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1. Introduction

Injection molds are some of the most expensive items of in-
dustrial equipment in use, being subject both to fluctuating
loads and to stringent accuracy requirements. An injection
mold must be of a sound design if it is to fulfil the economic
requirements placed upon it.

The cost-efficiency of an injection mold is dictated primarily
by the efficiency and speed of the heat exchange between
the mold and the molding compound injected into it.

The quality of the molded part depends to a decisive extent
on a consistent local temperature progression from one cycle
to the next. The decisive factor determining the cost-efficiency
of production is whether the mold is a good or a poor con-
ductor of heat.

When it comes to processing, optimized mold tempera-
ture control is the most important parameter for reducing
unit costs. The savings potential of an improved mold
temperature control system is 10-40%.

If the quality of the molded part is to be enhanced and pro-
duction time reduced, it is necessary to understand the laws
that govern the exchange of heat in the mold and deliberately
exploit these.

The correlations presented in this brochure are intended to
illustrate why the thermal design of the mold has to be per-
ceived as a key stage in the design process. Readers are also
shown that if they use the design aids that are available
(equations, nomograms, diagrams and computer programs),
it is no longer necessary for the thermal design of the mold to
be carried out on the basis of “the more heating/cooling
channels, the better!”.

2. Why the need for a heating/cooling system for the
mold?

The raw materials manufacturers who supply the thermoplastics
generally specify both an optimum processing temperature

(or temperature range) and the best mold temperatures for
their products.

In many cases, the recommended temperatures for the mold
are not observed. Processors prefer to work at low tempera-
tures in order to save on cycle time, turning a blind eye to the
fact that this can impair the quality of the molded parts.

How are the recommended temperatures that are set out in
Figure 1 below obtained, and why is it necessary for a mold to
be heated and cooled at all?

When thermoplastics are injection molded, hot molten plastic
is periodically injected into a “cold” mold. Hence, it has to be
assumed that if there were no heating/cooling system, the
mold would heat up on account of the heat content of the
molten plastic before reaching and maintaining a certain
temperature level. However, it is scarcely possible to predict
what this temperature level would be and how long it would
take to develop.

Figure 2 shows the mold surface temperature during start-up
in qualitative terms, both with and without a mold heating/
cooling system. Without a heating/cooling system, the time
taken for quasi steady-state temperature conditions to be
achieved is much greater. With a mold heating/cooling sys-
tem, the desired, uniform temperature on the mold surface is
attained relatively rapidly.

How important is it for a specific temperature level to prevail
at the cavity surface? This “specific temperature level” is a
parameter that can have a particularly decisive influence on
molded part quality in terms of:

- surface appearance

- shrinkage

— inherent stresses

— uniform structure

— geometry and dimensional deviations

A number of examples will be given in order to underline the
importance of a correctly selected cavity surface temperature.

Thermoplastic Mold temperature Melt temperature Demolding temperature
in °C in °C in °C
Apec® HT (PC-HT) 150 100-150 310-340 150
Bayblend® (PC+ABS) (55)" 70-100 240-280 110
Desmopan® (TPU) 20-50 190-245 50-70
PA 66 (60)" 80-100 275-295 110
PA 66, GF (60)" 80-120 280-300 140
PA 6 (60)" 80-100 260-280 100
PA 6, GF (60)" 80-120 270-290 130
Makrolon® (PC) (>65)" 80-100 280-320 <140
Makrolon® (PC, GF) (>65)" 80-130 310-330 <150
ABS (>45)" 60-80 220-260 80-100
SAN 50-80 230-260 80-95
PBT 2 <140
PBT. GF (>60)" 80-100 250-270 <150
ABS +PA 80-100 250-270 90-100

Fig. 1: Recommended mold, melt and demolding temperatures for different thermoplastics [1]

" Values achieved in practice with allowance for costs and quality.
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Mittlere Formnestwandtemperatur /

Mean cavity wall temperature

Zeit / Time

t2 zeit/Time

Fig. 2: Cavity wall temperature, start-up phases with (left) and without (right) mold heating

To achieve a high level of crystallinity which extends right
through to the surface layers of molded parts in the case of
semi-crystalline molding compounds, it is necessary to work
with high cavity wall temperatures. Excessively rapid cooling

Figure 3 shows that the degree of crystallization falls sharply
if the cavity wall temperature is set at a low level. This will
result in post-crystallization and post-shrinkage in the course
of time.

(achieved through a lower mold cavity temperature) will hinder

crystallization [2].
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Fig. 3: Influence of cavity wall temperature and annealing on the density
and degree of crystallization of injection molded parts [2]
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Figure 4 illustrates the way in which material shrinkage is
influenced by the cavity wall temperature. This Figure shows
the overall shrinkage (made up of the molding shrinkage and
the post-shrinkage) as a function of the cavity temperature for
a non-reinforced polyamide 6. It is very clear that, with a very
low cavity temperature (9w = 40°C), the molding shrinkage
component undergoes a pronounced fall while the post-

shrinkage undergoes a corresponding increase. The overall
shrinkage potential remains unchanged. Molded parts in
polyamide which are produced with too low a cavity tempera-
ture have a high post-shrinkage potential and hence a high
potential for subsequent shape and dimensional deviations
which are difficult to predict.

Post-shrinkage

Nachschwindung Verarbeitungsschwindung
Molding shrinkage
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Fig. 4: Molding shrinkage and post-shrinkage as a function of cavity wall temperature for PA 6, non-reinforced

" Plate 150 x 90 x 3mm
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Figure 5 highlights the positive influence of a higher cavity In addition to low cavity wall temperatures causing the poten-

wall temperature on the formation of the structure in layers tial suppression of crystallization in semi-crystalline materials

close to the surface. With the high cavity wall temperature, an  (through high cooling rates), the stress state prevailing in the

almost uniform structure forms right up to the edge of the molding is also a function of the cavity wall temperature. Fig-

molded part. ure 6 shows that the corners of a molded part, which are sus-
ceptible to stress cracking, display a lower level of stress
when produced with high cavity wall temperatures.

-« Randschicht / Surface layer

Bw =20 °C

Oy =45 °C

Ty =90 °C

Fig. 5: Structure in the surface layers of semi-crystalline injection moldings produced with different cavity wall temperatures [2]
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Fig. 6: Stress cracks in an amorphous molding as a function of the cavity temperature dy in the corners of the molded part

following storage in n-heptane [2]

As Figure 6 shows, higher cavity surface temperatures can
reduce the amount of stress cracking. Cracks of this type can
be triggered by inherent stresses (mechanical stresses that
prevail in the molded part without external loading). Most
of the inherent stress is accounted for by inherent cooling
stress, the development of which is described in a highly
comprehensible manner by Stitz's solidification model (Fig. 7,
right-hand side).

The pronounced temperature profile that prevails in the
solidifying melt during cooling (a) gives rise to a dissimilar
thermal contraction potential in the different layers (b). The
mechanical link that exists between the individual layers
prevents them from sliding freely over each other and gives
rise to a mean contraction (c). The impeded thermal expan-
sion leads to the development of internal strains over the
cross-section of the molding.
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It is possible to specify an approximation equation for the
cooling strain, according to Knappe [3], which shows a
parabolic strain profile over the molding cross-section
(Fig. 7, left-hand side). The tensile phase of the cooling strain
is located in the core of the molding, whilst the compression
phase, which maintains the equilibrium, is located in the outer
layers.

Figure 6 confirms Knappe’s equation for the cooling strain
in qualitative terms. According to this equation, the level of
the stress is simply a function of the difference between the
glass transition temperature and the applied cooling temper-
ature, i.e. the cavity wall temperature in this case. When us-
ing this equation, it must be borne in mind that the Young’s
modulus and the coefficient of expansion are a function of the
temperature.
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Fig. 7: Cooling stresses according to Knappe [3], thermal contraction and the development of inherent stresses according to Stitz [4]

For the sake of completeness it should be pointed out that
the internal cooling stresses can also have flow-
conditioned internal stresses superimposed on them which
originate in stretching flow effects at the flow front, as well as
internal stresses which result from an overpacked cavity with
subsequent demolding under residual pressure (stresses due
to expansion).

The accuracy with which the surface of the cavity is repro-
duced is determined not only by the melt viscosity and the
processing conditions (e.g. injection velocity) but, in particular,
by the cavity wall temperature. Figure 8 shows the degree of

Technical Information

MS 00062575/Page 7 of 50
www.plastics.bayer.com
Edition 01/2013

gloss of an ABS mirror housing as a function of the cavity wall
temperature. With a higher cavity temperature, the fine-grained
structure is reproduced more efficiently, the reflected light is
diffused more uniformly and the surface gives more of a matt
impression.

In the case of glass-fibre reinforced thermoplastics, it is
essential to ensure that the melt covers the glass fiber at the
surface, since these will otherwise be visible and make the
molding look as if it has a “grey veil” placed over it. This is
best achieved by employing not only a high injection rate but
also high cavity wall temperatures (Fig. 9).



