AN2 Tc (.C)"2 -0.010 -0.005 0.151 -0.034 .975
BA2 Q (L/min)*2 4.959 2.480 0.163 15.22 <.001
AB Tc (.C)* Q (L/min) 0.936 0.468 0.106 4.427 .021 1.010

Regression equation in Coded Units

Tmax (.C) = 126.533 + 3.962 A — 3.118 B — 0.005 A"2 + 2.48 B2 + 0.468 AB
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Matrix residual plot for Tpax
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Time to Reach Ejection Temperature - Zco0 (S)

Model Summary
S R2 Adjusted R? Predictive R?
0.203 0.999 0.998 0.992
ANOVA
Source Sum of squares df Mean square F p
Model 198.1 5 39.62 961.1 .001
Linear terms 186.2 2
Tc (.C) 119.6 1 119.6 2900 .001
Q (L/min) 66.67 1 66.67 1617 .001
Squared terms 9.696 2
Tc (.C)"2 0.029 1 0.029 0.693 466
Q (L/min)*2 9.667 1 9.667 234.5 .001
Interaction terms 2.163 1
Tc (.C) * Q (L/min) 2.163 1 2.163 52.49 .005
Error 0.124 3 0.041
Total 198.2 8
Note. Type Il sums of squares.
Coded Coefficients
Alias Term Effect Coefficient Standard error t p VIF
(Intercept) (Intercept) 92.97 0.159 584.4 <.001
A Tc (.C) 8.973 4.486 0.083 53.86 <.001 1.010
B Q (L/min) -6.667 -3.333 0.083 -40.22 <.001 1.021
AN2 Tc (.C)"2 0.239 0.119 0.144 0.832 .466
BA2 Q (L/min)*2 4.739 2.369 0.155 15.31 <.001
AB Tc (.C)* Q (L/min) 1.456 0.728 0.100 7.245 .005 1.010

Regression equation in Coded Units

tcool (s) =92.969 + 4.486 A —3.333 B + 0.119 A2 + 2.369 B2 + 0.728 AB
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Matrix residual plot for tcoor

Residuals

Residuals

0.20

0.15

0.10

0.05

0.00

-0.05

-0.10

-0.15

-0.20 -

0.20 —

0.15

0.10

0.05

-0.05

-0.10

-0.15

-0.20 -

0 2 4 6 8 10
Run order
o
[}
o
[}
0.00 -
o
[}
o
I T T T l
85 20 95 100 105

Fitted values

Counts

Observed quantiles

T
0

Theoretical quantiles

105



Coolant Pressure Drop - dP (kPa)

Model Summary
S R? Adjusted R? Predictive R?
0.343 1.000 1.000 0.999
ANOVA
Source Sum of squares df Mean square F p
Model 5285 5 1057 8965 <.001
Linear terms 5169 2
Tc (.C) 6.434 1 6.434 54.57 .005
Q (L/min) 5163 1 5163 43780 <.001
Squared terms 115.2 2
Tc (.C)"2 0.000 1 0.000 0.000 1.000
Q (L/min)*2 115.2 1 115.2 976.6 <.001
Interaction terms 0.980 1
Tc (.C) * Q (L/min) 0.980 1 0.980 8.308 .063
Error 0.354 3 0.118
Total 5286 8
Note. Type Il sums of squares.
Coded Coefficients
Alias Term Effect Coefficient Standard t p VIF
error
(Intercept) (Intercept) 24.82 0.269 92.25 <.001
A Tc (.C) -2.082 -1.041 0.141 -7.387 .005 1.010
B Q (L/min) 58.67 29.33 0.140 209.2 <.001 1.021
ARD T (C)y2 -5.015><1?5' -2.507><1?5‘ 0.243 -1.033><1?‘; 1.000
BA2 Q (L/min)*2 16.36 8.178 0.262 31.25 <.001
AB Te . Gz @ -0.980 -0.490 0.170 -2.882 .063 1.010
(L/min)

Regression equation in Coded Units

dP (kPa) =24.822 — 1.041 A+ 29.333 B -0 A2 + 8.178 B"2 — 0.49 AB
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Matrix residual plot for dP
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Average Reynolds Number - Reag

