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Abstract
Vacuum forming is one of the simplest manufacturing processes that is inexpensive when compared to other moulding and
forming techniques used in the plastic industry. In this paper an attempt is made in evaluating the available cooling techniques
that affect the cooling time of the mould in manufacturing a plastic part. The three different methodologies considered for
cooling the vacuum forming tool are chill plate attachment method, straight cooling channels within the mould and conformal
cooling channels within the mould. The best possible alternative which minimizes the cooling time is suggested to the industry
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1. Introduction
Amongst the several manufacturing processes available, the one which is suitable for moulding the required shape
for a plastic sheet material is vacuum forming, wherein a plastic sheet is heated to a moulding temperature with an
electric heater and the shape is obtained by creating a vacuum between the mould and sheet. Numerous applications
like blister packing, skin tight packing, disposable trays and cups, material handling trays etc. are originated from
vacuum forming. The most important factor that is urging any manufacturing process in general and vacuum
forming process in particular is cooling time of mould which determines the speed of the manufacturing process and
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its applicability. The total cycle time obviously has a considerable economic impact on the effective production.
This cycle time can be reduced by decreasing the cooling time of the part. Ultimately, the decrease of cooling time
leads to several advantages like producing quality product with least possible time which enhances the productivity
of the enterprise.
2. Related work
Several researchers have made contributions to cooling methods and conformal cooling channels etc. in injection
moulding processes in one or the other direction. Lin and Chou had designed the Cooling Channels in
Nonrectangular Plastic Flat Injection Mold [1]. D.E.Dimla et. al. had made contributions to determine an optimum
and efficient design for conformal cooling channels in the configuration of an injection moulding tool[2]. H.Hassan
et al. had made efforts to determine the temperature profile along the cavity wall to improve the cooling system
design in injection moulding [3]. H.Hassan et al. had studied the effect of the cooling system design on the
solidification and heat transfer of polymer by injection molding[4]. Researchers had proposed an automatic method
for designing conformal cooling circuits that affects the quality and timing for products fabricated by rapid tooling
concept [5]. G.Kovács and B.Sikló had investigated an injection molding analysis of the heat flow developed at
corners in injection molds [6]. A.B.M.Saifullah, S.H.Masood & I.Sbarski had carried out investigation on bimetallic conformal cooling channel with high thermal conductive copper tube insert for injection moulds [7].
Majority of the research work carried out during the past decade in cooling methods of mould using rapid tooling
technology is confined to injection molding process. Any such work on cooling methods of vacuum forming tool is
not reported in the literature. The present investigation is aimed at carrying out the possible cooling methodologies
of the mould used in vacuum forming process and selection of the best strategy to cool the mould evenly in order to
optimize the process.
3. Research Methodology
3.1 CAD Modeling
In order to study and optimize the cooling methodology, a plastic part made of polystyrene is taken into
consideration. It is a disposable, flat and rectangular cup to hold solid or liquid foodstuff in functions for a small
period of time. The CAD model of the cup modeled in commercially available PLM software, NX 8.0 is shown in
Figure1. The maximum dimensions of the part are 100 mm x 90 mm (including canopy to hold it) with internal
dimensions of 85 mm x 81 mm, filleted on four corners and bottom with radii of 15 mm and 3mm respectively. The
depth of the part is 30 mm. Because the container is used for a short duration of time and made of small thickness
(0.2 mm), a mesh of grooves is designed for the purpose of strength in the structure.
3.2 Tool Design with cooling mechanism
The tool for producing the plastic part using vacuum forming is made of Aluminum HA30 (industrial grade). The
cooling channels allow water to flow through the mold walls and cool the hot plastic part. The removal of heat by
circulating coolant through the mould cooling channel would arrest the rise of mould temperature upon continuous
production [8]. The tool design for this study is based on [1] with cooling channels of 10 mm diameter and mould
dimensions of 130 mm x 130 mm with a height of 50 mm. The gap between the cavity and cooling channels is 10
mm.
3.3 Mould cooling methods
In vacuum forming process, the cooling of mould is often ignored for producing a small quantity of output. In the
entire vacuum forming cycle, cooling stage is the dominant component, and generally accounts for 50% to 70% of
the cycle time. In order to cool the mould to produce accurate parts with minimum time, it is imperative to have
cooling channels inscribed in it. The complexity involved in designing and manufacturing the cooling channels is
hampering the developments in optimizing the parameters like cooling time, strength etc. Thanks to the advent of
technologies like rapid tooling wherein any complex mould can be easily built in a couple of hour’s time.
The three basic types of cooling methodologies employed for mould cooling are,
a. Chill plate attached at the bottom of the mould.
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b. Straight drilled cooling channels in the mould with baffles and plugs.
c. Conformal cooling channels according to shape of the part to be produced.
These three methodologies are studied in detail for selecting the best amongst them in the industry.
3.3.1 Chill plate method of cooling the mould
The most widely used method of cooling the mould in the industry is to attach a chill plate at the bottom of the
mould to dissipate the heat from the mould through conduction. Even though scientifically not proven to be the best,
it is widely used because of its simplicity and adoptability to any mould. The same chill plate is used multiple
number of times for producing different parts on different moulds. The chill plate in turn will have its own channels
of cooling and is connected to the chiller plant or a form of refrigerator in order to supply the cool water (or any
suitable fluid) continuously. The chill plate method of cooling does not have any sort of cooling channels within the
mould and hence is simple to construct the mould with CNC milling or any other allied processing operations.
Figure 2 shows the concept of chill plate method of cooling.

