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Preface

The plastics engineer working on the shop floor of an industry manufacturing blown film or
blow-molded articles or injection-molded parts, to quote a few processes, needs often quick
answers to questions such as why the extruder output is low or whether he can expect better
quality product by changing the resin or how he can estimate the pressure drop along the
runner or gate of an injection mold. Applying the state of the art numerical analysis to address
these issues is time-consuming and costly requiring trained personnel. Indeed, as experience
shows, most of these issues can be addressed quickly by applying proven, practical calculation
procedures which can be handled by pocket calculators and hence can be performed right on
the site where the machines are running.

The underlying principles of design formulas for plastics engineers with examples have been
treated in detail in the earlier works of Natti Rao.

Bridging the gap between theory and practice this book presents analytical methods based on
these formulas which enable the plastics engineer to solve day to day problems related to machine
design and process optimization quickly. Basically, the diagnostical approach used here lies in
examining whether the machine design is suited to accomplish the desired process parameters.

Starting from solids transport, melting and moving on to shaping the melt in the die to create the
product, this work shows the benefits of using simple analytical procedures for troubleshooting
machinery and processes by verifying machine design first and then,if necessary, optimizing it
to meet the process requirements. Illustrative examples chosen from rheology, heat transfer in
plastics processing, extrusion screw and die design, blown film, extrusion coating and injection
molding, to mention a few areas, clarify this approach in detail.

Case studies related to melt fracture, homogeneity of the melt, effect of extrusion screw geometry
on the quality of the melt, classifying injection molding resins on the basis of their flow length
and calculating runner and gate pressure drop are only a few of the topics among many, which
have been treated in detail. In addition, parametric studies of blown film, pipe extrusion, extru-
sion coating, sheet extrusion, thermoforming, and injection molding are presented, so that the
user is acquainted with the process targets of the calculations.



The same set of equations can be used to attain different targets whether they deal with extru-
sion die design or injection molds. Practical calculations illustrate how a variety of goals can be
reached by applying the given formulas along with the relevant examples.

In order to facilitate easy use, the formulas have been repeated in some calculations, so that the
reader need not refer back to these formulas given elsewhere in the book.

This book is an example-based practical tool not only for estimating the effect of design and
process parameters on the product quality but also for troubleshooting practical problems
encountered in various fields of polymer processing. It is intended for beginners as well as for
practicing engineers, students and teachers in the field of plastics engineering and also for
scientists from other areas who deal with polymer engineering in their professions.

The Appendix contains a list of easily applicable computer programs for designing extrusion
screws and dies. These can be obtained by contacting the author via email (raonatti@t-online.de).

We are indebted to Dr. Guenter Schumacher of the European Joint Research Center, Ispra, Italy for
his generous help in preparing the manuscript. Thanks are also due to Dr. Benjamin Dietrich of
KIT, Karlsruhe, Germany for his cooperation in writing the manuscript. The fruitful discussions
with Dr. Ranganath Shastri of CIATEQ Unidad Edomex, Mexico are thankfully acknowledged.

The permission of BASF SE for using the main library at Ludwigshafen Rhein, Germany is
thankfully acknowledged by Natti S. Rao.

Natti S. Rao, Ph. D.
Nick R. Schott, Ph. D.



Rheological Properties
of Molten Polymers

The basic principle of making parts from polymeric materials lies in creating a melt from the
solid material and forcing the melt into a die, the shape of which corresponds to the shape of
the part. Thus, as Fig. 1.1 indicates, melt flow and heat transfer play an important role in the
operations of polymer processing.

Plastics solids

}

Plastication
Melt

Shaping

!

