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Abstract

Injection moulding is a widely used manufacturing method in various industries,
necessitating mathematical models to optimise performance, manage costs, and
ensure product quality. This study concentrated on elements that have received
less attention, notably cooling and solidification in injection moulding. This study
investigated how the arrangement of cooling channels affected polymer
solidification during the injection moulding. The present study used the Direct
Forcing Immersed Boundary (DFIB) method within numerical simulations,
employing a finite volume technique. These simulations were carried out in a
two-dimensional, time-dependent model encompassing the whole computational
domain. The DFIB approach was employed in modelling the solid-liquid
interface using a virtual heat term. The in-house numerical code's dependability
was confirmed by comparing its findings to analytical results, which revealed a
good agreement. The findings suggest that the configuration of cooling channels
has a limited impact on the lowest peak temperature, measuring 94.9 °C.
However, it notably influences the temperature gradient within a specific region
of the polymer surface, with the highest gradient reaching 1178 °C/m. Bringing
the cooling channel closer to the polymer surface improved cooling performance.
Still, it concurrently resulted in a less uniform temperature distribution, as
evidenced by the gradient increasing from 487.1 °C/m to 1178 °C/m. The
solidification period of molten polymer varies depending on the configuration of
cooling channels and proximity to the surface, with the fastest time at 20.08
seconds for the triple cooling channel.

Keywords: Cooling channel, Direct forcing immersed boundary method, Injection
moulding, Solidification, Virtual heat.
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1. Introduction

The growth of injection moulding in recent decades has been considerable owing
to its wide application in diverse industries such as automotive, electronics,
mechanical, and medical. The primary objective of injection moulding is to produce
significant quantities and enhance the quality of polymers while keeping the cost
minimum. It is crucial to ensure high-quality products and optimise the injection
process by carefully controlling the process variables, such as temperature,
pressure, and flow rate.

Mathematical models are essential tools for predicting the behaviour of these
process variables and optimising the injection process. These models can help
manufacturers design better moulds, select suitable materials, and adjust process
parameters to achieve optimal performance and reduce costs.

One of the critical advantages of mathematical models is that they can simulate
the entire injection moulding process, from filling to cooling, solidification, and
ejection. This enables manufacturers to analyse the process in detail and identify
potential issues or areas for improvement. For example, by modelling the filling
stage, manufacturers can predict the flow behaviour of the plastic material and
identify areas of the mould that are likely to experience defects.

By simulating the cooling stage, they can predict the cooling time required to
achieve the desired results and optimise the cooling system design. Mathematical
models play a critical role in enhancing the injection moulding process and
improving the quality of polymer products.

Several investigations have been conducted on the mathematical modelling of
the injection moulding process, which encompasses filling, packing, and cooling.
One-dimensional models of the filling process in injection moulding have been
explored [1-5]. Kamal et al. [6] introduced the development of one-dimensional
models for pre- and post-injection processes. The simulation study predicted the
progression of the melt front, flow rate, velocity profiles, temperature, and pressure
profiles at different times and positions in the cavity and throughout the packing
and cooling stages.

Holm and Langtangen [7] used the finite element method to examine the
injection moulding process, including cooling, in two dimensions. Chiang et al. [§]
developed an integrated fluid and heat transfer model to simulate injection
moulding processes to predict shrinkage and warpage. Himasekhar et al. [9]
simulated the cooling process of injection moulding using Computer Aided
Engineering in three dimensions. Yang et al. [10] investigated the solidification
behaviour of high-density polyethylene plastic for various cooling conditions using
Enthalpy Transformation Method.

Prasetyo and Fauzun [11] conducted a research study examining the impact of
different cooling channel configurations on cooling effectiveness. The findings of
their investigation indicate that cooling channels designed in a conformal shape
were capable of absorbing significantly more heat compared to channels with a
straight configuration.

Hong et al. [12] investigated the characteristics of the solidification process of
semi-crystalline thermoplastic polymers during the injection moulding process.
The study found that the mechanism of ball formation was examined
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experimentally and numerically, revealing that high shear rates during injection
moulding and imprinting cause nucleation in micro-cavities.

Kovacs and Sikl6 [13] conducted a numerical study on asymmetric cooling
during injection moulding, particularly at mould corners. They found significant
temperature differences between mould sides after injecting hot polymer melt.
This highlighted the need to address uneven cooling in mould design to prevent
part warpage.