Model Summary
S R? Adjusted R? Predictive R?
40.43 1.000 1.000 1.000
ANOVA
Source Sum of squares df Mean square F p
Model 2.677x10*8 5 5.354x10*7 32750 <.001
Linear terms 2.587x10*8 2
Tc (.C) 2.517x10*7 1 2.517x10*7 15400 <.001
Q (L/min) 2.335x10*8 1 2.335x10*8 142900 <.001
Squared terms 37470 2
Tc (.C)"2 6808 1 6808 4.165 134
Q (L/min)*2 30660 1 30660 18.76 .023
Interaction terms 8.964x10%6 1
Tc (.C) * Q (L/min) 8.964x10*6 1 8.964x10*6 5484 <.001
Error 4903 3 1634
Total 2.677x10*8 8
Note. Type Il sums of squares.
Coded Coefficients
Alias Term Effect Coefficient Standard error t p VIF
(Intercept) (Intercept) 9579 31.68 302.4 <.001
A Tc (.C) 4117 2059 16.59 124.1 <.001 1.010
B Q (L/min) 12480 6238 16.50 378.0 <.001 1.021
AN2 Tc (.C)"2 116.7 58.34 28.59 2.041 134
BA2 Q (L/min)*2 266.9 1334 30.81 4.331 .023
AB Tc (.C)* Q (L/min) 2963 1482 20.01 74.06 <.001 1.010

Regression equation in Coded Units

Reavg = 9579.312 + 2058.651 A + 6238.356 B + 58.342 A2 + 133.438 B2 + 1481.612 AB

108



Matrix residual plot for Reaye
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Warpage Displacement - Warp (mm)

Model Summary
S R? Adjusted R? Predictive R?
0.002 0.997 0.993 0.972
ANOVA
Source Sum of squares df Mean square F p
Model 0.004 5 7.053x10* 251.0 <.001
Linear terms 0.003 2
Tc (.C) 0.002 1 0.002 685.3 <.001
Q (L/min) 0.001 1 0.001 449.0 <.001
Squared terms 3.220x10* 2
Tc (.C)"2 1.389x10° 1 1.389x10° 0.494 533
Q (L/min)*2 3.206x10* 1 3.206x10* 114.1 .002
Interaction terms 1.735%10%° 1
Tc (.C) * Q (L/min) 1.735x10%° 1 1.735x10° 6.175 .089
Error 8.429x10° 3 2.810x10°
Total 0.004 8
Note. Type Il sums of squares.
Coded Coefficients
Alias Term Effect Coefficient Standard error t p VIF
(Intercept) (Intercept) 0.731 0.001 556.6 <.001
A Tc (.C) 0.036 0.018 6.878x10* 26.18 <.001 1.010
B Q (L/min) -0.029 -0.014 6.843x10* -21.19 <.001 1.021
AN2 Tc (.C)"2 -0.002 -8.333x10* 0.001 -0.703 533
BA2 Q (L/min)*2 0.027 0.014 0.001 10.68 .002
AB Tc (.C)* Q (L/min) 0.004 0.002 8.295x10* 2.485 .089 1.010

Regression equation in Coded Units

Warp (mm)=0.731 +0.018 A-0.014 B —0.001 A*2 + 0.014 B2 + 0.002 AB
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Matrix residual plot for Warp
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Response Optimizer Settings
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Response Goal Lower Target Upper Weight Importance
Tavg (.C) Minimize 31.12 61.41 1.000 1.000
Tmax (.C) Minimize 121.6 135.4 1.000 1.000
tcool (s) Minimize 86.92 102.5 1.000 1.000
dP (kPa) Minimize 3.000 64.00 1.000 1.000
Warp (mm) Minimize 0.710 0.773 1.000 1.000
Note. The lower and upper bounds and target are estimated from data.
Response Optimizer Solution
Composite Te (.C) Q Tavg (.C) Tmax (.C) tcool (s) dP (kPa) Warp
desirability ’ (L/min) fit fit fit fit (mm) fit
0.989 15.611 4.73 30.646 120.89 86.922 6.24 0.704
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Appendix 6. JASP RSM Analysis Results for Elliptical Conformal Cooling Channel

Average Part Temperature - 74 (.C)

