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ABSTRACT

Cooling system is a significant factor in productivity and quality in the
plastic injection moulding process. Numerous researchers demonstrated that
conformal cooling channel yields significant improvement of productivity and
quality of plastic injection moulding process. Apart from that, the
advancement of Solid Free Form Technology (SFF) allows a mould designer
to design a variety of conformal cooling channel geometry rather than
conventional designs. This paper presents the research work to enhance the
efficiency of square shaped groove conformal cooling channels which uses
fins concept. Existing conformal cooling channel design that uses square
shape groove was improved by incorporating fins to meet the best design that
can reduce the cooling time. The effect of Square Finned Conformal Cooling
(SFCC) design on cooling time was investigated by using Autodesk Moldflow
Insight software. The simulation results indicated that different number of
fins influences the cooling time. From the analysis, it was found that time to
reach the ejection temperature was reduced by 19.4% for the cooling
channels with 4 fins compared to existing cooling channel.
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Introduction

The main stages in injection molding process starts with a filling process
followed by packing, cooling and finally with ejection process [1]. The
injection moulding cycle start with injection stage by inject the molten plastic
into the cavities. The molten plastics are continuously fill the space until the
gate freeze in packing stage. The mould will open and moulded part was
ejected after the molten plastics are fully rigid. Next the moulds are closed
for the consequent cycle. On the contrary, cooling phase is the most
significant step amongst other stages, it regulates the rate about 70% to 80%
in injection moulding process [2—4].

Heat from molten plastic will be transferred from the mould plate via
the cooling channels continuously until it reaches the ejection temperature

[5].

The most common method of heat removal through cooling channel
applications in plastic injection moulding relies on conventional drilling. The
conventional cooling channels in simple shapes such round profile is
fabricated by drilling straight line holes. These conventional cooling channel
will lead to non-uniform mould cooling [6] that will increase the cooling time
and lead to the imperfection of the molded part such warpage, sink mark and
differential shrinkage.

Consequently, conformal cooling channels (CCC) present a practical
solution to guarantee that the layout of cooling channels tracks the shape of
molded parts with the closeness between the cooling channels and the mold
surface is maintained. Solid free form fabrications technology (SFF) such
Selective Laser Melting (SLM) and Direct Metal Laser Sintering (DMLS)
technique are able to fabricate mould inserts with different cross sectional
shapes such as circular, oval, rectangular, etc. Furthermore, SFF can be used
to create coolant line along with the shape of plastic part [7]. However,
researchers still not fully optimize the CCC design due to the ability of the
SFF technology to fabricate the complexes geometry.

There are many methods that applied in heat transfer enhancement in
engineering application such as air conditioning, heat exchanger,
refrigeration systems and chemical reactor. One of the most important
techniques used are passive heat transfer technique. These techniques was
proven able to improve the overall thermal performance significantly when
adopted in heat exchanger [8].

The passive enhancement methods are not required external power to
sustain the enhancement characteristic and rely on the use of treated surface,
rough surface, extended surface, coiled tubes and so on.

Researchers have reported their work in increasing the efficiency of
cooling system in plastic injection molding. Hamdy and Nicolas [9] reported
that cooling channel with the longest perimeter provided the shortest cooling
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time by comparing the cooling efficiency of few type of cooling profile
(square, circular and rectangular). The cooling channel provided through
similar surface area but contrast in perimeter.

Altaf et al. [10] increased the heat dissipation to 14.6% by using
profiled cross section conformal cooling channel compared to circular cross
section profile. They study the circular cup product that design with both
channel type with 78.5mm? cross section area. While the normal water with
25°C as coolant and simulate both cooling channel type to look the thermal
distribution by ANSYS software. Cooling time, injection-molding cycle time,
and part deflection were compared to conventional cooling channels with a
diameter of 8 mm and 16 mm baffle diameter. Both injection molds used
20°C normal water as a coolant, and ABS with 20% glass fiber as the plastic
material. Moldflow software was used to predict the deflection distribution,
thermal variation, and cooling time of the injection-molding process.
Experimental results showed that with conformal cooling channels, the
cooling time was reduced by 35%, injection-molding cycle time was reduced
by 25.7% and molded parts deflection was reduced by 28% from 1 to
0.72mm.

Manat et al [11] reported method to increase heat transfer rate in
plastic injection moulding process by adding various fins number in the
circular cooling channel itself. The effect of cooling time and cooling
efficiency was simulate by Moldex3D software. The result showed that
cooling time reduced approximately by 6.5 second for the cooling channels
with seven fins as compared with the cooling channels with circular cross
section. The cooling efficiency in term of heat flux increased by 22.6 %.
However, this study only focused on experimental mould and did not
mention any actual mould applications.

Many researchers only manipulate the design layout to achieve better
cooling process and have not fully optimize the ability of SFF technology to
improve the geometry of the cooling channel itself. This paper presents the
possibility for application of external fins design to enhance heat transfer rate
in the plastic injection moulding process. Various design of fins were
simulated with Moldflow Insight software to determine the shortest time to
reach ejection temperature that directly affects the cycle time. A comparison
of results between each SFCC design was also presented. This paper was
limited to simulation study only and lacking with the experimental results, its
main focus on simulation comparison with both the results these findings into
conclusion.