Cooling

}

Part removal FIGURE 1.1 Principle of manufacturing of plastics parts

Bl 1.1 Polymer Melt Flow

Macromolecular fluids, such as thermoplastic melts, exhibit significant non-Newtonian behavior.
This is noticed in the marked decrease of melt viscosity when the melt is subjected to shear
or tension as shown in Fig. 1.2 and 1.5. The flow of melt in the channels of dies and polymer
processing machinery is mainly shear flow. Therefore, knowledge of the laws of shear flow is
necessary for designing machines and dies for polymer processing. For practical applications
the following summary of the relationships was found to be useful.
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1.1.1 Apparent Shear Rate

The apparent shear rate for a melt flowing through a capillary is defined as

40
_ 1.1
Vo= 3 (1.1)

where ( is the volumetric flow rate per second and R is the radius of the capillary. This rela-
tionship is for steady state, incompressible flow with no entrance or exit effects, no wall slip

and symmetry about the center line.

b1 - \\
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_g': 710. x-\_\ !\
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FIGURE 1.2 Tensile viscosity and shear viscosity of a polymer melt as a function of strain rate [4]
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FIGURE 1.3 Flow curves of a LDPE [11]
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1.1.2 Apparent Viscosity
The apparent viscosity #, is defined as

T
7, =— (1.2)
Ya

and is shown in Fig. 1.4 as a function of shear rate and temperature for a LDPE.

10 T

i
Pa.s\ T 150

N

10’ 10* 0 0t st
Shear rate 7 —e

—
=3
w

Viscosity 77

=]
R
/

FIGURE 1.4 Viscosity functions of a LDPE [11]

1.1.3 Power Law of Ostwald and De Waele

The power law of Ostwald [7] and De Waele [8] is easy to use, hence widely employed in design
work [2]. This relationship can be expressed as

v, =K1 (1.3)

or
(1.4)

n—

T |T

Va=K

where K denotes a factor of proportionality and n the power law exponent. Another form of
power law often used is

7, = Ky y (1.5)
or
7, = Ke [} 7|7, (1.6)
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In this case, ny is the reciprocal of n and Ky = K ™ (in the US ng is used instead of n).

From Eq. (1.3) the exponent n can be expressed as

n=318% (1.7)
dlgt

(lg means logarithm to the base of 10 throughout this book)

As shown in Fig. 1.5, in a double log-plot the exponent n represents the local gradient of the
curve y, Vs.T.

1’ T

5! PE-LD /

7=150°

0 | T3150° / _
| digy
10_2 / tana = E =n

S

=
=

E,.I
|
i

Shear rale y —=—

10’ 02 0 1t 16° g 108
Shear stress T —e

FIGURE 1.5 Determination of the power law exponent nin the Eq. (1.9)

1.1.4 Viscosity Formula of Klein

Due to the ease of its application the Klein model, among other rheological models, is best suited
for practical use.

The regression equation of Klein et al. [10] is given by

Ign, =a,+a Iny, +a, (lnj/a)2 +a,T+a,, T’ +a, TIny, (1.8)
T = Temperature of the melt (°F)
n, = Viscosity (lbf-s/inz)

(In means natural logarithm throughout the text)
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The resin-dependent constants a, to a,, can be determined with the help of the computer program
VISRHEO mentioned in the Appendix.

Calculated Example

. The following constants are valid for a particular type of LDPE. What is the viscosity #, at
7, =500s"" and T =200 °C?

a, =3.388
a =-6.351-10""
a, =-1815-107"
a, =-5975-10"°
a, =-25110"°
a, =5.187-107"

T (°F)=1.8-T (°C)+32=1.8-200+32 =392
With the above constants and Eq. (1.8) one gets

1, =0.066 Ib; -s/in
and in Sl-units

n, =6857-0.066 =449.8 Pa-s
The expression for the power law exponent n can be derived from Eq. (1.8). The exponent n is
given by
1 .
—=1+a+2a,;Iny, +a, T (1.9)
n