Model Summary
S R? Adjusted R? Predictive R?
0.423 0.999 0.998 0.991
ANOVA
Source Sum of squares df Mean square F p
Model 726.7 5 145.3 811.8 .001
Linear terms 674.7 2
Tc (.C) 355.9 1 355.9 1988 .001
Q (L/min) 318.8 1 318.8 1781 .001
Squared terms 47.39 2
Tc (.C)"2 0.004 1 0.004 0.022 .892
Q (L/min)*2 47.38 1 47.38 264.6 .001
Interaction terms 4.632 1
Tc (.C) * Q (L/min) 4.632 1 4.632 25.87 .015
Error 0.537 3 0.179
Total 727.3 8
Note. Type Il sums of squares.
Coded Coefficients
Alias Term Effect Coefficient Standard error t p VIF
(Intercept) (Intercept) 41.79 0.332 126.0 <.001
A Tc (.C) 15.48 7.741 0.174 44.58 <.001 1.010
B Q (L/min) -14.58 -7.290 0.173 -42.20 <.001 1.021
AN2 Tc (.C)"2 -0.088 -0.044 0.299 -0.148 .892
BA2 Q (L/min)*2 10.49 5.246 0.322 16.27 <.001
AB Tc (.C)* Q (L/min) 2.130 1.065 0.209 5.087 .015 1.010

Regression equation in Coded Units

Tavg (.C) =41.794 + 7.741 A—-7.29 B — 0.044 A"2 + 5.246 B2 + 1.065 AB
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Matrix residual plot for Tae
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Maximum Part Temperature - Tax (.C)

Model Summary
S R2 Adjusted R? Predictive R?
0.205 0.999 0.998 0.990
ANOVA
Source Sum of squares df Mean square F p
Model 148.6 5 29.73 705.2 .001
Linear terms 140.4 2
Tc (.C) 92.32 1 92.32 2190 .001
Q (L/min) 48.09 1 48.09 1141 .001
Squared terms 7.441 2
Tc (.C)"2 8.820x10* 1 8.820x10* 0.021 .894
Q (L/min)*2 7.440 1 7.440 176.5 .001
Interaction terms 0.781 1
Tc (.C) * Q (L/min) 0.781 1 0.781 18.54 .023
Error 0.126 3 0.042
Total 148.8 8
Note. Type Il sums of squares.
Coded Coefficients
Alias Term Effect Coefficient Standard error t p VIF
(Intercept) (Intercept) 126.5 0.161 786.2 <.001
A Tc (.C) 7.885 3.942 0.084 46.80 <.001 1.010
B Q (L/min) -5.662 -2.831 0.084 -33.78 <.001 1.021
AN2 Tc (.C)"2 -0.042 -0.021 0.145 -0.145 .894
BA2 Q (L/min)*2 4.157 2.079 0.156 13.29 <.001
AB Tc (.C)* Q (L/min) 0.875 0.437 0.102 4.305 .023 1.010

Regression equation in Coded Units

Tmax (.C) = 126.487 + 3.942 A — 2.831 B — 0.021 A*2 + 2.079 B*2 + 0.437 AB
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Matrix residual plot for Tpax
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Time to reach Ejection Temperature - co0r ()

Model Summary
S R? Adjusted R? Predictive R?
0.592 0.995 0.986 0.947
ANOVA
Source Sum of squares df Mean square F p
Model 208.4 5 41.67 119.0 .001
Linear terms 195.4 2
Tc (.C) 142.9 1 142.9 408.1 <.001
Q (L/min) 52.52 1 52.52 150.0 .001
Squared terms 9.212 2
Tc (.C)"2 0.355 1 0.355 1.015 .388
Q (L/min)*2 8.856 1 8.856 25.29 .015
Interaction terms 3.726 1
Tc (.C) * Q (L/min) 3.726 1 3.726 10.64 .047
Error 1.050 3 0.350
Total 209.4 8
Note. Type Il sums of squares.
Coded Coefficients
Alias Term Effect Coefficient Standard error t p VIF
(Intercept) (Intercept) 94 .42 0.464 203.6 <.001
A Tc (.C) 9.810 4.905 0.243 20.20 <.001 1.010
B Q (L/min) -5.917 -2.958 0.242 -12.25 .001 1.021
AN2 Tc (.C)"2 -0.843 -0.422 0.418 -1.007 .388
BA2 Q (L/min)*2 4.536 2.268 0.451 5.029 .015
AB Tc (.C)* Q (L/min) 1.910 0.955 0.293 3.262 .047 1.010