Theory

Conduction and convection are the main heat transfer phase that occurs in
plastic injection moulding. The radiation can be neglected due to the very low
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amount that occur in the out of the mould surface. The heat input by hot
polymer melt must be removed as much as possible inside the mould before
the mould can be opened to eject the part by conduction and convection
process. According to the French mathematical physicist Joseph Fourier,
energy transfer can be expressed by mathematical equation as follows,

Q= KA )
Where,
Qc = thermal conductivity of the medium
K = conduction heat transfer energy
A = area of the core or cavity in contact with the plastic
material
AT = temperature difference between hot polymer material
and coolant
L = distance between two mediums

Another heat transfer phenomenon that ocurs in injection moulding is
the heat transfer by convection. The overall heat transfer by convection can
be expressed by Newton’s law by the following equation [12-13],

Qn = hA(Ty, —T¢) 2
Where,
A = contact cooling channel surface area with the flowing fluid
Tw = temperature of the cooling channel wall
TC = coolant temperature
h = convection heat transfer coefficient

The values of Twand Tc are not constant in real situations of injection
molding process. Total of the heat flows in the plastic injection moulding as
shown in Figure 1 can be expressed in equation (3) as follows,

T1-Ty
Ly

=k, A E th(T3 —Toz) 3)

L,

Q=hA(Te, —T)) =k A

The values of L are the width and A represent the area of the parts.
The values of k are the conductivity coefficient and the values of h is the
convection coefficient of the different parts.
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Methodology

Design of Moulds and Cooling Channels

In this study, existing mould by Shayfull [14][15] which consisted of two
plate mould with submerged gating system for the Front panel housing with
dimensions of 120 mm x 80 mm x 18.75 mm and 2.5 mm thickness with a
volume of 27663.64 mm?® was carefully chosen as the case study part for
analysis. The part, as shown in Figure 2, was selected due to its curvature
shape that matches with many contemporary products.
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Figure 1: Heat flow direction in the plastic injection moulding tool
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Figure 2: Milled Groove Square Shape Method (MGSS) part [14]
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Cooling system design

The cooling system is a main factor to the operation and cost of the
considered mould. Possibly the reason for the lack of engineering is that the
temperature distribution is not obvious when molding compared to defects
related to flow [16].

The main path of cooling layout for the conformal cooling channels
was follow the design in [14] and [15] was shown in Figure 3. The Square
Finned Conformal Cooling Channel (SFCC) in this study was improved from
previous method, Milled Groove Square Shape Method (MGSS). The MGSS
was fabricated by milling process and did not use any SFF technology. SFCC
design proposed in the present work complies with the manufacturability for
selective laser melting (SLM) process. SLM permits to produce fully
functional metal part directly from 3D data, tool less and no shape
restrictions. To gain the equivalent data, the comparisons of cooling
efficiency were based on the same part model, injection condition and
cooling flow lines. The geometry of conformal cooling layout is remaining
with MGSS design.

Fins design

Manat et al [11] summarized that thickness and shape are basic factors to
consider in fins design. There were three main shape namely triangle,
trapezoid and rectangle. Their study considered the external rectangular
shape because rectangular fins were able to provide more rigidity and extra
surface areas than those of the trapezoid and triangle fins.
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Figure 3: Profile line for Square Finned Conformal Cooling Channel (SFCC)
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This study compares the square shape design in [14], [15] which was
fabricated by machining process. The existing design added by various
number of fins as shows in Table 1. The difference of each design is the pin
number, which was increased starting from MGSS follow by design type 1 to
design type 9. The fin thickness in this study was constant at 1 mm wide and
1 mm length, while the distance between the fins is 2 mm between center to
center of the fins. The existing design was set as a benchmark where the time
to reach ejection temperature was reported 10.55 seconds. The addition of
various numbers of internal fins gave different value of time to reach
ejection.

In this study the SFCC was considered as tubes with rough surface
due to the surface roughness value is between 2.28um to 9.20 um [17]. Tubes
that with rough surface have much higher heat transfer coefficients than tubes
with smooth surface. Therefore, tube surfaces are often intentionally finned,
roughened or corrugated in order to enhanced the convection heat transfer
coefficient and thus the convection heat transfer rate [18].

-y

Fin Roughness

@ (b)
Figure 4: Tube surface (a) finned surface and (b) roughened [18]

Simulation Setup

Firstly, the 3D model for SFCC was designed using Solidworks software.
The simulation of plastic injection process was analyzed using Autodesk
Moldflow Insight to get the result for the time to reach ejection part. The
lowest ejection time will reduce the cycle time in production and hence
improve the productivity. Next all the 3D model of part, runner system,
cooling profile, core and cavity were meshed to tetrahedron mesh type as
shown in Figure 3. The plastic material is ABS Toyolac 700-314
manufactured by Toray Industries Inc., Tokyo, Japan, was used in this
analysis and the mould material P20 steel was selected. Normal water was set
at 25°C as coolant. The function of coolant is to absorb the heat from the
molten plastic and it flows out through the SFCC. For increasing the cooling
efficiency, the temperature difference between inlet and outlet of the coolant
and mould should be balanced by a difference of 5°C [19]. Cooling
efficiency can be achieved with appropriately sized cooling channels,
appropriate coolant temperature and appropriate Reynolds number for the
coolant [15]. The melt and ejection temperatures for the plastic material used
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are recommended by the material manufacturer and are available in the AMI
software. Table 2 shows the parameter setting for the simulation process.