Venkatesh et al. [14] conducted a study comparing conformal cooling channels
(CCC) and straight-drilled cooling channels (SDCC). Their findings demonstrated
that the proposed CCC design improved cycle times and more uniform heat
distribution compared to SDCC.

Shen et al. [15] investigated three conformal cooling channels (CCCs) of equal
aspect ratio for cooling plastic products. The CCCs significantly reduce the cooling
time (10% to 57.1%), ensuring uniform temperature distribution and meeting
industrial requirements for fatigue life and stress. He et al. [16] numerically analyse
a conformal cooling system for non-pneumatic tire moulds, optimising mould
design, reducing cooling time, minimising shrinkage, and ultimately enhancing tire
production efficiency and quality.

Solidification is a complex phase transition phenomenon that involves transient
heat transfer and a moving interface between solid and fluid phases, which
constantly changes due to the heat released by the polymer [17, 18]. This problem
is challenging to solve due to the continually moving interface. Cooling processes
in injection moulding have been explored in various studies.

However, the cooling dynamics in injection moulding, particularly when
coupled with the solidification process, differ significantly due to the unique
characteristics of solidification. The solid-liquid interface maintaining a constant
temperature during solidification is one of those characteristics. Consequently, the
investigation of cooling combined with solidification in the context of injection
moulding remains a largely unexplored area in research.

Therefore, this study aims to investigate the impact of cooling channel
configuration on the solidification of polymer during injection moulding. In
addition, this study utilises an approach for solidification cases using the Direct
Forcing Immersed Boundary (DFIB) method. The DFIB method is widely
employed for resolving fluid-structure interaction problems, such as flow-induced
vibration, wave-induced vibration, and galloping. Nevertheless, this approach
remains largely unexplored within the framework of solidification.

2. Numerical Method

The current study utilised in-house numerical software developed using the Fortran
programming language. The finite volume technique was implemented to
investigate the cooling and solidification process. The software was designed to
utilise a computational method known as the DFIB method to simulate such
scenarios. The DFIB method's advantageous feature is its ability to utilise a
discretised computational domain to simulate multiple scenarios. The forthcoming
section, namely Section 2.3, provided a detailed explanation of the DFIB method
and its implementation in this investigation.
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2.1. Theoretical considerations

Solidification involves multiple phenomena, such as heat transfer and phase
change. These phenomena interact with each other and make the problem very
complex. Assumptions help to simplify the problem by neglecting certain aspects
deemed less necessary or assuming ideal conditions. The study's primary
assumptions are as follows:

e The solidification starts when the molten polymer encounters the mould wall,
forming a solid/liquid interface [10, 19].

o The initial temperature is T,, and the contact thermal resistance between the
polymer melt and the mould wall is negligible, which means that the polymer
surface has the same temperature as the mould wall (7;,) and is much lower
than the polymer's phase-change temperature [10, 20].

e The phase change of polymers is assumed to occur at a constant temperature
of T¢, which is the reference temperature defined as 7, = (T, + T,)/2, where T, —
T, represent the phase-change temperature range [10, 21].

e The phase-change process releases latent heat (Ly) at the solid/liquid interface,
and the position of the interface varies with time. The interface separates the
solid-liquid phase moves until the interfaces meet, indicating the end of the
solidification process [10, 19].

e The convection heat transfer in the cooling channel is analysed by applying the
DFIB method and solving the governing equation outlined in Sections 2.2 and
2.3. On the other hand, the convection heat transfer occurring at the exterior
surface of the mould has been resolved by imposing a boundary condition of
convective type.

2.2. Governing equations

The heat from the molten polymer was dissipated through both forced convection
to the cooling channels and natural convection to the air surrounding the mould's
outer surface. The convection heat transfer coefficient of the cooling channels and
its temperature are maintained at a constant value. In order to study this
phenomenon, a time-dependent, two-dimensional model was used to simulate the
entire computational domain, including the polymer, mould, and cooling channel
surfaces. By solving the transient energy equation denoted by Eq. (1), the transient
temperature distribution of the mould and polymer can be determined.