Bw =30°C

- o
B =60 °C
Fig. 8: Gloss difference, conditioned by the cavity wall temperature; mirror housing in ABS [5]
— <)
Ow =40 °C
Glasfasern an der
Formteiloberflache /
Glass fibers on the
part surface
- o
¥y =80 °C

Fig. 9: Surface appearance of injection moldings in PA 6, GF30 as a function of cavity surface temperature
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60 °C
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Fluid center

Fig. 10: Influence of the cavity surface temperature on the warpage of non-reinforced thermoplastics

Warpage in plastics moldings is caused by shrinkage differen-
tials in the molded part. Apart from these shrinkage differen-
tials, together with wall thickness differences and orientation
(of glass fibers), molded part warpage can be triggered by the
cavity surface temperature giving rise to differential shrink-
age. This applies particularly in the case of flat parts.

Figure 10 shows how a flat part becomes deformed through
different cavity temperatures prevailing on the top and bottom
sides. Shrinkage is suppressed on the mold side with the low
temperature, and the side with the high temperature
undergoes more pronounced shrinkage. A type of bi-metal
effect occurs.
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3. Aims of thermal mold design

On the basis of the examples that have been given, the
following aims can be specified for the mold heating/cooling
system:

1. The target mean cavity wall temperature (either an empirical
value or the value specified by the raw materials manufac-
turer) is to be maintained as precisely as possible.

2. The temperature prevailing at the mold surface should be
as uniform as possible at the different points, otherwise
inconsistent molded part properties and warpage may
result.

3. The cooling time and hence the cycle time must be as short
as possible in order to ensure a high cost-efficiency for a
given molded part quality.



4. Temperature profile at the cavity surface,
mean cavity wall temperature

In the preceding section, mention was made of a mean cavity
wall temperature, despite the fact that the mold wall tempera-
ture at any specific point in the mold will be subject to fluc-
tuations over time (Fig. 11).

The periodic fluctuations in cavity wall temperature have
physical origins (mold material, molding compound, melt
temperature), and the cooling system is not able to influence
the amplitude of these fluctuations.

Directly prior to injection, the mold wall temperature is Ywmin.
When the hot plastic melt touches the colder mold wall, a
contact temperature of Ywmax momentarily prevails. This will

then fall on account of the cooling that takes place during
the cycle. Figure 12 shows a schematic diagram of the tem-
perature equalization process that takes place between the
polymer and the mold.

The temperatures measured at different times (i, to, t3, ts) at
the measuring point in Fig. 12 can be plotted as a function
of time, as is shown in Fig. 11.

The mold wall temperature undergoes a steady fall from the
maximum temperature (Ywmax in Fig. 11) in the course of the
cycle, on account of the cooling. Once the molded part has
been demolded (Owe in Fig. 11), the fall in temperature is
accelerated. At the start of the new cycle, dwmin is attained
again for as long as quasi steady-state operation prevails.

Formnestwandtemperatur /
Cavity wall temperature

Einspritzen/ Injection

Entformen/ Demolding

|
{l/ r_tZykIus /'t Cycle—i_>

tK/tc |

Zeit / Time t

Fig. 11: Temperatures on the cavity wall of an injection mold during uninterrupted

production [7]

Werkzeug / Mold

Kunststoff / Polymer

t1<t2< t3< t4

Temperaturmefstelle /
Temperature measuring point

Fig. 12: Temperature equalization when two bodies at different temperatures come
into contact with each other (schematic diagram) [7]
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The contact temperature dwma is @ function of the heat per-
meability b of the mold and the molding compound and can
be estimated with the following equation [7]:

_ by Oywpin + by - Oy

Wmax — bw + b b=Tp- A-e
W M
Vi = Cavity wall temperature immediately prior to injection
Iuv = melt temperature

b = heat permeability

bw = heat permeability of the mold steel

bu = heat permeability of the molding compound
p = density

\ = thermal conductivity

c = specific heat capacity

The heat permeability of a number of materials is set out in
the Table below.

Material Heat permeability b
Ws'2 m=2 deg™’

Beryllium copper (BeCu 25) | 17.2 - 10°

Unalloyed steel (C45W 3) |13.8-10°

Chromium steel (X 40 Cr 13) | 11.7 - 10°

Polyethylene (PE-HD) 0.99 - 108

Polystyrene (PS) 0.57 - 108

Table 1: Heat permeability of a number of materials and
injection molding compounds [7]

From the values set out above, it is clear that metals have a
far greater heat permeability than thermoplastics. For this
reason, the contact temperature dwmax between the melt and
the cavity wall is in the vicinity of the cavity wall temperature
prior to injection, Ywmin. With highly alloyed steels having poor

heat conduction, the contact temperature will rise to a higher
level than for molds which are good conductors (beryllium-
copper inserts). The outer layer of the molded part is chilled
to a lesser extent, and favorable relaxation conditions prevail
right through to the surface areas. It is the peak temperature
Jwmax that is of decisive importance for the quality of the
molded part. The temperature increase can be stepped up
through the application of a thin heat insulation layer, thereby
enhancing the reproduction of the surface at the same time.

The mean cavity surface temperature 9w can be used for
establishing the cooling time and also for determining the
necessary cooling capacity with a sufficient degree of accuracy.

3 13Wmax + ﬁWmin

)
w 2

For practical reasons, the minimum temperature Vwmn IS
sometimes specified as the decisive temperature in the litera-
ture, since this is the easiest temperature to measure in the
injection molding shop.

This is untenable on physical grounds, however. This tempera-
ture does not prevail while the molding is in the mold but
only a considerable time afterwards [2].

The amplitude of the temperature fluctuation Ady falls with
an increasing distance from the cavity surface. This is
particularly important when it comes to the correct position
of the temperature sensor in relation to the cavity surface for
an externally controlled cavity wall temperature (Fig. 13).

One of the target variables in the thermal design of the mold
is the mean cavity wall temperature 9y shown in Fig. 11. If
this temperature is attained in (almost) all the areas of the
mold, then this will ensure that identical cooling conditions
prevail in respect of the heating/cooling system.

Kuhlkanal /
Cooling channel

Formnestoberflache /
Cavity surface

Zeit / Time t

] ,

Abstand des Temperaturfihlers /
Distance of the thermocouple

\

Fig. 13: Reduction in temperature amplitude in the mold [8]
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5. Prerequisites for optimum temperature
control of the mold

The temperature control unit, the heating/cooling channel
system in the mold and the heat carrier (cooling medium) to-
gether make up the temperature control system. Specific
conditions are imposed on each of the three components in
order to ensure that the aims set out above can be achieved:

a) The position and number of heating/cooling channels
should be selected in such a way that uniform heating/
cooling is guaranteed in all areas of the molding, and a suf-
ficiently large heating/cooling channel surface is available.
Particular attention should be given to heating/cooling at
the corners of the molding (to prevent corner warpage).

Dissimilar cooling rates from one point to the next lead to dis-
similar solidification times and hence to dissimilar shrinkage
and internal stresses. The dissimilar surface areas at corners
cause considerable differences to develop:

— high cooling rates in the convex areas
— low cooling rate in the concave areas

From the diagram at the bottom of Fig. 14 it is clear that two
cooling channels can be assigned to the shaded square on
the outside of the corner. Three squares can be allocated to
a single channel on the concave side. As a result, the molten
core shifts towards the concave side. During solidification,
material deficits occurs, since the shrinkage is not compen-
sated by any additional material being forced in. The result is
tensile stresses which at times can lead to corner warpage
subsequent to demolding. Over and above this, holes, sink
marks or spontaneous cracks may occur.

groRRe Abkihlgeschwindigkeit /
High cooling rates

=

e ——

\

\
\\l
N

NS DSOS S /

niedrige Abkuhlgeschwindigkeit /
Low cooling rates

<>_<y N

Kuhlbohrungen /
Cooling channels

Restschmelze /
Residual melt

Fig. 14: Solidification of the melt in a corner of the molding [9]

Technical Information

MS 00062575/Page 12 of 50
www.plastics.bayer.com
Edition 01/2013



The following methods can be employed to adjust the heat e modification to corner geometry
flows in the corners (temperature peak or residual melt thick-
ness in the centre of the molding) and hence to reduce adjustment of the heat flows through:
corner warpage: —a low heat content and/or

— a bigger exchange surface
e cold core and hot cavity

drawbacks:
The low core temperature causes the core side to cool so — molding corner is weakened
rapidly that the residual melt is located in the centre of the —increase in mold follow-up costs
corner.
drawbacks: —
— the straight surfaces of the molded part are subject to
dissmilar cooling
— this method will not work if the core contains convex
regions as well (see diagram) \
| 7 '
Nest (warm) /
Cavity (hot)
Kern (kalt) / )
Core (cold) Formteil / . )
Molded part e partial adjustment of the heat flows:
— through the use of material with a higher thermal
conductivity on the concave side of the corner
(copper-beryllium inserts)
A Schnitt / Section A-B
f\\ — 37—

(420 ¥, | ‘—30—’|
) 3

[
\‘_/\‘ = Cu-Be 5 —» l

e

— through the smallest possible distance between the corner
and the cooling channel wall
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b) When determining the size of the heating/cooling channels,
consideration must be paid to the pressure that is required
to convey the cooling medium inside the mold. Excessive-
ly small cooling channel diameters will result in a
high pressure drop. Particular importance is therefore at-
tached to a correctly dimensioned heating, cooling and
pumping capacity.

c) The temperature differential between the inflow and outflow
temperature of the heat carrier (cooling medium) should be
as small as possible (< 2 °C for precision injection moldings).
In the case of high-quality molded parts, therefore, it may
be necessary to employ a number of parallel circuits in
order to ensure that the temperature differential does not
become too pronounced.

d) The heat carrier (cooling medium) should possess good heat
transfer properties; water is a suitable medium here.