Regression equation in Coded Units

tcool (s) = 94.422 + 4.905 A — 2.958 B — 0.422 A*2 + 2.268 B2 + 0.955 AB
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Matrix residual plot for tcoor
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Coolant Pressure Drop - dP (kPa)

Model Summary
S R? Adjusted R? Predictive R?
0.343 1.000 1.000 0.999
ANOVA
Source Sum of squares df Mean square F p
Model 4767 5 953.4 8086 <.001
Linear terms 4655 2
Tc (.C) 6.434 1 6.434 54.57 .005
Q (L/min) 4648 1 4648 39420 <.001
Squared terms 111.4 2
Tc (.C)"2 0.000 1 0.000 0.000 1.000
Q (L/min)*2 111.4 1 111.4 945.0 <.001
Interaction terms 0.980 1
Tc (.C) * Q (L/min) 0.980 1 0.980 8.308 .063
Error 0.354 3 0.118
Total 4767 8
Note. Type Il sums of squares.
Coded Coefficients
Alias Term Effect Coefficient Standard t p VIF
error
(Intercept) (Intercept) 23.46 0.269 87.17 <.001
A Tc (.C) -2.082 -1.041 0.141 -7.387 .005 1.010
B Q (L/min) 55.67 27.83 0.140 198.5 <.001 1.021
ARD T (C)y2 -6.271><1?5' -3.135><1?5‘ 0.243 -1.291><1?‘; 1.000
BA2 Q (L/min)*2 16.09 8.044 0.262 30.74 <.001
AB Te . Gz @ -0.980 -0.490 0.170 -2.882 .063 1.010
(L/min)

Regression equation in Coded Units

dP (kPa) = 23.456 — 1.041 A + 27.833 B - 0 A2 + 8.044 B"2 - 0.49 AB

118



Matrix residual plot for dP
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Average Reynolds Number - Reag

Model Summary
S R2 Adjusted R? Predictive R?
28.75 1.000 1.000 1.000
ANOVA
Source Sum of squares df Mean square F p
Model 2.342x10*8 5 4.685x10%7 56680 <.001
Linear terms 2.267x10*8 2
Tc (.C) 2.141x10*7 1 2.141x10%*7 25900 <.001
Q (L/min) 2.053x10*8 1 2.053x10*8 248300 <.001
Squared terms 21020 2
Tc (.C)"2 4942 1 4942 5.979 .092
Q (L/min)*2 16070 1 16070 19.45 .022
Interaction terms 7.547%10%6 1
Tc (.C) * Q (L/min) 7.547x10%*6 1 7.547x10%6 9130 <.001
Error 2480 3 826.6
Total 2.342x10*8 8
Note. Type Il sums of squares.
Coded Coefficients
Alias Term Effect Coefficient Standard error t p VIF
(Intercept) (Intercept) 8988 22.53 398.9 <.001
A Tc (.C) 3797 1898 11.80 160.9 <.001 1.010
B Q (L/min) 11700 5849 11.74 498.3 <.001 1.021
AN2 Tc (.C)"2 99.42 49.71 20.33 2.445 .092
BA2 Q (L/min)*2 193.2 96.62 21.91 4.410 .022
AB Tc (.C)* Q (L/min) 2719 1359 14.23 95.55 <.001 1.010

Regression equation in Coded Units

Reavg = 8987.816 + 1898.485 A + 5849.095 B + 49.71 A*2 + 96.615 B*2 + 1359.488 AB
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Matrix residual plot for Reaye
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Warpage Displacement - Warp (mm)

Model Summary
S R? Adjusted R? Predictive R?
0.001 0.999 0.997 0.988
ANOVA
Source Sum of squares df Mean square F p
Model 0.003 5 6.630x10 587.9 <.001
Linear terms 0.003 2
Tc (.C) 0.002 1 0.002 1704 <.001
Q (L/min) 0.001 1 0.001 1043 <.001
Squared terms 2.026x10* 2
Tc (.C)"2 5.556x108 1 5.556x108 0.049 .839
Q (L/min)*2 2.025%10* 1 2.025%10* 179.6 <.001
Interaction terms 1.439%10° 1
Tc (.C) * Q (L/min) 1.439x10° 1 1.439x10° 12.76 .037
Error 3.383x10° 3 1.128x10°
Total 0.003 8
Note. Type Il sums of squares.
Coded Coefficients
Alias Term Effect Coefficient Standard error t p VIF
(Intercept) (Intercept) 0.731 8.322x10* 878.9 <.001
A Tc (.C) 0.036 0.018 4.357x10* 41.29 <.001 1.010
B Q (L/min) -0.028 -0.014 4.335%x10* -32.29 <.001 1.021
AN2 Tc (.C)"2 3.333x10* 1.667x10* 7.509%10 0.222 .839
BA2 Q (L/min)*2 0.022 0.011 8.093x10 13.40 <.001
AB Tc (.C)* Q (L/min) 0.004 0.002 5.255x10* 3.573 .037 1.010

