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Abstract

Thermoforming is one of the most versatile and economical processes available for polymer products, but cycle time
and production cost must be continuously reduced in order to improve the competitive power of products. In this study,
water spray cooling was simulated to apply to a cooling system instead of compressed air cooling in order to shorten
the cycle time and reduce the cost of compressed air used in the cooling process. At first, cooling time using com-
pressed air was predicted in order to check the state of mass production. In the following step, the ratio of removed
energy by air cooling or water spray cooling among the total removed energy was found by using 1-D analysis code of
the cooling system under the condition of checking the possibility of conversion from 2-D to 1-D problem. The analy-
sis results using water spray cooling show that cycle time can be reduced because of high cooling efficiency of water
spray, and cost of production caused by using compressed air can be reduced by decreasing the amount of the used
compressed air. The 1-D analysis code can be widely used in the design of a thermoforming cooling system, and pa-
rameters of the thermoforming process can be modified based on the recommended data suitable for a cooling system

of thermoforming.
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1. Introduction

Thermoforming is a method of manufacturing plas-
tic parts by preheating a flat sheet of plastic to its
forming temperature, then bringing it into contact
with a mold whose shape it takes. The sheet is held
against the mold surface unit until cooled. The
formed part is then trimmed from the sheet. Fig. 1
shows thermoforming process|[1, 2].

The focus of this study was on the cooling process,
and numerical simulation of cooling system of ther-
moforming was carried out. ABS sheet is cooled in
forming machine before it is transported. In the cool-
ing period, heat is removed by conduction and com-
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pressed air. In this study, water spray cooling was
used instead of compressed air cooling in order to
shorten the cycle time and reduce the cost of com-
pressed air by using developed 1-D analysis code
suitable for cooling system of thermoforming. Water
spray cooling has been widely applied in the field of
surgery, quenching of metal etc.[3-6]. After the pre-
heating process, the temperature of ABS sheet is
about 150°C, which means that the cooling period
goes through the region of nucleate boiling[7,8].
Therefore, water spray cooling can maximize the
cooling efficiency. Fig. 2 shows the boiling curve[9].

2. Prediction of cooling time

The cooling time was predicted in order to check
the real condition of compressed air cooling in mass
production. The material of the mold was aluminum.
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Fig. 1. Thermoforming process.

Boiling Curve (log-log scale)

q 1
—+ 10°W/m?

w ~—— Maximum haat fux

- Minimum heal flux

vt i bailing

regima of slugs and columns.
isolated bubblo regime

| 120 .
5 30

! ]
TwTsat®) (C) 4000
Fig. 2. Boiling curve.

The dimension of the mold was 2x1x0.02 (m), and
the dimension of the ABS sheet was 2x1x0.001
(m), because the sheet becomes thinner after the
process of heating and blowing. Equation 1 could be
obtained when the ratio of the energy removed from
upper surface (compressed air cooling) among the
total removed energy was assumed as 40%.

dr
0.4p,Th,4,C, =~ =h,A,(T~T) (1)

Therefore, the cooling time can be calculated from
Eq. 2.
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Fig. 3. Mold and sheet in cooling system.

Fig. 4. Analysis model.

The calculated cooling time(t,) was 11.6s under the
condition that the heat transfer coefficient of com-
pressed air cooling(h,) was assumed as 80W/m*K
with the initial temperature(T;) of 150°C and final
temperature(Ty) of 80°C. The calculated cooling time
was reasonable compared with the cooling time in
mass production(16s). In sum, the compressed air
cooling is the limit of reducing the cycle time.

3. Development of 1-D analysis code

3.1 2-D analysis

ABS sheet is cooled by compressed air and mold in
mass production as shown in Fig. 3. To check the
possibility of changing a 2-D to a 1-D problem, 2-D
analysis was performed by using the commercial code
- FLUENT. The distance between channels was
125mm, and mold thickness was 30mm. Inner diame-
ter of coolant channel was 4mm, and thickness of
channel tube made of stainless steel was 0.6mm.
Thickness of sheet made of ABS was assumed as
3mm. Coolant temperature, initial mold temperature
and environmental temperature were 75°C, 80C and
30C, respectively. The heat transfer coefficients of
coolant cooling of channel, compressed air cooling
and water spray cooling were the recommended val-
ues of 500W/m*K, 100W/m*K, 1000W/m*K[2,10].
In analysis, contact resistance between sheet and
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mold was neglected, and symmetry condition was
used to reduce the computational effort as shown in
Fig. 4.

Table 1 shows the time-dependent temperature of
the mold under the condition of compressed air cool-
ing and water spray cooling. Checking point is the
inner surface point of the mold at the farthest position
from the coolant channel. The amplitude results of
about 2.5°C under the condition of 2 cases show that
temperature condition of mold will not be changed
much more when using water spray cooling instead of
compressed air cooling.

Table 2 and Table 3 show time-dependent tempera-
ture of each position under the condition of com-
pressed air cooling and water spray cooling. As
shown in Table 2 and Table 3, the temperature results
of the same position along the thickness direction of
sheet at farthest and nearest from the coolant channel
were nearly the same when the distance between
channels in mass production was set as 125mm.
Therefore, 1-D analysis can be used to simulate the
cooling process of thermoforming for simplicity.