If a comparison is drawn between water and heat carrier oil
for the heat transfer conditions with the following settings:

— a heating/cooling-medium temperature 9y = 80°C
— a channel diameter Dk = 8mm
- a heating/cooling-medium throughput m+v = 5kg/min

then the following is obtained for the coefficient of heat transfer:

water: ary = 10 900 W/m? - oil
oil: amv = 696 W/m? - K

The heat transfer conditions are thus more than ten times as
good with water (for the settings employed) [7].

e) The flow conditions in the heating/cooling channel should

always be turbulent (Reynolds number Re much greater
than 2300). If smaller Reynolds numbers result, then it will
be necessary to reduce the diameter of the cooling chan-
nel (for a specified throughput) or to employ a less viscous
heating/cooling medium.

Figure 15 below shows just how important a turbulent flow
is for the heating/cooling medium. The coefficient of heat
transfer arw shown in there is a decisive parameter for the
efficiency of a heating/cooling system in a specified posi-
tion and with a given size of heating/cooling channel. This
will be all the greater the higher the Reynolds number is,
i.e. the more turbulent the flow.

6960
w
m? - K
5800
3
o .
"g laminar | B turbulent -
S - > - -
S 4640
G /
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0
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2 /
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O 3480 7
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= Ot =80°C
1160 Vwasser / Vwater = 0.364 104 m?/s ||
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0
0 2000 4000 6000 8000 10000
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Fig. 15: Coefficient of heat transfer as a function of Reynolds number for water
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f) The temperature control unit must be equipped with sufficient
heating, cooling and pumping capacity and be in a position
to maintain the target mean mold wall temperature within
tight tolerances, irrespective of the production conditions.

g) A positive influence on cooling can be achieved through the
use of an article design that is suitably tailored to plastics,
coupled with an optimum design in flow engineering terms
(number and position of injection points, flow paths). The
requirements placed on the heating/cooling system and
also its complexity can be reduced to a lower level by
avoiding major differences in wall thickness and accumu-
lations of melt (ribs, bosses).

6. Cooling time (temperature-control time)

Cooling proper commences right at the cavity filling stage.
During the cooling phase, however, it is essential that the
melt be prevented from freezing through the “flow heat” that
is generated by internal friction (a quasi isothermal flow
process). The chief quantity of heat is exchanged after the
filling phase, i.e. up to the point when the mold is opened
and the molding ejected from it.

The exchange of heat between the molding compound and
the cooling medium takes place by heat conduction through
the cavity walls. The time required for the demolding tem-
perature to be reached (cooling time) can be estimated as a
function of the molded part geometry using the simplified
equations in Fig. 16.

These equations make allowance for the conduction of heat
from the large surfaces to the mold wall. If the equations giv-
en in Fig. 16 are applied for short cooling times (cooling
phase not very far advanced) then this can lead to consider-
able deviations from the actual times. For this reason, the
Fourier number ought to be checked. The recommended
Fourier number is > 0.05, or better still 0.1.
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Dimensionless Fourier number:

t .
1 0.05 better > 0.1)
X2

t = calculated cooling time from Fig. 16

a = thermal diffusivity

x = wall thickness s for plates - radius r for a cylinder
with L = «

The effective thermal diffusivity a_ used in the equations
(Fig. 16) is a reference value that is taken to be constant. It
leads to the same degree of cooling (over the same period of
time as the actual temperature-dependent thermal diffusivity
[7]. The degree of cooling is dimensionless.

Oy — Ow
B~ Dy
O = degree of cooling
§E = mean demolding temperature

Jw = mean cavity wall temperature
Im = melt temperature after completion of mold filling

In contrast to the thermal diffusivity, the effective thermal dif-
fusivity is then just a function of the mean mold wall
temperature and the glass fiber content of the material [7].
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Fig. 16: Cooling time equations for different geometries [10]
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Fig. 17: Effective thermal diffusivity as a function of cavity wall temperature [7]
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Fig. 18: Nomograms for determining the cooling time of plate-shaped (left) and cylindrical (right) molded parts [11]

The nomograms shown in Fig. 18 can additionally be used for
purposes of estimating the cooling time. With knowledge of
the material (a.« = effective thermal diffusivity), the wall thick-
ness s, and the degree of cooling O it is possible to establish
the cooling time very rapidly in the manner set out above.

6.1 Selection of the geometry that dictates the cooling time

The design of the heating/cooling system should be based on
the part of the molding or sprue region (cold runner) which
needs to be cooled for longest before it can be demolded,
i.e. until it has reached the permitted demolding temperature
Yt . Cold runner sprues do not always have to cool down to
the point of dimensional stability but simply need to cool
down far enough so as not to stick and cause marks (example:
thin-walled molding with a thicker sprue).

If the sprue is not to dictate the cooling time under any
circumstances, i.e. if the cooling time of the thicker area of
the molding is to be greater than or equal to the cooling time
of the sprue cross-section, then Equations 1 and 2 or 1a and
2a from Fig. 16 can be equated with each other:

Cooling timemoiding = cooling timesprue
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After the equation has been rewritten, the following relationship
is obtained for the sprue diameter:

d =153 _
a Smax || J07(1.599) - 0
_Tu-Tw

Tg-Ty

Smax = thickest part wall thickness
d. = sprue diameter
a.r = effective thermal diffusivity

6.2 Parameters influencing cooling time
If we observe the idealized and simplified equation for the
cooling time of a flat plate (Equation 1 in Fig. 16)

I 4

t =—22_ p (Z-0)
2 T

T* Aegp
Ty — Ty
TE - TW




then there are four parameters which affect the cooling time
(ae: quasi constant mean value from Fig. 17):

s? = square of molded part wall thickness
Tw = melt temperature after filling

Te = mean demolding temperature

Tw = mean cavity wall temperature

It is the wall thickness (s?!) that has by far the biggest influence
on cooling time. Figure 19 shows the correlation between the
wall thickness (s) and the cooling time (t). The influence of
the wall thickness is entered in squared form, which means
that, if the wall thickness is doubled, this will lead to a fourfold

increase in cooling time. This clearly highlights the conflict
between a longer cooling and cycle time and the higher wall
thickness which is frequently desirable in order to facilitate
mold filling.

Figure 20 shows the cooling time versus the demolding tem-
perature of the molded part, with the molded part wall thick-
ness as the parameter. Increasing the demolding
temperature has the effect of reducing the cooling time. The
upper limit for the demolding temperature is dictated by the
degree of dimensional stability required. Shear modulus curves
(shear modulus versus temperature) may be used here by
way of an approximation.

[

Kihlzeit / Cooling time tx —

Formteildicke / Wall Thickness

mm —P

Fig. 19: Influence of wall thickness s on cooling time tx
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Fig. 20: Influence of demolding temperature on cooling time tx
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The cavity wall temperature has an inverse but no less pro-  The temperature of the melt has a very slight influence on the
nounced influence on the cooling time (Fig. 21). An increase  cooling time (Fig. 22). The cooling time increases slightly
in the cooling time is observed when there is an increase in  as the melt temperature rises. Even with large wall thick-

the cavity temperature. nesses, there is only a slight increase in the influence of melt
temperature.
s
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Fig. 21: Influence of cavity wall temperature on cooling time t«
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Fig. 22: Influence of melt temperature on cooling time t«
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The following points can be derived from what has been set
out above:

— The molded part should not be any thicker than necessary.
Partial increases in wall thickness should also be avoided if
possible (tk~s?).

—To achieve a low cycle time, the demolding temperature
should be selected as high as possible, although it is
absolutely essential to pay attention to dimensional stability
at the same time.

— It is important to select a reasonable mold temperature.
(taking into account the raw materials manufacturer, the
mechanical properties, matt or rough molding surfaces,
gloss differences, stresses).

— Although the influence of the melt temperature is only low,
it should not fall to too low a level in order to ensure better
flowability of the melt.

7. Overall heat balance for the heating/cooling of the mold

The heat balance is drawn up by setting the flows of heat that
are introduced into the mold against those that are removed
from it. The individual heat flows are established in the form
of mean values over an injection cycle and are regarded as
stationary. The aim of the heat balance is to establish the
quantity of heat that is to be eliminated by the heating/cooling
medium (Fig. 23).

The heat balance for the entire mold is as follows:

Qr = heat flow introduced into the mold by the hot
molding compound

Q. = heat flow given off to the surroundings by conduction

Q« = heat flow given off to the surroundings by convection

Qs = heat flow given off by radiation

Qi = heat flow that the heating/cooling medium introduces
or eliminates

Qu = additional heat flow, such as through a hot runner block

In this balance, those heat flows that are introduced into the
mold and thus heat it are counted as positive flows. while the
heat flows that are removed from the mold, and thus cool it,
are counted as negative.

When thermoplastics are being processed, the molding un-
dergoes cooling, which is why Qr is always positive, while the
heat exchanged with the surroundings can be either positive
or negative as a function of the temperature level of the mold.
The same applies in the case of the heat flow for the heating/
cooling medium, Q.

