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Abstract Injection moulding is a manufacturing process to create plastic parts and
it consists of four major processes injection, packing, cooling and ejection. Cooling
process takes almost half of the whole cycle time in injection moulding. Injection
moulds were cooled by creating straight drilled channel in mould but that channel
does not provide uniform and efficient cooling since it does not conform to the shape
of the mould. Conformal cooling channel takes the exact shape of the mould cavity,
and therefore it provides efficient cooling. Circular, profiled circular and trapezoidal
profile cooling channels have been designed for injection mould. To optimize the
effectiveness of the cooling, channels with constant heat transfer between mould and
cooling channels, constant perimeter and different convective heat transfer coefficient
have been taken. Thermal analysis has performed onAnsys 14.5 and Taguchi method
has used to optimize the best cooling channel.
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1 Introduction

In injection moulding, plastic parts are produced by injection of melted plastic gran-
ules into mould, which has two halves one is moveable and another is fixed one.
Injection moulding process is capable of producing any intricate and complex design
part with ease and precision [1]. Despite the various advantages and applications of
injection moulding, there are various other factors like cooling channel design for
mould, melt temperature, injection pressure, mould temperature and coolant tem-
perature should be considered so that quality of the product can be improved [2].
Practically it has found that; out of total cycle time of injection moulding processes,
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cooling process alone takes on an average 65–75% of cycle time. For complex shape
which consists of curve surfaces, straight drilled channels do not provide uniform
cooling [3]. So for uniform temperature distribution in mould, conformal cooling
channels have been designed. Conformal cooling channels conform to the shape of
the mould cavity [4]. It cools the mould uniformly and reduces warpage, shrinkage
and sinkmarks [5, 6]. A plastic bucket part has been taken fromMycomould industry
having thickness of 1.5 mm. The main objective of this research is to reduce cooling
time by designing a mould with different cooling channel profiles. Thermal transient
analysis and Taguchi method have been used to optimize the best cooling channel
for efficient cooling of mould.

2 Methodology

Acrylonitrile butadiene styrene (ABS) plastic and structural steel materials have been
used for plastic bucket and mould, respectively. Materials properties are shown in
Table 1.

2.1 Moulds Design with Conformal Cooling Channels

SolidWorks 17 has been used for mould design with conformal channels. Mould
cavity has been used for this research since mould core also gives almost the same
result as cavity. Figure 1 shows the mould with different cooling channel profiles. To
design cooling channel, the rule of thumb has been utilized [7]. Table 2 shows the
parameters and its level for conformal cooling channel design.

The diameter of circular cooling channel has been taken as 7 mm and its
perimeter has calculated. All cooling channels have been designed with constant
perimeter having helical and spiral path for bucket vertical face and base of the
bucket, respectively.

Table 1 Material properties
for mould and plastic part

Materials Structural steel ABS plastic

Density (kg/m3) 7850 1050

Specific heat (J/kg K) 434 1465

Thermal conductivity
(W/m K)

60.5 0.25
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Fig. 1 Mould cavity with profiled circular, trapezoidal and circular cooling channels profile

Table 2 Cooling channels
parameters and its levels

Parameters Levels

1 2 3

Profile Circular Profiled circular Trapezoidal

Centre-line
distance (L), mm

9 12 15

Pitch (P), mm 12 15 18

2.2 Governing Equations of Injection Mould

In injection mould, there are four possible ways of heat transfer conduction, forced
convection, free convection and radiation. Hydraulic diameters need to be found for
profiled circular and trapezoidal channels. Convective heat transfer coefficient (h)
for channels has been calculated using Dittus–Boetler equation [8] given by

h = 0.023
K

D
Re0.8Pr0.4. (1)

where K is thermal conductivity of coolant, D diameter of cooling channels, Re is
Reynold’s number and Pr is Prandtl number. Heat flux (q) at the interface of the melt
and mould has calculated using an analytical formula [9, 10]

q(t) =
√

ρpcpkp × √
ρmcmkm

√
ρpcpkp + √

ρmcmkm
× 1√

π t
× (Tmelt − Tmould). (2)

where ρ, c and k denote density, specific heat and thermal conductivity. Subscripts p
and m are used for polymer and mould material. Plastic melt temperature and mould
temperature are denoted by Tmelt and Tmould, respectively. Melt meets the mould
surface after the time period (t).
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Fig. 2 Meshed mould cavity

2.3 Thermal Transient Analysis of Injection Mould

Mesh formould cavities have been generatedwithmedium smoothing, fast transition,
minimum edge length 0.07 mm, transition ratio 0.272, maximum layer 5 and growth
rate of 1.2. Ansys workbench has been used for meshing and is shown in Fig. 2.
Tetrahedrons mesh with sizing 3 mm and 6 mm have been taken for sprue bush
as well as cooling channel surface and mould cavity, respectively. Mesh generator
generated mesh having 258,574 nodes and 168,911 elements.