PCp Z—: = kV?T €))
where p is the density, ¢, is the specific heat, T is the temperature, t is time, and k
is the thermal conductivity. The heat equation was expressed as a two-dimensional
(2D) partial differential equation in a Cartesian coordinate system, denoted by Eq.
(2). This formulation specifies the relationship between temperature and its spatial
and temporal derivatives in a 2D domain.

or _, 0°T  0°T
PCp at ~  ox? dy? (2)

In this study, the second-order partial differential equation was discretised using
a second-order central differencing method. The discretisation was performed on a
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uniform collocated Cartesian grid. A third-order Adam-Bashforth scheme was
utilised for the temporal derivative to ensure third-order accuracy in time
integration. The intermediate temperature, T*, is obtained by solving Eq. (3),

T*=T"+ At k23 B" 16B"‘1+ > B2 3
- pcy, 112 12 12 3)

where B, At, and superscript n represented the second-order derivative of
temperature, time step size and time step level, respectively.

2.3. Direct forcing immersed boundary method

The Direct Forcing Immersed Boundary (DFIB) method is widely utilized in fluid-
structure interaction problems, including applications such as the oscillating
cylinder in uniform flow [22], cylinder arrays in oscillatory flow [23,24], vortex-
induced vibration of circular cylinders [25], and oscillating cylinders beneath a free
surface boundary by combining Smoothed Particle Hydrodynamics with DFIB
[26]. In this study such method was utilised in this study to model both the cooling
channel and moulded part/polymer of injection moulding on a Cartesian grid. In
particular, the DFIB method was used to simulate the heat transfer and
solidification process. The term "virtual force" in the DFIB method is modified to
"virtual heat," which was applied to the heat equation to account for the effects of
heat transfer during solidification denoted in Eq. (4).
aT 9%T a%T
pcpazkﬁ‘l'kﬁ'kqv"'qvc “4)
The virtual heat term of polymer, q,,, and cooling channels, q,., are the key
components in the two distinct types of immersed boundary methods used to model
solid-fluid interactions. One such method, developed by Peskin [27], employed
smoothed Dirac delta functions to describe this interaction, while the other,
proposed by Fadlun et al. [28] and used in the current study, is the direct forcing
immersed boundary method. The determination of q,, and g, involved calculating
the discrepancy between the interpolated temperature and the desired temperature
per unit time at each time step at both the cooling channel and the polymer
boundaries, which was accomplished using Egs. (5) and (6), respectively.

T.—T*
Qvc = PCpc (nc CT) %)
Tp -T* T T
q, = Polo\Mo =y | if Ty =Ty (6)
0, otherwise

In this context, T, T*, Ty, and T,, referred to the cooling channel fluid temperature,
intermediate temperature, the melting point temperature of the polymer at which
solidification occurred, and polymer temperature, respectively. The cooling channels
and polymer were represented as the volume of solid function identified as 7, and
1y, respectively, where 7. and 7, take on values of either 1 or 0. Specifically, 7,
equals 1 for the cooling channels and 0 for the moulding and polymer, while 7,
equals 1 for the polymer and 0 for the moulding and cooling channels.

1
Q=57 [ vt )

af;‘ fn+1 _ fsn
Qv =pply 7 = PposT (®)
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During the solidification process, the virtual heat term, q,,, played a crucial
role in ensuring that the temperature of the polymer remains constant. The
relationship between the solidification process and the virtual heat term was
expressed mathematically in Eqs. (7) and (8), where Q, was determined by the
density of the polymer, p,, the latent heat of the polymer, L¢, and the rate of
change of the solid fraction, 8f;/dt. The function £;(T,) took on a value of 0 when
T, > T, and a value of 1 when T, < T;. In this context, variable Q, represented
the amount of thermal energy that is released from the solid-liquid interface
during the process of solidification.

T =T* + [(At X ¢F1) + (At X g1)] 9)

Upon completion of the solidification calculation, the governing equation was
extended by incorporating the virtual heat term, which accounts for the effects of
polymer and cooling channels. Subsequently, the final temperature was updated
using Eq. (9). The virtual heat terms, namely g*+! and ¢#*1, indicated the heat
required to maintain the temperature at a constant value or adhere to the pre-
determined temperature.

2.4. Computational domain

Each configuration of cooling channels was of identical size, with circular
channels having diameters of 30 mm, 15 mm, and 10 mm for the constant
perimeter with various position of cooling channels. The separation distance, 4,
between the cooling channel axis and the polymer substrate had two variabilities
by (0.5D + 5 mm) and (0.5D + 10 mm), as shown in Fig. 1. The analysis was
time-dependent, taking into account.

Changes that occur over time. The operational parameters governing the
cooling process and the physical characteristics of the materials involved have been
documented in Table 1 and were assumed to remain unchanged throughout all
computational outcomes [29]. The spatial domain was discretised in the uniform
collocated mesh with the size of 400x400.