AN

N TR

Fig. 23: Heat flow balance in an injection mold [7]
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Heat flow of heating/cooling medium:

Qrm=Qr + Qu— (Qg + Qs + Qp)
N— —
Surroundings
In order to determine the heat of the molding (Q ¢), it is
necessary to know the enthalpy differential (Ah) that prevails
between the melt temperature 9y and the demolding
temperature Je. This can be obtained from enthalpy diagrams
(Figs. 24+25) for the corresponding materials.

m - Ah
t

F

m = molded part mass
t =cycletime
Ah = specific enthalpy differential

8. Heat exchange with the surroundings [7]

The heat exchange with the surroundings is very difficult to
measure. In one study [7], component Qu was determined
indirectly with the machine running dry, i. e. without the mold-
ing compound being injected into the mold. In this case, the
heat given off by the mold into the surroundings is equal to
the heat taken up by the heating/cooling medium:

%Qi =0

Qu
The measurements revealed a linear correlation between the
heat exchange with the environment and the temperature of
the heating/cooling medium. Direct proportionality is achieved

if the quantity of heat Qu is plotted against the temperature
differential Ywa — Vu.

Qu ~ (Vwa — By)

dwa = temperature on the outer surface of the mold
Yy = ambient temperature
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~
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Fig. 24: Specific enthalpy for a number of semi-crystalline thermoplastics
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Fig. 25: Specific enthalpy for a number of amorphous thermoplastics [7]
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Figure 26 shows the heat exchange with the surroundings for
three of the materials studied. The components accounted
for by conduction, convection and radiation are indicated on
the diagram.

8.1 Convection Qx

The convection component can be determined by Newton’s
law of heat transfer:

Qk = Ag - o, (Fwa— V)

As = lateral side of mold

oy = coefficient of heat transfer for natural
convection in air

a ~ 8 W/m? - degree

The outside mold temperature is frequently unknown and can
be determined from the following diagram (Fig. 27). This
shows the measured correlation between the outside mold
temperature and the heating/cooling medium temperature.
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Fig. 26: Heat exchange between the mold and the surroundings
with different heating/cooling medium temperatures [7]
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Fig. 27: Correlation between the temperature differential that prevails between the
outside mold temperature dwa and the ambient temperature 9y as well as
the heating/cooling medium temperature [7]
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If the exchange of heat with the surroundings via the parting
plane is to be taken into account (when the mold is open),
then the equation given for convection, Q« should be supple-
mented by the factor:

torr

At 0, (Owa —Oy) - — Cycle

Aqrr = parting plane
tor = time for which the mold is open

Convection:

. Arp - t
Qk =0y, (Owa—Op) | Ag+ M)

t Cycle

gk = a (Swa — y) = heat flow density

8.2 Radiation Qsrr

The Stefan-Boltzmann law:

= A ‘e C | —
Qsur=As S1\ 100 100
. C TWA 4 TU 4
=8 . J— —
str s 11700 ] " 100

gsv = heat flow density

As = lateral side of mold radiating heat

e = emission factor = 0.25 for brightly polished steel surface;
emission factor ~ 0.8 for molds in production

Cs = radiation coefficient of the black body

Twa = absolute outside mold temperature in K

Ty = absolute ambient temperature in K
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Fig. 28: Heat flow density for natural convection and radiation

(ambient temperature 3y = 20°C) [7]
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In the case of outside mold temperatures of up to 90°C, the
radiation component is less than 25% of the convection
component. Figure 28 shows the equations for the two com-
ponents in graph form. These can be used directly in mold
design.

8.3 Conduction Q,

The conduction of heat in the platens can be expressed by the
following equation:

QL=A4 - B (Owa - Vy)

Aa = sum of both mold platens
B = coefficient of heat transfer

From the measurements in [7], we obtain the following values
for the coefficient of heat transfer .

B Unalloyed Highly Copper
steel alloyed steel alloys
W
ET—— 98 84 116
m? - degree

Table 2: Coefficient of heat transfer for different materials

The proportion of heat flow losses accounted for by conduc-
tion can be reduced by incorporating insulation between the
mold and the platens. In this case, B is replaced by Biso.

Bisol = B
1+ Sisol * Mw
Ig * Aisor
Sisol = thickness of insulation
I = pro rata mold height (= clamping height)
\w = thermal conductivity of mold
Niso = thermal conductivity of insulating plate

~07 WV
m- K

A

isol

The heat exchange with the surroundings has now been fully
recorded with the three heat components for the surroundings.
If the temperature level of the mold deviates from the
surrounding temperature by a pronounced margin, then the
three components can assume considerable proportions.
These must be taken into consideration with heating/cooling-
medium temperatures of above 50°C or so and of below
0°C [7].

9. Temperature gradient from the cavity wall to the
heating/cooling medium

Figure 29 shows the temperature situation over the cross-
section of the mold from the cavity wall to the cooling channel
in qualitative terms. These are values that have been averaged
out over time for a quasi-stationary machine operating state.

In order to ensure that the heating/cooling unit reacts as rap-
idly as possible to disturbances, the temperature differential
between the cavity wall and the centre of the heating/cooling
medium should be < 30°C. This temperature differential is
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made up of two components:

— temperature differential due to heat conduction
resistance Ad1

— temperature differential due to heat transfer
resistance Ad2

The temperature differential AY1 between the cavity surface
and the cooling channel surface (heat conduction resistance)
is affected by the thermal conductivity of the mold and the
distance between the cooling channels. The following Figure
makes it clear that the “heat conduction differential” is much
lower for beryllium-copper than for a highly alloyed steel.

Kahlkanal / Formnestwand /
Cooling channel Cavity wall
45 y /
°C
40
A 94 ~Wérmeleitwiderstand /
Resistance to
l heat conduction
35 - A 9y~Warmelibergangs-
widerstand /
Resistance to
heat transfer
30

Fig. 29: Temperature profile from the cavity surface to
the heating/cooling channel [7]

Kuhlkanal / Formnestwand /
50 - Cooling channel Cavity wall
°C
45 -
40
19.3°C
35
71°C

30- il
25
20

—— Berylliumkupfer / Beryllium copper

------ Chromstahl / Chromium steel

Fig. 30: Comparison of temperature profiles for different
mold materials [7]



Temperature differential Ad. expresses the heat transfer
from the mold material to the heating/cooling medium. Ad,
represents the temperature differential between the wall of
the cooling channel and the centre of the cooling channel.
The level of this differential is determined by the heat transfer
conditions to the heating/cooling medium.

Temperature differential A9, (heat conduction) is always posi-
tive, while A9, (heat transfer) can also assume negative values.
This will be the case if the heat loss to the environment is
greater than the heat input from the molding compound. In
practice, this occurs when a high mold temperature level is
employed (Fig. 31).

The coefficient of heat transfer amy (required to calculate Ay)
can be calculated with the Hausen equation (Section 12.1). If
water is used, then the coefficient of heat transfer can be
read off directly from the following diagram.

90
C 86.5
85
<«+— Formnestwand /
Cavity wall
80
75 S
Kihlkanal /
Cooling channel
Fig. 31: Temperature profile in cavity with a high

temperature level [7]
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Fig. 32: Coefficient of heat transfer for water at different temperatures [12]
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10. Position of the heating/cooling channels in relation
to the cavity wall: heating/cooling error

The position of the heating/cooling channels is of decisive
importance for uniform heating and cooling. In many cases,
designers decide on the position of the heating/cooling chan-
nels as the last step of the mold design process before the
mold is built. As a result, the heating/cooling channels are
incorporated where there still happens to be space.

In the case of precision components, in particular, it is essential
for the position of the heating/cooling channels to be included
in the considerations for a new mold design right at the stage
when the basic concept is being worked out. Allowance
naturally has to be made for slides or bars, or other loose mold
components, as well, but it is necessary to work out a compro-
mize solution that guarantees optimum heating/cooling.

The ideal cooling situation in physical terms would be if
individual heating/cooling channels of width br could heat/

cool areas of the molding of width ba. This state of affairs is
shown in Fig. 33.

Rigidity problems can be expected with the shape that con-
stitutes the ideal shape from the physical point of view.

By interrupting the channels of this shape, which has been
optimized from the physical point of view, a sufficiently high
rigidity can be achieved in the cavity to withstand the injection
pressure (Fig. 34). This shape is used with heating/channels
that are helical, spiral or curved and to a lesser extent with
ones that are straight. This shape requires an additional divi-
sion of the mold platens and frequently involves elaborate
milling and turning operations.

Heating channels with a circular cross-section are simpler to
implement in technical terms (Fig. 35). These circular channels
can be more readily integrated in the mold through drilling, and
it is possible to avoid additional divisions in the mold platens,
thereby ensuring a more rigid mold.

1. Physik. ideale Form /
Ideal shape in physical terms

Breite Artikel by = Breite Temperierkanal by

Width of article by =Width of heating/
Cooling channel bt

e

«—b—»

Fig. 33: Ideal shape of heating/cooling channel in physical terms [13]

2. Techn. optimale Form /

Bedingung:

Temperierung bei
ausreichender Steifigkeit

der Werkzeugkavitat gegen
Spritzdruck —> Unterbrechung
der physik. Form durch Stege

Condition:

Heating/cooling with a sufficiently
rigid mold cavity to withstand the
injection pressure —> interruption of
physical shape by means of
crosspieces.