Regression equation in Coded Units

Warp (mm)=0.731 +0.018 A-0.014 B + 0 A*2 + 0.011 B2 + 0.002 AB
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Matrix residual plot for Warp
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Elliptical Profile — Response Optimiser Output
Response Optimizer Settings
Response Goal Lower Target Upper Weight Importance
Tavg (.C) Minimize 31.03 60.73 1.000 1.000
Tmax (.C) Minimize 121.4 134.8 1.000 1.000
tcool (s) Minimize 87.51 103.2 1.000 1.000
dP (kPa) Minimize 3.000 61.00 1.000 1.000
Warp (mm) Minimize 0.709 0.772 1.000 1.000
Note. The lower and upper bounds and target are estimated from data.
Response Optimizer Solution
Composite Te (.C) Q Tavg (.C) Tmax (.C) tcool (s) dP (kPa) Warp
desirability ’ (L/min) fit fit fit fit (mm) fit
0.989 15.701 5.273 27.557 120.029 87.506 6.071 0.699
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Appendix 7. JASP RSM Analysis Results for Teardrop Conformal Cooling Channel

Average Part Temperature - 74 (.C)

Model Summary
S R? Adjusted R? Predictive R?
0.443 0.999 0.998 0.991
ANOVA
Source Sum of squares df Mean square F p
Model 759.3 5 151.9 774.0 .001
Linear terms 701.1 2
Tc (.C) 357.9 1 357.9 1824 .001
Q (L/min) 343.3 1 343.3 1750 .001
Squared terms 53.01 2
Tc (.C)"2 0.004 1 0.004 0.023 .890
Q (L/min)*2 53.01 1 53.01 270.2 .001
Interaction terms 5.095 1
Tc (.C) * Q (L/min) 5.095 1 5.095 25.97 .015
Error 0.589 3 0.196
Total 759.8 8
Note. Type Il sums of squares.
Coded Coefficients
Alias Term Effect Coefficient Standard error t p VIF
(Intercept) (Intercept) 41.70 0.347 120.1 <.001
A Tc (.C) 15.52 7.762 0.182 42.71 <.001 1.010
B Q (L/min) -15.13 -7.564 0.181 -41.83 <.001 1.021
AN2 Tc (.C)"2 0.094 0.047 0.313 0.151 .890
BA2 Q (L/min)*2 11.10 5.548 0.338 16.44 <.001
AB Tc (.C)* Q (L/min) 2.234 1.117 0.219 5.096 .015 1.010

Regression equation in Coded Units

Tavg (.C) =41.697 + 7.762 A—7.564 B + 0.047 A2 + 5.548 B*2 + 1.117 AB
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Matrix residual plot for Tae

0.6

Residuals
Counts

-0.6 -
I I | I I 1
0 2 4 6 8 10 I | I I I I |
Run order -0.6 -0.4 -0.2 0 0.2 0.4 0.6
06 - 0.50 7
[}
o
04—+
° 0.25 —
0.2 - »
o 2
@ 5
g . g
% oo = o e - ° 0.00
2 %
o 2
0.2 - ©
[}
-0.25
-0.4 +
o
[}
06 - 050 -
I I I I T T T 1 I I I
30 35 40 45 50 55 60 65 -1 0 1
Fitted values Theoretical quantiles

125



Maximum Part Temperature - Tax (.C)