Fig 1. 3D CAD Model of disposable container

Fig 2. Chill plate attached to the mould for cooling

3.3.2 Straight drilled cooling channels
Until recently if at all any cooling channel has to be incorporated in the mould, it used to be straight drilled cooling
channels with baffles and plugs inserted inside it. Figure 3 illustrates a straight drilled cooling channel inside a
mould immaterial of the part shape to be produced, but that best fits for rectangular part without any fillets or
contours in it. The manufacturing technologies available and the cost restrict to have the cooling channels along the
straight line path. If the part to be produced is having contours like elliptical shape or filleted with a larger radius,
the straight drilled cooling channels will yield with non uniform cooling of the mould as illustrated in Figure 4 with
different distances of x, y and z from the mould to part. The CAD model with straight drilled cooling channel for
such a case (present investigation) is illustrated in Figure 5.

Fig 3. Straight cooling channel equidistant from part [9]

Fig 4. Straight channel for contoured part with uneven cooling
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3.3.3 Conformal cooling channels
Conformal cooling channels can be employed today to make the mould with the technologies available like
additive manufacturing. The cooling channels take the shape of the part to be produced to have uniform cooling
throughout the mould in the manufacturing process to enhance the fatigue life and part quality with minimized
rejections. The additive manufacturing technologies available today can be used to make any complicated mould
with any number of cooling channels of any shape as long as it can be modelled in modelling software. Further the
time required to make a mould of any complex shape is limited to couple of hours. The model of mould taken for
the present study with conformal cooling channel is depicted in figure 6.

Fig 5. Straight drilled cooling channel

Fig 6. Conformal cooling channel in the mould

4. Analysis
As the model considered is complicated to study and derive the heat transfer between mould and part with
cooling method, finite element analysis (FEA) is carried out to derive the approximate numerical results based on
which conclusions are drawn. Furthermore it is proved by many researchers that for complex numerical calculations
in this area, FEA is one of the few methods available to perform analysis. It is reported that an accurate prediction of
the mould flow pattern, pressure distribution, temperature and cooling profile of the resin using simulation
techniques allow one to optimize the process and hence to improve the final properties of the manufactured part
[10].
FEA is carried out using commercially available software ANSYS Workbench 15.0. Solid 87 is used as element
that is suitable to model irregular meshes produced from various CAD/CAM systems and is applicable for
conducting transient thermal analysis. Free mesh is carried out on the entire mould and it is refined at the place of
part contact and cooling side. The meshed model is shown in figure 7. The conduction between the mould surface
(where heated part comes in contact) and the cooling channel/chill plate is studied. The radiation from outside
surface of the mould to atmosphere is neglected. The convection within the cooling medium (water) is also not
considered. A transient thermal analysis is carried out for the mould with three cooling methodologies considered.
The mechanical properties of the mould material used for analysis are presented in Table 1. The parameters used to
perform analysis are tabulated in Table 2. The properties for analysis were taken from [11]. For chill plate method of
cooling, the bottom surface of the mould is applied with a cooling temperature of 20 0C and forming temperature
applied in cavity with side walls of the mould constrained. For cooling channels inscribed within the mould, the
bottom surface accompanied with side walls of the mould are constrained and coolant temperature of 200C is
applied within cooling channels followed with forming temperature applied inside the mould surface where the part
sticks to the mould. Heat flux is the heat energy absorbed per unit area. The heat flux results are procured from the
analysis.
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Fig 7. Meshed model in ANSYS
Table 1. Properties of the mould material
Mould Material