Optimum shape in technical terms

Ne

—»lbrle— —»lsle—

Fig. 34: Optimum shape of heating/cooling channel in technical terms [13]

Easily implemented shape
in technical terms

Bedingung wie unter 2.

jedoch bei Kreisform kleinere
temperierwirksame Oberflache
wenn dr = by

Conditions as under 2.
but, with a circular shape,
a smaller surface for

heating/cooling if dr = by

3. Techn. leicht realisierbare Form /

\S

Fig. 35: Easy shape to manufacture [13]
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Heating/cooling error

The position of the heating/cooling channels in relation to one
another and in relation to the mold wall gives rise to a wave-
shaped temperature profile at the cavity wall, with a greater or
lesser temperature differential Adw; on the mold wall (Fig. 36).

Formnestwand /
Cavity wall

®

qmin

qmax

|
‘_

Fig. 36: Temperature profile at mold wall [14]

The temperature differential A9w; has nothing to do with the
temperature fluctuations of a physical origin which occur at the
cavity surface during the cycle (section 4). The homogeneity

of the heating/cooling can be described on the basis of the
heat flow profile (heat flow per area g, Fig. 36). The areas of
the molding that are positioned between the heating/cooling
channels are not cooled as well (4 mn) as the areas located
opposite the heating/cooling channel (qmay). A bigger interval,
B, will increase the difference between qmn and qmax. A small
interval, C, will similarly increase the difference. A greater or
lesser “heating/cooling error”will result as a function of the
particular combination of interval B and interval C. For reasons

of homogeneity, this should not exceed

— 2.5 to 5% for semi-crystalline thermoplastics
and
-5 to 10 % for amorphous thermoplastics.

The heating/cooling error j in % works out at [14]

j =2.4 - Bi%22 (B_) 28 |ln (%)|
oy - Dgk

with the Biot number: Bi =
Aw

The heating/cooling error Adw; in °C for a medium cavity wall
temperature is:

Adwii = Dvw *
Owij = Dw 100 %

In theory, there are many different configurations that could
be adopted for the heating/cooling channels. The different
heating/cooling channel arrangements display different heat
characteristics, however. Figure 37 that follows shows a favor-
able and an unfavorable heating/cooling channel configura-
tion.

@® UngleichmaRige Warmeabfuhr / Uneven heat removal

Fig. 37: Unfavorable and favorable design of heating/cooling channel
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The uneven heating/cooling shown above is already evident
from the heat flow profiles that are drawn in. The heating/
cooling error, in %, will now be calculated as follows:

Example:
Heating/cooling medium throughput: My =5 kg
min
Heating/cooling medium: Water at 40 °C
Coefficient of heat transfer: Oy ¢ (Fig. 32)
dy; =14 mm — oppgy = 3000
dp = 9 mm —> Oy, = 7000
Thermal conductivity of mold steel: Aw =30 w
m2 - K
Molded part thickness: s=3 mm
1. Uneven removal of heat
d7; =14 mm
C, =15mm
B, =35mm 3000 —Y— - 0014 m
m- - K
. Bi=
Biot number:
Bi=14 30 W
: m - K
35
2.8(In (5=
Heating/cooling error j in % j=24-142 (%) | (15)|
j=19.3%
2. Even removal of heat
de = 9mm
C, =24 mm
B, =20mm 7000 —Y— - 0,009 m
. m- - K
Biot number: Bi= W
Bi=2.1 30 ——
m- K

Heating/cooling error j in %
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. 20\ 28 (29),|
j=24-2102 (ﬁ) M

§=2.57%




With a target mean mold surface temperature of 9y = 60°C,
the following mean temperature differential is obtained in °C:

Uneven 19.3

— o . 22~ 60 °C
AﬁWij =60°C 100 \w
Alw;; = 11.6 °C 716 °C
Even
L. 257 .

Ay =154 °C

It can be seen from the calculation set out that, in the case of
unfavorable heat removal, a temperature differential of 11°C
can be expected at the cavity surface.

In the case of uniform heat removal, there will be a percentage
heating/cooling error within the ranges specified for semi-
crystalline and amorphous thermoplastics. The calculated
temperature differential DJWj is also very low.

The example given shows how the heating/cooling channel
layout can be verified for flat molded parts. For purposes of
achieving uniform mold heating/cooling, the dimensions set
out in Table 3 below have proved effective for the heating/
cooling channel layout.

Wall thickness of Distance between centre Centreline spacing Hole diameter
injection molding part of hole and injection between holes

molded part
(mm) (mm) (mm) (mm)
0.0to 1.0 11.3t0 15.0 10.0to 13.0 45106.0
1.0t0 2.0 15.0t0 21.0 13.0to 19.0 6.0 to 8.5
2.0t0 4.0 21.0t0 27.0 19.0 to 23.0 8.5t0 11.0
4.0t0 6.0 27.0to0 35.0 23.0to0 30.5 11.0to 14.0
6.0to0 8.0 35.0to 50.0 30.5 10 40.0 14.0to 18.0

Table 3: Dimensions for the cooling channel geometry [15]

In contrast to the cooling of flat moldings, where uniform
cooling can be achieved through the combination of channel
position and diameter as shown, when it comes to cooling
small-diameter cores, problems are encountered in removing
the heat in an appropriate manner at all.

In almost all cases, the molding compound shrinks on to the
core once it has been injected into the cavity and thus ensures
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a direct transfer of heat to the core. A gap develops between
the molding compound and the mold, with heat being con-
ducted less well over this gap. The biggest quantity of heat is
transferred to the core. With long, thin cores, in particular, it
is then possible for thermal loading to occur. This can increase
the cycle time or even bring production to a standstill. Figure
38 below contains suggested designs for the cooling of long
cores with small diameters or widths.



Core diameter Description Design
core width
d (mm)
>3 Heat elimination by air with open mold
.5 Copper or thermally conductive pipe to conduct
heat to the heating/cooling medium
>8 Long slender heating
> 40 Spiral heating/cooling channel
."v-\v-\v-\"
OO OO ——
Plze:;)re Heating/cooling for pipe core with a double flighted spiral 4 —t—
L

Fig. 38: Heating/cooling systems for cores [13]

In many cases, the make-up of the mold (slide bars, ejectors,
runner system, etc.) makes it impossible for the design engineer
to select an optimum position for cooling channels created
by the conventional drilling method.

With small and medium-sized molds, in particular, special
bonding techniques will nonetheless still permit optimum po-
sitioning of the cooling channels. This technique involves the
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mold inserts or the cores being designed so that they are
separated in the cooling channel plane. The channels are
then worked into the mold, being “simply” routed round other
parts of the mold. The separated inserts are joined together
under a vacuum by special bonding techniques. The inserts
or cores are then ground to the right dimensions.
Figure 39 illustrates this technique on a flat molding, while
Fig. 40 shows an application with core cooling.



Flhrungsbuchse /
Guiding bush

Kerne / Kuhlkanal / Auswerfer /
Cores Cooling channel Ejectors

Kuhlkanal /
Cooling channel

[

Vakuum-gefiigt /
Vacuum bonded

Formnest / Cavity

Fig. 39: Optimized position of the heating/cooling channels through joined mold plates

54

a5

Vakuum-geflgt
Vacuum bonded

@ 35

29

65

111

Fligenéhte /
Joints

Fig. 40: Optimized heating/cooling system for cores employing the joining technique
Source: Innova Engineering/System CONTURA®
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11. Pressure losses in the heating/cooling system

Once the layout of the heating/cooling channel has been
determined, the pressure losses and requisite pump capacity
can be calculated. Allowance must also be made here for
pressure losses incurred through flow deflections and flow
junctions. The necessary pump capacity can then be estab-
lished from the sum of all the pressure losses.

The pressure losses can be reduced through a parallel con-
figuration of heating/cooling channels. Care should, however,
be taken to ensure that the same pressure losses prevail in
channel sections lined up in parallel (identical lengths and
diameters).

In many cases, the pump on the heating/cooling unit does not
supply the pressure necessary to ensure a sufficient through-
put of heating/cooling medium (10 to 151/min), or a pressure-
limiting valve dictates a very low maximum pressure level
(Fig. 42). This results in a “creeping flow” (no turbulence) and
hence an inadequate heat exchange inside the mold. The
temperature differential between the inflow and outflow for the
heating/cooling unit can indicate when there is an excessively
low throughput: this should be < 4°C (< 2°C for precision
moldings).

Ik Pv

Apgg =§C- Dex VM
(- %

Apgn =N Gk p;M .V%M
Apg, =np, * Lpo p;M .V”2FM

Ap Junctions

(round heating cooling channel)

(2320 <Re <100 000)

(Sharp-edged 90° bend)

(Round 90° curve)

(Pressure loss at junctions)

Apges = Apgk + Apkn + AP, T Ap Junctions

rhTM
Np = — Apges Pump capacity
pPT™

Fig. 41: Pressure losses and requisite pump capacity

Kuhlkanal / Cooling channel: 6 mm & Kihlkanal / Cooling channel: 10 mm @ Kuhlkanal / Cooling channel: 14 mm &
10 5 £ |

g 18 |15 Z’: /27 25 [I/mizng \‘5 [I/min]

Q / 8 /

< 6 6 L 6

2 e ", ‘

o / 28

) ’ V

=] /

@ 4 DurchfluR-— 4 , 4 25

2 / menge / / 15 L~

< Throughput / I

% ! [I/min] / / 20

2 ! 5

5 2 [t 2 2

2 1" / / |10 = .5

S 1 | _— -

2 " [

e /1 é/ Z/ 10
2 4 6 2 4 61[m] 2 4 61[m]

Kihlkanallange | [m] / Cooling channel length

Fig. 42: Pressure loss measured in heating/cooling channels of different diameters [6]
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12. Calculation methods for thermal mold design

The preceding sections have set out key theoretical correla-
tions and design steps for the thermal design of the mold.