Model Summary
S R? Adjusted R? Predictive R?
0.286 0.999 0.996 0.984
ANOVA
Source Sum of squares df Mean square F p
Model 178.3 5 35.65 437.3 <.001
Linear terms 168.7 2
Tc (.C) 117.2 1 117.2 1438 <.001
Q (L/min) 51.44 1 51.44 631.0 <.001
Squared terms 8.298 2
Tc (.C)"2 0.001 1 0.001 0.015 910
Q (L/min)*2 8.297 1 8.297 101.8 .002
Interaction terms 1.285 1
Tc (.C) * Q (L/min) 1.285 1 1.285 15.76 .029
Error 0.245 3 0.082
Total 178.5 8
Note. Type Il sums of squares.
Coded Coefficients
Alias Term Effect Coefficient Standard error t p VIF
(Intercept) (Intercept) 119.3 0.224 533.3 <.001
A Tc (.C) 8.886 4.443 0.117 37.92 <.001 1.010
B Q (L/min) -5.856 -2.928 0.117 -25.12 <.001 1.021
AN2 Tc (.C)"2 0.050 0.025 0.202 0.123 910
BA2 Q (L/min)*2 4.390 2.195 0.218 10.09 .002
AB Tc (.C)* Q (L/min) 1.122 0.561 0.141 3.969 .029 1.010

Regression equation in Coded Units

Tmax (.C) = 119.329 + 4.443 A —2.928 B + 0.025 A*2 + 2.195 B2 + 0.561 AB
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Matrix residual plot for Tpax
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Time to Reach Ejection Temperature - Zco0 (S)

Model Summary
S R2 Adjusted R? Predictive R?
0.462 0.997 0.991 0.967
ANOVA
Source Sum of squares df Mean square F p
Model 199.0 5 39.80 186.7 <.001
Linear terms 189.1 2
Tc (.C) 135.1 1 135.1 633.6 <.001
Q (L/min) 54.07 1 54.07 253.6 <.001
Squared terms 9.511 2
Tc (.C)"2 0.040 1 0.040 0.190 .693
Q (L/min)*2 9.471 1 9.471 44.43 .007
Interaction terms 0.346 1
Tc (.C) * Q (L/min) 0.346 1 0.346 1.621 .293
Error 0.640 3 0.213
Total 199.6 8
Note. Type Il sums of squares.
Coded Coefficients
Alias Term Effect Coefficient Standard error t p VIF
(Intercept) (Intercept) 90.08 0.362 249.0 <.001
A Tc (.C) 9.537 4.769 0.189 25.17 <.001 1.010
B Q (L/min) -6.004 -3.002 0.188 -15.93 <.001 1.021
AN2 Tc (.C)"2 0.284 0.142 0.326 0.435 .693
BA2 Q (L/min)*2 4.690 2.345 0.352 6.665 .007
AB Tc (.C)* Q (L/min) 0.582 0.291 0.228 1.273 .293 1.010

Regression equation in Coded Units

tcool (s) =90.084 + 4.769 A —3.002 B + 0.142 A2 + 2.345 B"2 + 0.291 AB
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Matrix residual plot for tcoor
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Coolant Pressure Drop - dP (kPa)

Model Summary
S R? Adjusted R? Predictive R?
0.343 1.000 1.000 0.999
ANOVA
Source Sum of squares df Mean square F p
Model 5667 5 1133 9612 <.001
Linear terms 5527 2
Tc (.C) 6.434 1 6.434 54.57 .005
Q (L/min) 5521 1 5521 46820 <.001
Squared terms 138.8 2
Tc (.C)"2 0.000 1 0.000 0.000 1.000
Q (L/min)*2 138.8 1 138.8 1177 <.001
Interaction terms 0.980 1
Tc (.C) * Q (L/min) 0.980 1 0.980 8.308 .063
Error 0.354 3 0.118
Total 5667 8
Note. Type Il sums of squares.
Coded Coefficients
Alias Term Effect Coefficient Standard t p VIF
error
(Intercept) (Intercept) 25.02 0.269 92.99 <.001
A Tc (.C) -2.082 -1.041 0.141 -7.387 .005 1.010
B Q (L/min) 60.67 30.33 0.140 216.4 <.001 1.021
ARD T (C)y2 2.522><1?5' 1.261><1E)5' 0243 5.193><1?5' 1.000
BA2 Q (L/min)*2 17.96 8.978 0.262 34.31 <.001
AB Te . sl @ -0.980 -0.490 0.170 -2.882 .063 1.010
(L/min)