A. Boundary Conditions and Analysis Setting

Thermal transient analysis has been performed since temperature of the mould is
varying with time. Cooling water, plastic melt and mould temperatures are 25 °C,
230 °C and 50 °C, respectively. Input parameters are heat flux and convective heat
transfer coefficient. Heat flux at the interface of the cavity and melt has been found
using Eq. (2). Convective heat transfer for each channel has been found separately
using Eq. (1). Heat flux calculated was 60,369 W/m2 and convective heat transfer
coefficients were 3168.79 W/m2 °C, 4153.85 W/m2 °C and 4241.22 W/m2 °C for
circular, trapezoidal and profiled circular cooling channels, respectively.

De-moulding temperature has been set to 55 °C and analysis has been run for 200 s
to check the output parameters. The analysis time has been set for 200 s for all moulds
since somemoulds take 200 s to reach de-moulding temperature. The expected results
for this analysis are minimum cooling time, minimum mould surface temperature
and low von Mises stress. Von Mises stress should be as low as possible to avoid
failure of the mould. The output parameters of interest are presented in Table 3. Von
Mises stress is denoted by “σVon-mises”.
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3 Taguchi Analysis

AnL27 array has been used since there are three factors and three levels asmentioned
in Table 2. Figure 3 shows the main effects plot for signal to noise ratio. Smaller the
better signal to noise (S/N) ratio has been employed since objective is to minimize
the cooling time, mould surface temperature and von Mises stress. Taguchi analysis
shows that among all cooling channels, mould with profiled circular channel takes
minimum time to reach de-moulding temperature.

Response Table 4 shows variation in outputs with pitch, centre-line distance (L)
and profile. This analysis shows that centre-line distance is the most important factor
for cooling of themould. As centre-line distance increases, cooling time of themould
gets affected drastically. Channel profile affects the cooling time of mould the least.

Fig. 3 Main effects plot for signal to noise ratio

Table 4 Analysis response
table

Level Profile Centre-line distance Pitch

1 −36.40 −33.86 −34.88

2 −35.55 −35.51 −35.77

3 −36.02 −38.60 −37.31

Delta 0.85 4.74 2.43

Rank 3 1 2
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4 Results and Discussion

Thermal transient analyses of 27 models with circular, profiled circular and trape-
zoidal cooling channels have been performed onAnsysWorkbench and subsequently
Taguchi analysis has been performed with smaller the better S/N ratio.

Figure 4 shows the temperature and stress variation inmouldwith circular channel
having centre-line distance 9 mm and pitch of 12 mm. The maximum temperature
and stress after 200 s are 48.74 °C and 59.53 Mpa, respectively. Cooling time for
all the moulds has been calculated by interpolation. Figure 5 shows temperature and
stress variation of mould with trapezoidal cooling channel mould. Cooling times
of the mould with circular and trapezoidal channels have been obtained as 15.39 s
and 13.103 s, respectively. Lower the pitch of the cooling channel, faster will be the
cooling of the mould.

Fig. 4 Mould temperature (left) and stress variation (right) for circular cooling channel

Fig. 5 Mould temperature (left) and stress variation (right) for trapezoidal cooling channel
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Fig. 6 Mould temperature (left) and stress variation (right) for Profiled circular cooling channel

The results show that the mould with profiled circular cooling channel takes
minimum time to cool the mould and also it helps in minimizing the overall von
Mises stress and maximum temperature on mould surface.

The cooling time of the mould is most affected by centre-line distance and less
affected by the channel profile. Results show that as centre-line distance with pitch of
the channel increases, cooling time also increases. Figure 6 shows that for centre-line
distance 9 and 12 mm pitch with profiled circular profile, the maximum temperature
and von Mises stress after 200 s is 47.854 °C and 65.651 MPa, respectively. So,
decrease the cooling time of the mould centre-line distance should be kept small.
Cooling channel profiles can give effective cooling if designedwith appropriate pitch
and centre-line distance.

5 Conclusion

In this research, conformal cooling channels with circular, profiled circular and trape-
zoidal cooling channels having equal perimeter with distinct convective heat transfer
coefficient have been taken for thermal transient analysis. Analysis shows that with
profiled circular cooling channel, cooling time of the mould can be reduced to some
extent and it aids in increasing productivity. For constant perimeter channel, profiled
circular channel takes 4.63 s less time than circular channel and 2.34 s less time
than trapezoidal cooling channel. So to reduce cooling time of an injection mould
and its associated defects, profiled circular and trapezoidal cooling channels can be
preferred over circular cooling channel. Taguchi analysis shows that centre-line dis-
tance should be small for efficient cooling. It also shows that 12 mm pitch with 9 mm
centre-line distance gives efficient cooling.
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