To sum up, a list is given here of the characteristic values that
the design engineer ought to calculate when establishing the
thermal layout of the mold:

- cooling and cycle time

— heat flows

— temperature profile in molded part and mold

- position and size of heating/cooling channels

- throughput and temperature of heating/cooling medium

— temperature homogeneity or temperature error
at cavity wall

— pumping, cooling and heating capacity of heating/cooling
unit (pressure losses in heating/cooling channels)

— simulation and variation of parameters (temperatures,
material, processing parameters)

Three calculation methods are available for this:
12.1 Balance space method

The stages involved in design by the balance space method
are essentially based on the correlations set out in the pre-
ceding sections.

The aids employed here (analytic equations, nomograms,
diagrams) are derived from simplifications of the complex
temperature processes. The idealized assumptions include:
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— unidimensional heat flows

— neglection of start-up processes

— constant mean values over time
(quasi-stationary state, i.e. regular temperature
fluctuations are neglected)

As the name of this method suggests, a balance is drawn up
of the heat flows within a balance space, i.e. in the mold. This
balance space generally includes both halves of the mold
and the entire molded part. It may, however, take in just one
half of the molded part and the mold. Figure 43 shows a flow
diagram of the individual steps in the balance space method.

As the first step, the balance space under observation is
determined. The minimum cooling time is calculated on the
basis of the molded part geometry. The heat introduced into
the mold has to be eliminated within the cycle time (cooling
time + ancillary time). The heat flow that needs to be eliminated
by the cooling medium is then established through the heat
flow balance.

This is followed by the calculation of the throughput for the
heating/cooling medium and the specification of the heating/
cooling channel diameter. The heating/cooling error is obtained
from the provisionally specified position of the channels both
in relation to each other and in relation to the cavity wall. This
error may necessitate a new channel layout. The pressure loss
in the heating/cooling channels is calculated as the final step.

The equations required for the individual steps of the balance
space method are set out below.



Berechnung der Kihlzeit /
Calculation of cooling time

t (Oerrs S2 Oy Ow; Uy)

[N
I Temperierfehler / j (C, B,drk, dtm)
Berechnung der Formteilwarme / Heating/cooling error
Calculation of molded part heat

. UngleichmaBige Warmeabfuhr /
Qr (Ahss, tz..) Uneven elimination of heat

Warmebilanz / Heat balance
QTM+QF+Qu+ QH—O
) ﬂ\ QK Konvektion / Convection
Q< > Q. Leitung/ B
Conduction —> dk
l r QF Formteil- . . u
E (@] < warme/ GleichméRige Warmeabfuhr /
Molded Uniform elimination of heat
T part heat
S~Qn Heittkanal /
. J\ ,l — Hot runner
QStr LS, -
5 Qm
Temperiermitteldurchsatz /
Heating/cooling medium throughput
I — _ V1m
«[|—
b ¢ (Qrm, AV1wm)
[FIF]

Orwr | Ormz
Vit Vrmz

< > ) Druckverlust im Temperierkanalsystem /

O Sz Pressure loss in heating/cooling

Ist/ Ist / channel system
ﬂ < asétual asctual —

N N ] ]
ﬂW1 Soll / target ﬂW2 Soll / target

[
Temperierkanalabstand C, B
Temperierfehler j [%] /

Distance between heating/cooling channels C, B
Heating/cooling error j [%]

* o b biee s RIS

"' _¢_ _¢_ _¢_ -‘- "' Druckverlust/AP (\'/TM’ drans o Mes)

Pressure loss

y4
AY

Temperierkanalabstand C, B / (Qrm, O, B Ow...)
Distance between heating/
cooling channels C, B (C, B, Oiry, dric..)

Temperierfehler j [%]
Heating/cooling error j [%]

Fig. 43: Individual stages of thermal design by the balance space method
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Equations for the design stages

1. Cooling time calculation

(see page 16, cooling time equations)

2. Heat flows

Bilanzraum /
Balance space

Qy Warmebilanz /
II _; / Heat balance

Ny +QH
[AY
Ll f + zugefiihrte Warme /
Al . Heat introduced
¥Qry

— abgefiihrte Warme /
Heat eliminated

Qr+ Qru+ QL+ Qu+ Qsv + Qu=0 mit Q.+ Q« + Qs = Qu (Heat flow to the surroundings)

: . . -

. -(hy—h Convection: Qg =Ag- G +ATR - Ok - i—————
Plastic:  Qf = w K s " Uk TR~ UK tZykIus/CycIe

Zyklus / Cycl .
Y TRyee adk = o (Bywa —Vy)
L . . . t f Conduction: QL =AA . B . (ﬁWA_ ‘Gu)
Radiation: Qg = As - dstr + ATR " Ostr T,
Zyklus / Cycle
p
: Twa 1 Ty Insulation:  Bisol = —— 75—
Osyr =€ - Cg - “: 100 ] | 700 Sisol * Mw
IF* Aisol

3. Heating/cooling medium throughput
gIN

Pa—
—

Yaus

When the heat flows have been established, the amount of heat to be eliminated or introduced by the heating/cooling medium is known
Q=+ Qr+Qy—-Q Qry =My - Srm - O — Baus)

o Qry

bzw. mpy= ———
crm - (0N — Daus)

(Ogin— Baus) < 2 °C fir Prazisionsspritzteile / for precision injection moldings

4. Diameter of heating/cooling channel

Dkk

Condition: turbulent flow => Reynolds number much greater than 2300
vy - D 4-m
SM KK > 2300 (dimensionslos / dimensionless) where vy = PU

Re = - -
VM n - D%k - p1m

with a non-circular channel cross-section: hydraulic diameter (A: cross-section; U = circumference) Dyy = %
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Equations for the design stages

and temperature gradient from
the cavity wall

Cooling channel Cavity wall

5. Position of temperature channels

Kuihlkanal / Formnestwand /

AY4 =V — Ok ~ Resistance to heat conduction
Ay =Bk — Orm ~ Resistance to heat transfer
QF-S-nFT QF+QU+QH
A=V == ——F——— AV =V =M= —
2-Ar My 2 - Agk " OTm
D
Coefficient of heat transfer oy Nusselt number: Nu = 0.037 - (Re %75 - 180) - Pr042 - (1 +[ %] 0.67)
Nu - }"TM
M= ——— )
Dyk Valid for (Re < 106) and (0.6 < Pr < 500)
vim - D vm - Dkk
Reynolds number: Re= M KK _ 1M 7KK PTM
VM N™
VM
Prandt| : Pr= ———— A
randtl number aT Thermal conductivity: aty = M
CT™ " PTM™

Urm = Dy — Adq — A, If the temperature of the heating/cooling medium is specified, then the resultant mold wall
Dy = Oy + Ady + AD, temperature (cavity wall temperature) 9w can be determined instead.

6. Heating/cooling errors

|<—B—>|

_‘ _.‘._

N N

j

B
2.8-|In(—6)| in (% A = Buny - = — in (°C)
) in (%) wij = Sw 100 %

=04 .Ri022.(B
j=24-Bi (C

with the Biot number
oy - D
Bi= Y™™ PkK

My

2,5 - 5% for semi-crystalline thermoplastics
5 - 10 % for amorphous thermoplastics
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Equations for the design stages

7. Pressure losses in the
heating/cooling system
Pump capacity

Itk PTM
Apkg =C > D V2T
KK
PT™

APKN = RN GRN T 5+ VR

PT™
Apgo = Mg " Cgo "~ —— - V21

APges/tot = APkk + APkN + APgg

0.316

"Re02s  (Coefficient of friction)

Pressure loss, sharp-edged 90° bend

(Pressure loss, round 90° curve)

. mTm
Pump capacity: N, = o " APges / tot

8. Verification

Since the temperature of the heating/cooling medium 9y has so far been included in the calculation, a check is now conducted on this
temperature. If the difference between the calculated temperature 9w, and the specified temperature Yy, is less than 2°C,
the calculation can be terminated. If the difference is more than 2 °C, 9w, must be taken as the starting value for a new calculation.
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12.2 Segmented design of heating/cooling system

After the initial rough dimensioning, the design of the heating/
cooling system can be worked out in detail. It is now established
which areas of the molded part are to be cooled by which
cooling elements.

The design of a segmented heating/cooling system is carried
out in two stages:

1. Calculation of the heat conduction resistance of the cooling
segment (geometry of the relevant area of the molded part).