By comparing Table 2 and Table 3, it was found
that water spray cooling can drop the temperature of
the upper surface more quickly than compressed air
cooling because of high cooling efficiency.

Table 1. Time-dependent temperature of mold.

Time Air Cooling Water Cooling
0Os 80.00C 80.00C
8s 81.79C 81.75C
16s 82.60C 82.51TC

Table 2. Time-dependent temperature using compressed air
cooling.

3.2 Conversion from 2-D to 1-D problem

Previous 2-D analysis showed that 1-D analysis is
possible. The equivalent heat transfer coefficient of
coolant cooling from a 2-D to a 1-D problem must be
calculated.

Shape factor(S) can be calculated by using Eq. 3.
The distance between channels(P) was 125mm. The
distance from upper surface of mold to the center of
coolant channel(D) was 25mm. The calculated shape
factor was 1.69.

g= 2z 3)

In Esinh(Z”D j
D P

Using Eq. 4, the calculated equivalent heat transfer
coefficient of coolant conversion from 2-D to 1-D
problem was 2.8424 W/m*K. The total length of
channel(L) was 18.56m, and the diameter of chan-
nel(d) was 8mm. The thickness of mold was 25mm,
and the surface dimension of sheet was 2x1 (m).

1

D T W)E pd-D) 4
D, N @
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3.3 1I-D FDM analysis code

The total cooling cycle time was set as 35s, but real
cooling time was 16s. In this cooling time, ABS sheet
was cooled by compressed air cooling (or water spray
cooling) and conduction, while the mold was cooled
by conduction and coolant cooling for 16s. The other
19s was preparing time. In this period, ABS sheet is

Table 3. Time-dependent temperature using water spray
cooling.

Ttem 0Os 8s 16s Item 0Os 8s 16s
Upper Surface 150C | 1053C | 947C Upper Surface 150C | 460C | 403C
(near from channel) (near from channel)
Upper Surface 5 5 o Upper Surface . . 5
(far from channel) 150C 105.5C 949T (far from channel) 150C 463TC 404°C
Center o o o Center o . o
(near from channel) 150C 137.1C 116.2TC (near from channel) 150C 126.5C 99.3C
Center o o o Center o o o
(far from channel) 150C 1373TC 116.3TC (far from channel) 150C 126.7C 9947TC
Lower Surface 150C 38T 34.9C Lower Surface 150°C 82T 33.0C
(near from channel) (near from channel)
Lower Surface . 5 o Lower Surface 5 . o
(far from channel) 150C 84.1C 8.1¢C (far from channel) 150C 824C 832C
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Fig. 5. Temperature-dependent specific heat of ABS.

cooled by convection, and mold is cooled by natural
convection and coolant cooling.

Numerical simulation must be carried out to get the
time-dependent distribution of temperature in the
sheet because of temperature-dependent specific heat
of ABS, as shown in Fig. 5[11].

FDM (finite difference method) was used to simu-
late the heat transfer. TDMA (tri-diagonal matrix
algorithm) was used to solve the problem, and itera-
tive calculation had to be carried out because of the
temperature-dependent specific heat of ABS and cou-
pling boundary condition between sheet and mold.

The governing equation, boundary condition and
initial condition of sheet and mold are shown in Eq. 5
and Eq. 6, respectively. Where h, is heat transfer coef-
ficient of compressed air cooling or water spray cool-
ing, h, is heat transfer coefficient caused by contact
resistance between sheet and mold, h,, is heat transfer
coefficient of coolant, T, is temperature in chamber,
T,, is temperature of coolant, and k is thermal conduc-
tivity(W/m'K). The subscript p is ABS, m is mold,
and i means initial value.

e, VT
PDE: p,C, ==k =
BCs:  h[T.(L .,t)-T.(0,6)] =k ar
N cl®m 'm?> P > P ax (5)
oT
ha[Tp(Lp,t)—Ta]z—kpg
IC: T(x,0)=T,,
a7, o’T,
PDE: C 2=k -
pm m a[ m axz
BCs:  h[T,(0,0)—T.(L,.0)]=k ar
* clp > m 'm? m ax (6)
hw[Tm(O,t)—Tw]=kmal
ox

IC: T,(x,00=T

m_i

Table 4. Comparing between 2-D and 1-D analysis results.

Item 8s 16s
Upper Surface . .
(2-D Analysis) 1054TC 94.8T
Upper Surface o o
(1-D Analysis) 107.8¢C 938C
Center . o
(2-D Analysis) 13727TC 11627T
Center o o
(1-D Analysis) 136.3T 11847T
Lower Surface o g
(2-D Analysis) 836C 850C
Lower Surface o~ o~
(1-D Analysis) 823T 83.27T
Table 5. Analysis conditions of 1-D FDM model.
Temperature of mold 90C
Temperature of coolant 85T
Initial temperature of sheet 150C
Temperature in the chamber 30C
Heat transfer coefficient caused by contact resistance | 500W/m>K
Heat transfer coefficient of coolant 2.8424W/m*K
Heat transfer coefficient of compressed air cooling] 100W/m*K
Heat transfer coefficient of water spray cooling | 1000W/m*K
Heat transfer coefficient of transportation 10W/m*K

At first, 1-D analysis result was compared with 2-D
analysis result in order to check the accuracy of the
conversion from a 2-D to a 1-D problem. In 1-D
analysis, h, was given a big value in order to neglect
contact resistance as in 2-D analysis. By comparing, it
was found out that 1-D analysis code is suitable for
analyzing the cooling system of thermoforming in
certain accuracy as shown in Table 4. 2-D analysis
results shown in Table 4 are the mean value of each
surface.