Table 1. The values of cooling parameters.

Parameters Values
Coolant temperature 25°C
Injected polymer temperature 180 °C
Mould initial temperature 60 °C
Polymer melting temperature 163 °C
Cooling channel diameter 30, 15, and 10 mm
Latent heat of fusion 115 kJ/kg
Environment temperature 25°C
Natural convection coefficient 50 W/m’K
Forced convection coefficient 3650 W/m’K
Mould density 8830 kg/m®
Mould specific heat 335 J/kg K
Mould thermal conductivity 250 Wm.K
Polymer density 938 kg/m?
Polymer specific heat 1800 J/kg.K
Polymer thermal conductivity 0.25 WmK
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Fig. 1. Geometry and dimensions of computational
domains with three various cooling channel configurations.

3.Results and Discussion

This section is divided into two parts: Section 3.1 and Section 3.2. Section 3.1 focuses
on validating the in-house numerical code, while Section 3.2 covers the examination
of cooling channel configurations, which include the number of cooling channels and
the gap between the cooling channels and the polymer surface.

3.1. Validation of in-house numerical code

Validation of numerical methods in solving two-dimensional heat transfer problems,
as depicted in Fig. 2, was performed, and a system comprising three sides of a thin
rectangular plate was considered. These sides were maintained at a constant
temperature of Ty, while the other side was kept at a constant temperature Ts,.

The heat transfer from the plate's surface was assumed to be disregarded. The
temperature gradient perpendicular to the x — y plane was also assumed to be
negligible. Thus, heat transfer occurs exclusively in the x and y directions. The
validation results were compared with the analytical method denoted in [30]. The
analytical method was derived from the heat diffusion equation, which resulted in
Eq. (10). 6 represents the normalised temperature difference across the x-y plane,
as denoted in Eq. (11).
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0(x,y) = E; nTsinh(nrrW/L) (10)
T(x,y) — T,
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The temperature distribution was calculated using Egs. (10) and (11).
Additionally, the numerically predicted temperature was extracted along the red
dashed line, as depicted in Fig. 2. The utilisation of these analytical and the
numerical predictions facilitated a thorough examination of temperature variations
and enabling a comprehensive data comparison.

y
Ts:

w Tsi Tsi

Tsi

L

Fig. 2. Validation case (two-dimensional heat transfer).

Figure 3 depicts the validation outcome for 6 values along the normalised y
coordinate (y/L), where the lines represent the present results, and the symbols
represent the analytical results. It is worth noting that due to the symmetrical nature
of the case, the validation was conducted at x/L = 0.25 and x/L = 0.5. The results
of the validation demonstrated that the current findings agree well with the
analytical result. This agreement indicated that the developed numerical model is
reliable in predicting the thermal behaviour of the system. Overall, the validation
outcomes demonstrate the effectiveness and accuracy of the developed numerical
model in predicting the temperature distribution of the system under consideration.

12
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Fig. 3. Temperature distribution along the
normalised y coordinate (y/L) at x/L =0.25 and 0.5.
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3.2. Parameters study

Figure 4 illustrates the temperature contour in an injection moulding process. it
provides valuable insights into the distribution of temperatures within the mould
during the cooling phases of the process, which directly impacts the quality of the
moulded parts. The contour is represented by a colour gradient, ranging from blue
(low temperature) to red (high temperature).

The mould temperature contour is divided into different sections, and each
section is colour-coded to depict the temperature distribution. It can be observed that
several key features and patterns in the temperature contour. There are distinct areas
of higher temperature. These regions represent the molten polymer. Additionally,
cooler regions, shown in shades of blue, are visible around the cooling channels or
near the mould walls, indicating efficient heat dissipation.

The temperature contour is crucial in injection moulding as it affects various
aspects of the process. It influences the quality of the surface finish and the
dimensional accuracy of the final moulded parts. Deviations or non-uniformity in the
temperature contour can lead to issues like warpage. Warpage refers to the
deformation or distortion of a moulded part from its intended shape. Uneven
temperature is one of the factors that can contribute to warpage in injection moulding.