For a large number of heating/cooling elements, the calculation
of the heat conduction resistance, WLW, is reduced to the
calculation of a flat plate or a rectangular sleeve, cooled by a
round cooling element. Since cooling takes place on both
sides, only half the molding thickness is taken into account
for the area of the molding under consideration.

runder Kanal /
Circular channel

Kuhlfinger /
Cooling finger

Formteil / Molded part

Temperiersegmente /
Cooling segments

Temperierelemente /
Cooling elements

verdrilltes Trennblech /
Twisted baffle system

Fig. 44: The segmented cooling system method [10]
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Grundgleichungen / Basic equations

N~ Ahre S
_ 1 il 2 2-m-a)\| .
WLW =5 In[n S|nh< & ﬂ
Segmente /
Segments IEI IE
b o~
@
© 1 1
b o~

© ‘ 2 0.5
3 N
m_I=B:I'
b
0077+In<%>
sl
s b
- ‘ 4+23 2+In(g)
a= 2
2
b b
4 0.077 + In E
3
S b
a ‘ > 3% 71 2+'n<3>
] a= E
b
OO77+In<%)
2 5
S
2+ In{—
o ‘ > SR <d>
a= 2
2

Fig. 45: Heat conduction resistances and heat flows for square cooling segments [10]
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2. Calculation of the heat conduction resistance from the
surface of the heating/cooling channel to the heating/
cooling medium

Heat transfer resistance:

. 1
WUW= ———
Ak -0

Arx:  surface of heating/cooling channel
o coefficient of heat transfer

A correction factor is introduced for the coefficient of heat
transfer that prevails in real-life heating/cooling elements.

oa=o" K

o*: uncorrected coefficient of heat transfer
K. correction factor

Kf = th ° Kfe . ng
Kie; Kig: correction factors, dependent upon the heating-/

cooling segments
=( n® )0.14
fn N (k)

n(¥) = dynamic toughness of the heating/cooling medium
at the temperature which represents the average

of the inflow and outflow temperature

(Y1) = dynamic toughness of the average local tempera-
ture of the heating/cooling channel wall

The design of the heating/cooling system can be approached
in a highly flexible manner with the equations given for the
heat flows per molding segment (Qrrg), for the heat conduction
and heat transfer resistance and with the equations from the
energy balance

. 1 _
Qprs = WLW (ﬁw ~Org)

: _ 1 1
Qprs = T+cp TWOW (ﬁTK - ﬁTM)

dw = mean cavity wall temperature
Y1« = temperature of heating/cooling channel surface
Um = temperature of heating/cooling medium

cp-Qu

Qr

The cavity wall temperature is always taken as the target
parameter in the layout of a heating/cooling system. If the
cooling medium and its temperature are specified (central
cooling water facility or simply one cooling unit), the individual
heating/cooling elements and segments should be designed
in such a way that the heat conduction resistance is suitably
aligned to the individual heat flows.

The segments inside the mold (sleeves) should be tackled
first, since it is here that there are the least degrees of freedom.
On outside segments, the heat conduction resistance can be
more readily varied by changing the gap between the cooling
channels.

The segmented heating/cooling system design makes it pos-
sible to allow for special features such as sudden changes in
wall thickness and the corners of molded parts (Fig. 46).

A\

4 @
@

&
®.| @
&
L

22 31

Fig. 46: Segmented heating/cooling system design:

left: changes in wall thickness,
right: molded part corners [10]
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Temperierelement / Beziehungen zur
Heating/cooling element Warmewiderstandsberechnung /
Formulae for the calculation of
thermal resistance
l zu/to1
d,=d
|
! agd 42
. _ h 3
i K. = —) +1
- - J fe L
I zu/to 2 ng =1
|
E ‘Zu/t04 dh=da_dl
3 H
- - A=m-dy L
. TK a
— ] dh g
! dl Kfe T + 1
24 K =(1-0.1—‘)
l zu/to 3 _ﬂ f da
da
S ->|do|<— dh = da - di
2
" ATK =T " da L
- 2
E dI | ,NQ K (dh> 3
\L
| =) d
zu/to3 I ng= 1-01—
I zu/to4 da
d, fur / fors << d
n-d
d = 2=0.611"-d
h 2+ a
ATK=(TC'da—2 'S)' L
d.\ 2
Kie=2"| (23 +1
fe |:<L > :|
ng =1

Fig. 47: Heating/cooling elements and heat transfer resistance [10]
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12.3 Finite element analysis

To calculate the heating/cooling conditions by means of finite
element analysis (boundary element analysis) it is necessary
construct a three-dimensional computer model of the article,
or cavity, and the heating/cooling channel geometry.

By introducing the outside cavity dimensions and making
allowance for the ambient conditions, it is possible to calcu-
late the flows of heat to the surroundings.

The advantages of finite element calculation over analytical
calculations are as follows:

— solutions provided for complex geometries and for heat
flows in more than one direction

— more precise simulation of the heating/cooling conditions

- readily comprehensible results (color plots)

— rapid run-through of variants (processing conditions
heating/cooling channel configurations)

—agood link to computation modules for the filling and
holding pressure phase and also to shrinkage and
warpage programs

Figure 48 shows the computer model of an electric drill housing
(cavity) with the cooling channels on the nozzle and ejector
side. The tool is depicted by the outline. The user can now
specify the processing conditions:

- heating/cooling medium (e.g. water, oil, glycol)
— temperature of heating/cooling temperature (inflow)
— flow of heating/cooling medium

The program calculates the temperature conditions that pre-
vail in the mold in the quasi-stationary state, including:

— cavity surface temperature, nozzle side (Fig. 49)

— cavity surface temperature, ejector side (Fig. 50)

— mean temperature of the molded part upon demolding
(Fig. 51)

The programs also take in the temperature conditions in the
cores and slides. In this way, allowance can be made for dif-
ferent mold materials (steel, copper-beryllium), and their in-
fluence on heat dissipation in the mold can be calculated.

Figure 52 shows the calculated temperatures of a mold core
that was not cooled (top left) and a mold core that was cooled
with two baffle-plate cooling channels. At the top right, the
core was made of steel while, at the bottom right, the core
was made of a copper-beryllium alloy with a thermal conduc-
tivity of 120 W/(m - K).

In many cases, it is sufficient to conduct a thermal investigation
of specific areas of the mold. In order to do this, it is possible
to take a section through a specific point of the mold and use
this as a computation model. As is shown in Fig. 53 by way
of example, the heating/cooling in the corner of the molding
can be optimized in this way.

Formnest / Cavity

Werkzeugaulen-

flachen /
Outer mold
surfaces

Temperierkanale / Cooling/heating channels

Fig. 48: Electric drill housing in polyamide PA 30 GF

Computer model for the injection mold
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Fig. 49: Electric drill housing in polyamide PA 30 GF
Computed surface temperatures on the nozzle side
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Fig. 50: Electric drill housing in polyamide PA 30 GF
Computed surface temperatures on the ejector side

Technical Information

MS 00062575/Page 44 of 50
www.plastics.bayer.com
Edition 01/2013




| g
(TR ] [T R

[T
Ti.0n
TH.ETH
T, T
g
1ca 4En
EEERELL)
FET T T |

138 BN
154308
43 map
1aE A

Fig. 51: Electric drill housing in polyamide PA 30 GF
Computed mean temperatures in the plastic upon demolding
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Fig. 52: Computed temperature distribution on a mold core (cooled and non-cooled,
in steel and in a copper-beryllium alloy)
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Fig. 53: Optimization of the heating/cooling system in a corner of the mold
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Istzustand /
Actual condition

CU-BE-Einsatz /
CU-BE insert

Temperierkanalverlegung /
Relocation of heating/cool-
ing channel



13. Infrared photographs Figure 54 shows two infrared photographs, the left-hand one
taken prior to optimization and the right-hand one taken after

Apart from performing a computer simulation of the thermal  optimization of the heating/cooling conditions for the hood of

conditions prevailing in an injection mold, it is also possible  a power brush made in ABS (Fig. 55).

to employ photographic techniques (infrared photographs) to

rapidly detect imperfections in the heating/cooling.

Istzustand / Actual state Optimierte Temperierung /
Zykluszeit / Cycle time 40 sec. Optimized temperature control (System Contura®)
Zykluszeit / Cycle time 31 sec.

THAG

24,470

Fig. 54: Temperature distribution on the molded part surface photographed directly after demolding
Source: Innova Engineering/System CONTURA®

Fig. 55: Hood in ABS
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In Fig. 54, the left-hand photograph shows temperatures
ranging between 42°C and 78°C. With identical wall thick-
nesses in the molded part, this would suggest uneven heat-
ing/cooling in the mold. More uniform surface temperatures
are obtained through optimization of mold cooling (Fig. 54,
right-hand side). The critical temperature peaks become less
pronounced. With this optimized heating/cooling, it proved
possible to shorten the cycle time by approximately 9 s.

The different heat contents of the various areas of the molded
part are made visible here by infrared photographs. Immedi-
ately after demolding, the temperature profiles prevailing
over the wall of the molded part level out, and the heat from
the inside layers reaches the surface of the molded part (Fig.
56 shows this in qualitative terms).

Apart from infrared photographs of the demolded injection
molded parts, photographs of this type can also be taken of
the cavity surface. The amount of preparation involved here,
however, is much higher.