Table 1: Number of fins, surface area value and ejection time for SFCC

Desian tvpe Cross sectional Area Perimeter
gntyp view (mm) (mm)
MGSS - 36 24
1 [ 5
35 26
i [ &
34 28
’ B
33 30
‘ 5
32 32
: [LE
32 32
6 “ 30 36
7 “ 28 40
; I - 0
9 ‘ 25.3 41.7
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Figure 3: Completed tetrahedron mesh for simulation model.

Table 2: Process parameters for simulation

Melt temperature, °C 240
Coolant temperature, °C 25
Mold surface temperature, °C 40
Ejection temperature, °C 80
Packing Pressure, Mpa 80
Coolant flow rate, lit/min 10
9.8 4
]
9743
9.6 1 "9.618
o 9.4
)
O 9.2 9.162
£ 2 9.013
c -
S 997 / "9.012
(8]
QL u
i 8.8 a8.778 8.837
N/
®3.557 .
8.501
8.4 T T T T 1
0 2 4 6 8 10
Design type

Figure 4: Time to reach ejection temperature for each design
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Table 3: Average of mould temperature.

Mold Mould
Design Temperature Minimum Maximum  Temperature
numbers P °C) °C) Distributions

(average) o
G
MGSS I 25 59.13 34.13

1 25 59.31 34.31

2 25.01 58.6 33.59

3 25 59.45 34.45

4 25 59.46 34.46
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5 58.53 33.53
6 59.43 34.43
7 59.65 34.63
8 59.67 34.67
9 58.91 33.91

Results and Discussion

The simulations result in Table 3 shows the mould temperature average in
core and cavity of mould insert. For the existing MGSS design, the
temperature was in the range of 25 °C to 59.13 °C with different 34.13°C
different. While for the Design 1 that with one fins shows different in
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34.31°C, for Design 2 difference in 33.59°C. The others temperature
difference are 34.45°C for Design 3, 34,46°C for Design 4, 33.53°C for
Design 5, 34.43°C for Design 6, 34.63°C for Design 7, 34.67°C for Design 8,
33.68°C for Design 9 and 33.91°C for Design 10. The overall temperature
difference is between 33.59°C and 34.67°C where the different only show
about 1°C different between the highest and the lowest value of temperature
distributions. This is indicated that the internal fins have less effect to the
temperature distribution but the closeness of cooling channels to the heat
source will significantly affect the temperature distribution in injection
moulding process. This was agree with previous research such [14], [15],
[20]-[22] where the cooling channel layout will significantly affect the
temperature distributions.

Figure 4 demonstrate the relationship between time to reach ejection
temperature to the number of internal fins that varies by different design
profile. The time to reach ejection temperate is relate to the cooling time and
total cycle time in the plastic injection moulding process. The ejection time
was the estimated time of the part cooled down from melting temperature to
the temperature lower than the ejection temperature of plastic material. The
lowest time to reach ejection temperate was recorded with 8.50 second value
at Design 4 which this design has 4 internal fins. While the highest value was
indicated at Design 10 with 9.74 second to reach the ejection temperature.
The overall value shows the time to reach ejection temperature was decrease
starting from Design 1 to Design 10 but not in consistent trend. However, the
lowest value for time to reach ejection temperature in Design 4 was
acceptable due to the geometry balance and symmetric in the profile compare
to other design that not symmetry and unable to give the balance flow for the
coolant flow. The more numbers of fins are technically will give smaller
ejection time due to the higher velocity that can be generate in cooling
channel. Though, the result shows the higher channel velocity in Design 9 not
supposedly contribute to the lowers value for ejection time. The coolant flow
may be congested due to much number of fins.

Conclusion

The internal fins are one of passive heat transfer technique that not require
external power to sustain the process. From the simulation results the
addition of fins will affect the ejection time. However, the highest number of
fins are not supposed to contribute to the lowest value of ejection time. For
this study, 4 fins is the best design to enhance the heat transfer rate. The
adding of fins will increase the cooling channel perimeter and contact surface
area due to the heat convection principle. The fins also interrupted the flow of
coolant fluid (water) that make the flow turbulence whereas the turbulence
flow will increase the heat transfer rate. Hence, the SFCC with 4 internal fins
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was able dissipate the heat from molten plastic better than MGSS from the
previous study that without fins. Author is working on the research that
introduce the internal fins in the plastic injection moulding. The addition of
internal fins is a potential method can be applied in plastic injection moulding
design that supposed to be valuable and benefited to the industries.
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