The comprehensive examination of the intricate and non-uniform thermal
patterns within the solidified polymer plays a pivotal role in ensuring the effective
prevention of warping. It is imperative to undertake a thorough analysis, providing
a detailed explanation of the uneven dispersion of the temperatures and the
accompanying thermal gradients that manifest on the surface of the solidified
polymer. This comprehensive investigation allows us to gain a profound
understanding of the factor that influence the structural integrity and stability of the
solidified polymer. It is worth emphasising that the specific area under analysis
pertains to the line segment connecting the points 'a' and 'b' denoted in Fig. 4.

t=10s =20's t=30's TEMP

150

> 100} -

140 80
X

Fig. 4. Evolution of 2D temperature distribution at t=10 s, 20 s, and 30 s.

The investigation delved into analysing temperature distribution and gradient in
the y-axis direction. Considering variations of the distance in the axis of the cooling
channel and the polymer, denoted as A, across three different cooling channel
configurations illustrated in Fig. 5. These figures illustrate the temporal evolution of
temperature and its corresponding gradient at specific time intervals, namely 20 s and
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40 s. Figure 5 provides insight into the temperature distribution (left) and temperature
gradient (right) for the case when A equals (0.5D+10) mm. Interestingly, each
configuration exhibits roughly similar lowest temperature values.

The lowest temperature was observed at 40 s with the value 123.5 °C for the
configuration featuring single cooling channels followed by 125.7 °C and
127.25 °C for the configuration featuring triple and twin cooling channels,
respectively. This suggests that the number of cooling channels with a constant
perimeter does not significantly influence the heat flux across the three
different cooling channel configurations.

On the other hand, the temperature gradient, dT/dY, which represents the
temperature difference across the surface with respect to space in the y-axis
direction, has a moderate discrepancy in each configuration. The peak value
happens at t=40 s on the triple cooling channel configuration with the value 487.1
°C/m followed by 473.6 °C/m, and 332.5 °C/m for the twin and single cooling
channels, respectively.

A notable reduction in temperature accompanied by an amplified temperature
gradient is observed when positioning the cooling channel in close proximity to the
polymer surface, as illustrated by the dashed line in Fig. 5. The single cooling channel
configuration exhibits the lowest temperature, measuring at 94.9 °C. Conversely, the
triple cooling channels configuration demonstrates the highest temperature gradient,
reaching 1178 °C /m. Conversely, for the twin cooling channel at the middle region,
when the cooling channel is placed closer, the temperature is higher than the wider
distance between the polymer and cooling channel.

A=(0.5D+10)mm

i,
0 -1000  -500 500 1000

0
dT/dY

Fig. S. Evolution of temperature distribution (T) and
temperature gradient (dT/dY) in y-axis direction for three
cooling channel configurations (from top to bottom: single, twin,
and triple cooling channels) at polymer surface (a-b line in Fig. 3).
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The investigation required a comprehensive analysis of the temporal progression
of solidification across multiple configurations. The investigation was specifically
dedicated to examining the divergences in the studied parameters. Figure 6 displays
the stages involved in the cooling and solidification of molten polymer. The x-axis
represents time in seconds, while the y-axis represents total solidification in percent.
It shows a gradual increase in solidification percentage over time as the molten
polymer begins to solidify. Initially, the plastic is in a fully molten state, indicated by
the lowest solidification point on the graph. As time progresses, the solidification
steadily increases, indicating the cooling stage of the injection moulding.

For a single cooling channel, the solidification process initially proceeds slowly
and gradually, but after approximately 20 seconds of cooling, it begins to
accelerate. Conversely, when the cooling channel is positioned closer to the
polymer surface, the solidification percentage experiences an accelerated start, but
its rate slows down as the cooling time approaches 20 seconds. The total
solidification time for the single cooling channel is 38.05 seconds, with only a
negligible improvement observed when the cooling channel is placed closer to the
polymer, resulting in a time of 37.03 seconds.

In Fig. 6, the twin cooling channel configuration is depicted by the green line.
An unusual occurrence emerges when the cooling channel is positioned in close
proximity to the polymer surface. This anomaly manifests at a solidification
percentage of approximately 80%. Interestingly, this anomaly does not manifest
when the distance between the cooling channel and the polymer is greater. The
presence of the anomaly in the twin cooling configuration is attributed to the larger
spacing between the cooling channels, which leaves an unsupported region,
resulting in lower heat flux. In order to comprehend the peculiar phenomenon, the
contours in Fig. 7 are utilised to explain the progression of solidification.

The time history of the solidification percentage, as illustrated in Fig. 6 with the
blue line, exhibits the configuration of triple cooling channels. Initially, the
solidification line, ranging from 0% to 60%, closely aligns with the twin cooling
channel configuration. However, beyond 60% solidification, the lines diverge
significantly, creating a noticeable gap. Nonetheless, towards the final stages, the
polymer undergoes a slower solidification rate just before complete solidification
is achieved.