4. Specification of 1-D analysis condition

Table 5 shows the analysis conditions. The tem-
perature of mold and coolant are the average data of
mass production. The temperature of mold must be
kept on the temperature shown in Table 5 because it
is the most suitable temperature for forming products.
The heat transfer coefficient of transportation was
assumed a little larger than the mean value of natural
convection because the product on the moment of
forming is happened overturning during transporta-
tion[12, 13].

Table 6 and Table 7 show time-dependent mean
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Table 6. Time-dependent mean temperature of ABS sheet
under 3 different conditions.

Table 8. Calculation of the ratio removed from upper surface
of sheet under the 3 different conditions.

On the mo- Air Water Water(7s) + Item Air Water Water(7s) +
ment (16s) (16s) Air(9s) (16s) (16s) Air(9s)
7s 131.5C 1146C 114.6°C Towéllfeirgoved 0645MI | 0973MT | 0.831MT
16s 116.5C 93.7C 113.8C L
Upper Surface 0.250MJ 0.566MJ 0.420JM
35s 109.4°C 88.8C 97.7C B
Ratio(%) 38.7 58.1 50.5

Table 7. Time-dependent temperature of mold under 3 differ-
ent conditions.

On the mo- Air Water Water(7s) +
ment (16s) (16s) Air(9s)
Ts 912C 912C 912TC
16s 92.1C 92.0C 92.0C
35s 91.8C 91.7C 91.7C

temperature of ABS sheet and temperature of mold at
specified time under the condition of compressed air
cooling, water spray cooling and the combined water
and air cooling, respectively.

As shown in Table 6, water spray cooling can drop
the surface temperature faster than the others because
of high cooling efficiency.

Table 7 shows that mold temperature will not be
changed much more when the other cooling method
is applied. This is very important because mold must
be modified if the temperature condition is changed
much more.

The total energy removed from the sheet can be
calculated by using Eq. 7. Where V,, is volume of
sheet(m)

O novea =PV, C, (T oy =T)) @)

The removed energy from the upper surface of
sheet can be calculated by Eq. 8.

0=4,- [ q(T)ar (8)

The calculated ratio of the energy removed from
upper surface among the total removed energy under
the three different conditions is shown in Table 8. The
efficiency of water spray cooling was the best one of
the three different conditions, but the merit of the
combination of water and air cooling is that it can
remove the rest of the sprayed water droplets with
good cooling efficiency. Also, the cooling efficiency
of water spray is not so high when the temperature of

the sheet surface is lower than the saturation tempera-
ture, so the combination of water spray cooling and
compressed air cooling is the best candidate.

If the parameters of spray cooling such as velocity
of droplet, diameter of droplet etc. are adjusted, the
efficiency of the cooling can be improved[14].

The 1-D analysis code can be widely used in the
design of a thermoforming cooling system, and pa-
rameters of the thermoforming process can be modi-
fied based on the recommended data suitable for the
cooling system of thermoforming.

5. Conclusions

The analysis code which can be used to simulate
the process of cooling has been developed. In order to
shorten cycle time and reduce the cost of production,
water spray cooling was simulated to apply to the
cooling system of thermoforming. To check the state
of mass production, cooling time using compressed
air was predicted at first. To compare the cooling
efficiency of compressed air cooling and water spray
cooling, the ratio of removed energy from upper sur-
face of sheet among the total removed energy was
calculated by using the developed 1-D analysis code
of the cooling process under the condition of check-
ing the accuracy of 1-D analysis code by comparing
with the 2-D result. The analysis results using water
spray cooling show that cycle time can be reduced
because of high cooling efficiency of the water spray,
and the cost of production can be reduced by decreas-
ing the amount of the compressed air used.

Nomenclature

A Area, m’

C, Specific heat, kJ/kgK

d Diameter of coolant channel, m

D Distance between center of coolant channel

and upper surface of mold, m
h . Heat transfer coefficient of convection,
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W/m’K
: Latent heat of water, 2257kJ/kg
: Thermal conductivity, W/mK
: Total length of coolant channel, m
. Mass, kg
. Mass flow rate, kg/s
: Distance between channels, m
. Heat flux, W/m’
. Heat flow rate, W
Shape factor
. Time, s
: Temperature, C
. Thickness, m

=
=y

H" VoL Ty B O

p%
=

Greek Symbols

p  : Density, kg/m’

Subscript

a . Air

c . Contact
cl : Cooling
e . Environment
f . Final

i : Initial
m : Mold

p : Sheet

w . Water
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