Regression equation in Coded Units

dP (kPa) =25.022 — 1.041 A + 30.333 B + 0 A*2 + 8.978 B"2 — 0.49 AB
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Matrix residual plot for dP
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Average Reynolds Number - Reag

Model Summary
S R2 Adjusted R? Predictive R?
65.15 1.000 1.000 1.000
ANOVA
Source Sum of squares df Mean square F p
Model 2.157x10*8 5 4.314x10%7 10160 <.001
Linear terms 2.085x10*8 2
Tc (.C) 1.934x10%7 1 1.934x10%7 4556 <.001
Q (L/min) 1.892x10*® 1 1.892x10*8 44570 <.001
Squared terms 22550 2
Tc (.C)"2 14970 1 14970 3.527 157
Q (L/min)*2 7574 1 7574 1.784 274
Interaction terms 7.133x10%6 1
Tc (.C) * Q (L/min) 7.133x10%* 1 7.133x10%6 1680 <.001
Error 12740 3 4245
Total 2.157x10*8 8
Note. Type Il sums of squares.
Coded Coefficients
Alias Term Effect Coefficient Standard error t p VIF
(Intercept) (Intercept) 8637 51.06 169.2 <.001
A Tc (.C) 3609 1804 26.73 67.50 <.001 1.010
B Q (L/min) 11230 5615 26.60 211.1 <.001 1.021
AN2 Tc (.C)"2 173.1 86.53 46.07 1.878 157
BA2 Q (L/min)*2 132.6 66.32 49.65 1.336 274
AB Tc (.C)* Q (L/min) 2643 1322 32.24 40.99 <.001 1.010

Regression equation in Coded Units

Reavg = 8637.242 + 1804.475 A + 5615.42 B + 86.528 A2 + 66.32 B2 + 1321.702 AB
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Matrix residual plot for Reaye
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Warpage Displacement - Warp (mm)

Model Summary
S R2 Adjusted R? Predictive R?
9.280x10* 0.999 0.998 0.992
ANOVA
Source Sum of squares df Mean square F p
Model 0.004 5 7.138x10* 829.0 <.001
Linear terms 0.003 2
Tc (.C) 0.002 1 0.002 2279 <.001
Q (L/min) 0.001 1 0.001 1603 <.001
Squared terms 2.075%x10* 2
Tc (.C)*2 0.000 1 0.000 0.000 1.000
Q (L/min)*2 2.075%x10* 1 2.075%x10* 241.0 <.001
Interaction terms 1.875%10° 1
Tc (.C) * Q (L/min) 1.875x10%° 1 1.875x10° 21.77 .019
Error 2.583x10° 3 8.611x107
Total 0.004 8
Note. Type Il sums of squares.
Coded Coefficients
Alias Term Effect Coefficient Standard t p VIF
error
(Intercept) (Intercept) 0.739 7.272x10* 1017 <.001
A Tc (.C) 0.036 0.018 3.808x10* 47.74 <.001 1.010
B Q (L/min) -0.030 -0.015 3.788x10* -40.03 <.001 1.021
A2 T (.C)A2 6.873A0 BAIPA0 g sgaxior BT 000
BA2 Q (L/min)*2 0.022 0.011 7.072x10* 15.52 <.001
AB Te (€ Q 0.004 0.002 4.592x10* 4.666 019 1.010
(L/min)

Regression equation in Coded Units

Warp (mm) =0.739 + 0.018 A-0.015B -0 A*2 + 0.011 B*2 + 0.002 AB
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Matrix residual plot for Warp
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Teardrop Profile — Response Optimiser Output
Response Optimizer Settings
Response Goal Lower Target Upper Weight Importance
Tavg (.C) Minimize 31.00 61.24 1.000 1.000
Tmax (.C) Minimize 113.7 128.2 1.000 1.000
tcool (s) Minimize 84.35 100.4 1.000 1.000
dP (kPa) Minimize 3.000 66.00 1.000 1.000
Warp (mm) Minimize 0.715 0.781 1.000 1.000
Note. The lower and upper bounds and target are estimated from data.
Response Optimizer Solution
Composite Te (.C) Q Tavg (.C) Tmax (.C) tcool (s) dP (kPa) Warp
desirability ’ (L/min) fit fit fit fit (mm) fit
0.993 16.023 4.713 30.618 113.717 83.736 5.083 0.715
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