This deceleration can be attributed to a specific region where the heat flux is
extremely low, represented as point P in Fig. 8. Ultimately, the time required to
reach complete solidification for both the twin and triple cooling channels is
approximately the same, with the twin cooling channel taking 26.8 seconds and the
triple cooling channel requiring 26.39 seconds. When the cooling channel placed
closer to the polymer surface, the solidification time reach the lowest for the triple
cooling channel at 20.08 seconds.

Figures 7 and 8 exhibit the progressive evolution of polymer solidification
within an injection mould, featuring an overlay of solidification contours and
the heat flux vectors denoted by arrows. The moulded polymer is subdivided
into discrete sections. Each assigned a distinct colour to depict the advancement
of solidification. The colour spectrum ranges from white, indicating the molten
state with zero percentage solidification, to red, signifying complete
solidification at 100%.
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In the initial stages depicted in the left image of those figures, the red regions
in proximity to the cooling channel and corners of the moulded part represent the
initial molten polymer introduced into the mould, denoting the beginning of the
solidification process. Subsequently, traversing away from the starting point of
solidification, a discernible solidification front becomes apparent, particularly in
areas exhibiting a higher magnitude of heat flux near the cooling channel.
Conversely, regions characterised by the slowest solidification rate are
distinguished by minimal heat flux, exemplified by the P points in Figs. 7 and 8.

A=(0.5D+10)mm Z = = A=(05D+5)mm

100

60 ~

40

Solidification (%)
-

1 cooling channel

i T 2cooling channel
2 B —— — — 3 cooling channel

20 30 40
time (s)

Fig. 6. Time history of total solidification
percentage of the polymer during the cooling process.

150

L 1 L 1 1 L 1 L 1 1 A 1 I 0
60 80 voxo 120 140 €0 80 voxo 120 140 60 80 mxo 120 140

Fig. 7. Evolution of solidification contour with twin cooling channel
and A = (0.5D + 5)mm at 25%, 50%, and 75% total solidification.
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Fig. 8. Evolution of solidification contour with triple cooling channel
and A = (0.5D + 10)mm at 25%, 50%, and 75% total solidification.
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4.Conclusions

The finite volume method was employed for the numerical investigation, and
subsequent validation efforts revealed a strong agreement between the numerical
and the analytical results. The DFIB method has been utilised to simulate the
cooling and solidification process of polymers in injection moulding. Three
different cooling channel configurations and two different distances between each
cooling channel and the polymer surface were examined.

They were observed by analysing the temperature distribution and its gradient
that at a position 4 = (0.5D+10) mm, the cooling channel configuration had a
minimal impact on the lowest peak temperature but had a significant influence on
the temperature gradient across the polymer surface. Placing the cooling channel in
close proximity at 4 = (0.5D+5) mm to the polymer surface improved the cooling
efficiency, albeit at the expense of achieving uniform temperature distribution
across the polymer surface.

The time molten polymer takes to solidify varies depending on the arrangement
and distance between the cooling channel and the polymer surface. Increasing the
number of cooling channels while keeping the same overall perimeter generally
improves the solidification time. Bringing the cooling channels closer to the polymer
surface usually helps speed up solidification, except in the case of twin cooling
channels where it makes the solidification time longer.

Nomenclatures
A Cooling channel axis and polymer distance.
B Second-order derivative of temperature.

Cp Specific heat of polymer, J/kg.K.

Cpe Specific heat of cooling channel, J/kg K.
D Diameter of the cooling channel
fs Solid fraction.

k Thermal conductivity.

Le Latent heat of the polymer, kJ/kg.

n Time step level.

Qv Virtual heat of polymer, J/m®.

qev Virtual heat of cooling channel, J/m®.

t Time, s.

T* Intermediate temperature, °C.

To Initial temperature, °C.

T,— T, Phase-change temperature range, °C.

T, Phase-change temperature range, °C.

T Surface temperature of validation case, °C.
Ty Melting point temperature of the polymer, °C.
T, Mould wall temperature, °C.

Greek Symbols

At Time step size, s.

p The density of material, kg/ m®.

Ne The volume of the cooling channel function.
My The volume of polymer function.

6 Non-dimensional temperature difference.
Abbreviations

DFIB Direct forcing immersed boundary
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