Aluminium HA30 industrial
grade

Modulus of Elasticity

71000 MPa

Density

2770 Kg/m3

Poisson’s ratio

0.33

Coefficient of thermal expansion

2.3 x 10-5 m/0C

Specific Heat

875 J/Kg 0C

Thermal

Conductivity

(at

forming

170 W/m oC

temperature)
Table 2. Parameters for analysis
Analysis Type

Transient

thermal

analysis
250C

Ambient Temperature
Chilled

Coolant

(Water)

200C

Temperature
Forming Temperature

1500C

Time for analysis

20 seconds

5. Results and Discussion
The heat flux results at a side corner for 20 seconds of cycle time divided into several fragments of
milliseconds is obtained from analysis. The results of heat flux at the end of the cycle, i.e. after 20 seconds for three
categories of cooling the mould viz. Chill; Straight cooling channel and Conformal cooling channels are depicted in
Figures 8, 9 and 10 respectively. The maximum heat flux obtained after 20 seconds for each of the cases is tabulated
in Table 3. The variation of heat flux with time for these three cooling methods is represented in figure 11. (The
reader is advised to view the web version of this article for clear visualization of results). By comparing the three
cases studied individually, as depicted in figures 8, 9 and 10, it is observed that the least of the maximum heat flux
values recorded are from chill plate method of cooling and the highest from the conformal cooling channel method
of cooling the mould. The maximum heat flux for straight drilled cooling channel method is in between these two
cases. This indicates that a good amount of heat is absorbed by the conformal cooling channel method when
compared to the other two methods. However the entire set of heat flux values recorded are depicted in graph (figure
11) which shows that at the initial stage of mould cooling not much variation exists for starting 2 to 3 seconds for all
the cases. With gradual increase of time and coolant flow, the maximum heat flux values are varying for each of the
cases thereafter. After a cycle time of 20 seconds, the conformal cooling method shows highest amongst all thereby
giving an indication of more heat dissipation from the mould to the coolant.
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Fig 8. Heat flux after 20 sec when chilled plate at 20 oC is attached

Fig 10. Heat flux for conformal cooling channels after 20 sec

Fig 9. Heat flux for Straight cooling channels after 20 sec

Fig 11. Comparison of Heat flux for different cooling methods

It is reported in the literature that CAE based software programs can be applied for any traditional manufacturing
company involved in plastic producing parts [12]. Further it is reported that the interplay of part design, tool design,
material properties, production conditions, and part quality is extremely complex and involves a matrix of many
variables. It is not reasonable to expect a team of engineers to deal with these complex interactions and optimize
forming processes without the use of modern finite element methods. Also the system of nonlinear partial
differential equations representing the phenomena taking place during processing can only be solved using
numerical techniques such as the finite-element method [13]. This gave the confidence that the results can be truly
accepted as no such work is reported in literature on application of vacuum forming through rapid tooling concept
and its heat transfer behavior .
Table 3. Maximum heat flux for three cases after 20 sec

Cooling method

Maximum heat flux (W/m2)

Chilled plate

3.9385 x 106

Straight cooling channels

4.7157 x 106

Conformal cooling channels

5.7842 x 106

6. Experimental validation
Experiment is conducted to evaluate the cooling time for chill plate method and straight cooling channels
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method of mould. After four hours of continuous production using aforementioned cooling methods separately on
the same machine for the same part with different moulds, temperature is recorded using k-type thermocouple at the
corner point of the cavity wall. The temperature for chill plate method of mould is found to be 56 0C whereas for
mould with straight drilled cooling channels, the temperature is found to be 470C. These results of cooling time have
shown that the mould with straight cooling channels is cooler than the mould with chill plate attachment after the
same period of production time. This depicted an improvement of cooling system in straight cooling channel when
compared with chill plate attachment.
7. Conclusion
The heat flux results have shown that the values are decreasing with respect to time as the difference of
temperature between the mould and cooling channels is decreasing. Further it is observed that the heat flux results
are in ascending order for chilled plate method of cooling, straight drilled cooling channels and conformal cooling
channels. Hence it is concluded that the conformal cooling channels are the best form of cooling methodology to be
adopted as more heat is ejected from the mould and transferred to the coolant. The experimental results have shown
an improvement of cooling system by 16% from a temperature of 560C for chill plate method of cooling to 470C for
straight cooling channel method of cooling. The work can be further extended by conducting a series of experiments
to evaluate the model in different directions like change in parameters for existing cooling system and rapid tooling
based conformal cooling channels of the mould.
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