250
°C
200
Entformung / Polystyrol / Polystyrene
Demolding s=6mm
By =210 °C
g 150 AY ﬁTM = 20 oC
© Mitte / Center s = 3 mm
(0]
% 1.6 mm
2 100
5 0.9 mm \l
& | L~
(0]
0.6 mm w
3 L —
L 50 ;
Randschicht / /
Surface layer
20 :
0 25 50 7 100 125 150 s 175
Zeit / Time

Fig. 56: Temperature profile in a plastic molded part before and after demolding
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14. Conclusion

Injection molds that have been intelligently designed from the
thermal angle help to bring down the cost of production while
ensuring greater reliability. A large number of aids are cur-
rently available to design engineers, together with the results of
theoretical and practical investigations which can be used in
the thermal design of the mold.

In order to attain the specified aims of thermal mold design,
i.e.

— precise maintenance of the target mean cavity temperature
— uniform distribution of the cavity temperature
— short cycle time with a high molding quality

the design engineer must be familiar with the temperature
conditions that prevail in the mold and be able to influence
these in the desired manner through the position of the heating/
cooling channels.

Apart from determining the correct position of the heating/
cooling channels, it is then equally important to establish the
pressure losses in the heating/cooling channels and to select
a heating/cooling unit with sufficient capacity. Only when a
sufficient heating/cooling medium flow is available will the
heat be eliminated from the mold (or be supplied to the mold
in the case of heating).

The analytical equations and finite element programs can be
used to check and improve on the heating/cooling of the
mold. Specialist design engineers are called for here, who
must be familiar with the theoretical correlations and have
experience in the application of the calculations. The increased
outlay on design, however, is very rapidly offset by the improve-
ment in production.

15. Abbreviations

A = area

Axn = mold platen area

Ar = molded part surface

Ak = cooling channel surface

As = outer surface of mold

Arr = mold parting plane

a = thermal conductivity

a.r = effective thermal conductivity

B = distance between centerlines of cooling channels
Bi = Biot number (dimensionless)

b = heat permeability

by = heat permeability thermoplastic
bw = heat permeability mold steel

c = specific heat capacity

Cs = radiation coefficient of black body

Cs = const. = 5,77 W/(m? - K%
crv = specific heat capacity of heating/cooling medium
C  =distance between centerline of cooling channel
and cavity wall
Duwy = hydraulic diameter
Dk« = diameter of cooling channels
hi, h, = enthalpy at different temperatures

j = heating/cooling error

lr = pro rata cavity height

Itk = overall cooling channel length in mold or parts of
mold
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m  =mass of molded part
mpy = pump capacity (throughput) for heating/cooling
system used

mm = mass flow of heating/cooling medium

Ns, = number of curves in heating/cooling circuit
nkv = number of bends in heating/cooling circuit
ner = number of molded parts

Np = requisite pump capacity

Nu = Nusselt number (dimensionless)

pB& = pressure loss in 90° curve

pwt = overall pressure loss in the heating/cooling channels
pxk = pressure loss in the cooling channel holes
pxnv = pressure loss in 90° bends

F_’r = Prandtl number
Qu = additional heat flow (hot runner manifold block)
Qr = molded part heat flow

Q« = heat flow due to convection
Qv = heat flow of heating/cooling medium

Qsy = heat radiation

Qu = exchange of heat with the surroundings

Q. = heat flow due to conduction

dK = heat flow density with convection

Qs = heat flow density with radiation

Re = Reynolds number (dimensionless)

S = molded part wall thickness

s?2 = square of wall thickness

t =time

t« = cooling time

ts# = mold open time

teyoe = CYyCle time

Tu = absolute ambient temperature around mold
du +273°C

Twa = absolute outside temperature of mold
ﬁWA + 273 0C:

Te = average demolding temperature

Tw = average mold surface temperature

U = circumference

viv = velocity of heating/cooling medium

a. = coefficient of heat transfer for conduction

[8 bis 15 W/m? - °C ]
am = coefficient of heat transfer for heating/cooling
medium
B = coefficient of heat transfer for mold material
Biso = coefficient of heat transfer for the insulating plate
€ = radiation coefficient
nm = dynamic toughness of heating/cooling medium
p = density
V] = temperature
AV, = temperature differential due to heat conduction
AY, =temperature differential due to heat transfer

125 = demolding temperature

Je = maximum demolding temperature

Yk = temperature at cooling channel surface
Yy = ambient temperature

Yen = inlet temperature of the heating/cooling medium
Yaus = outlet temperature of the heating/cooling medium
Im melt temperature after completion of mold filling
Ady = difference of mold surface temperature

Adw; = heating/cooling error

dw = mold surface temperature

Dw mean mold wall temperature

Dwe mold outer surface

Ywmax = Maximum mold surface temperature

Ywmin = Minium mold surface temperature

O = temperature of heating/cooling medium



N = thermal conductivity [7] Wuibken, G. ,Thermisches Verhalten und thermische
Niso = thermal conductivity of insulating plate Auslegung von SpritzgieBwerkzeugen*
M = thermal conductivity of heating/cooling medium Herausgeber: Institut fir Kunststoffverarbeitung an
v = kinematic toughness of heating/cooling medium der RWTH Aachen, Juni 1976
4 = coefficient of friction for pipe flow
(s = coefficient of friction for curves (= 0,4) [8] Thienel, P. ,,Rechnereinsatz (CAE) in der SpritzgieBtechnik
{xn = coefficient of friction for bends (= 1,8) - thermische Auslegung von SpritzgieBwerkzeugen®
pv = density of heating/cooling medium Beitrag: Handbuch der Temperaturregelung mittels
O = degree of cooling flissiger Medien, Regloplas AG
) = distance between cooling channel and mold wall
[9] Schirmann, E. ,,Abschdtzmethoden fiir die Auslegung
15. References von SpritzgieBwerkzeugen®
Dissertation an der RWTH Aachen, 1979
[1]1 ,Verarbeitungsdaten fur den SpritzgieBer”
Informationsschrift, Bayer AG, Leverkusen [10] Kretzschmar, O. ,,Rechnerunterstitzte Auslegung
von SpritzgieBwerkzeugen mit segmentbezogenen
[2] Wilbken, G. ,Einfluss der Verarbeitungsbedingungen Berechnungsverfahren®
auf die innere Struktur thermoplastischer Spritz- Dissertation RWTH Aachen, 1985
gussteile unter besonderer Berticksichtigung der
AbkUlhlverhéltnisse* [11] Wibken, G. und Catic, I. ,Nomogramm zur
Dissertation RWTH Aachen, 1974 Bestimmung der Kuhlzeit beim SpritzgieBen*
Kunststoff-Berater, 1971, Nr. 9, Seite 779-783
[8] Knappe, W. ,Die Festigkeit thermoplastischer Kunststoffe
in Abhangigkeit von den Verarbeitungsbedingungen* [12] Wibken, G. ,Berechnungsmdglichkeiten und
Kunststoffe Bd. 51, 1961 Abschéatzkriterien fir die thermische Auslegung
von SpritzgieBwerkzeugen®
[4] Stitz, S. ,,Analyse der Formteilbildung beim SpritzgieBen Beitrag: Das SpritzgieBwerkzeug, VDI-Verlag GmbH
von Plastomeren als Grundlage fir die Prozesssteuerung”
Dissertation RWTH Aachen, 1973 [13] Gastrow, H. ,,Der SpritzgieBwerkzeugbau®,
Carl Hanser Verlag
[5] Schauf, D. ,Die strukturierte Formnestoberflache und
deren Abbildung durch Thermoplaste*® [14] Lichius und Schmidt, ,,Rechnerunterstitztes
Anwendungstechnische Information ATI 584, Konstruieren von SpritzgieBwerkzeugen*
Bayer AG, Leverkusen Vogel-Buchverlag, Wirzburg
[6] Friel, P. ,Werkzeugtemperierung und deren Einfluss auf [15] Mink, G. ,,Grundlage der SpritzgieBtechnik®
die Eigenschaften der Fertigteile” 5. Auflage, Zechner & Huthig Verlag GmbH,
Beitrag: Das SpritzgieBwerkzeug, VDI-Verlag GmbH Speyer am Rhein
Typical value

These values are typical values only. Unless explicitly agreed in written form, they do not constitute a binding material specification or warranted values. Values may be
affected by the design of the mold/die, the processing conditions and coloring/pigmentation of the product. Unless specified to the contrary, the property values given
have been established on standardized test specimens at room temperature.

General

The manner in which you use and the purpose to which you put and utilize our products, technical assistance and information (whether verbal, written or by way of
production evaluations), including any suggested formulations and recommendations, are beyond our control. Therefore, it is imperative that you test our products,
technical assistance and information to determine to your own satisfaction whether our products, technical assistance and information are suitable for your intended
uses and applications. This application-specific analysis must at least include testing to determine suitability from a technical as well as health, safety, and environmen-
tal standpoint. Such testing has not necessarily been done by us. Unless we otherwise agree in writing, all products are sold strictly pursuant to the terms of our stand-
ard conditions of sale which are available upon request. All information and technical assistance is given without warranty or guarantee and is subject to change without
notice. It is expressly understood and agreed that you assume and hereby expressly release us from all liability, in tort, contract or otherwise, incurred in connection with
the use of our products, technical assistance, and information. Any statement or recommendation not contained herein is unauthorized and shall not bind us. Nothing
herein shall be construed as a recommendation to use any product in conflict with any claim of any patent relative to any material or its use. No license is implied or in
fact granted under the claims of any patent.
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