Putting the constants ay, ..., a, into this equation one obtains

n=2.919

1.1.5 Resin Characterization by Power Law Exponent

It is seen from Fig. 1.6 that n depends less and less on the shear rate with increasing shear
rate, so that using a single value of n for a given resin leads to a good estimate of the parameter
desired. Plots of n for LLDPE and PET are given in Fig. 1.7 and Fig. 1.8.
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FIGURE 1.6 Power law exponent n as a function of shear rate y and melt temperature 7 [1]
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FIGURE 1.7 Power law exponent n as a function of shear rate 7 (s™') and temperature for LLDPE
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FIGURE 1.8 Power law exponent n as a function of shear rate v (3'1) and temperature for PET
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B 1.2 Melt Flow Index

The Melt Flow Index (MFI), which is also known as the Melt Flow Rate (MFR), indicates the
flowability of a constant polymer melt, and is measured by forcing the melt through a capillary
under a dead load at constant temperature (Fig. 1.9). The MFI value is the mass of melt flowing
in a certain time. A MFR or MFI of 2 at 200 °C and 2.16 kg means, for example, that the melt
at 200 °C flows at a rate of 2 g in ten minutes under a dead load of 2.16 kg.

In the case of melt volume rate, which is also known as Melt Volume Index (MVI), the volume
flow rate of the melt instead of the mass flow rate is set as the basis. The unit here is ml/10 min.

Ranges of melt indices for common processing operations are given in Table 1.1 [6].

TABLE 1.1 Ranges of MFI Values (ASTM D1238) for Common Processes [6]

Process MFI range
Injection molding 5-100
Rotational molding 5-20

Film extrusion 0.5-6
Blow molding 0.1-1
Profile extrusion 0.1-1

wei ht—y 7
-l

barrel

heater

piston

capillary FIGURE 1.9 Melt flow tester [3]



8 1 Rheological Properties of Molten Polymers

B 1.3 Relationship between Flow Rate
and Pressure Drop

To illustrate the behavior of polymer melt flow, the flow rate is plotted against die pressure for
water and LDPE in Fig. 1.10. The diameter and length of the nozzle used are 1 mm and 30 mm,
respectively. Fig. 1.10 shows that the laminar flow rate of water increases linearly with the pres-
sure, whereas in the case of LDPE the increase is exponential. To put it in numbers, increasing
pressure of water tenfold would bring forth a tenfold flow rate. A tenfold pressure of LDPE,
however, leads to about five hundredfold flow rate. The flow of the melt is indeed viscous, but
pressure changes are accompanied by much larger changes in output. The relationship between
volume flow rate and pressure drop of the melt in a die can be expressed in the general form [14]

0=K-G"-Ap" (1.10)

where

Q = volumetric flow rate

G = die constant

Ap = pressure difference

K = factor of proportionality
n

= power law exponent

L DPE
190 °C

Flow rate
Flow rate
=]
2

1

10° 10°
1073 102 bar 107 10! 107 bar 0
Pressure Pressure

FIGURE 1.10 Flow curves of water in laminar flow and LDPE [2]
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107 107 o e T e 10 W TNe
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FIGURE 1.11 Ranges of shear rates for different methods of processing for LDPE [5]

The approximate ranges of shear rates for different methods of polymer processing are shown
in Fig. 1.11 [5].

Choosing a value of n = 2.7 for LDPE, Eq. (1.10) can be written for a given die and processing
conditions

0~ ap?. (1.11)

Increasing the pressure by tenfold would increase the volume flow rate by about five hundred-
fold (10*7 = 501.2).
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B 1.4 Shear Rates for Extrusion Dies

The formulas for calculating the shear rates in extrusion dies are presented in Table 1.2 [1, 13]
and the channel shapes in Fig. 1.12 [9]. Other channel shapes can be taken into account by the
formula developed by Schenkel [12].

TABLE 1.2 Shear Rates and Geometry Constants for Some Die Channel Shapes

Channel shape Shear rate 7 [s7'] Geometry constant G
) 13,
Circle —403 " .Rn
i 4) 21
> 1 gﬂ
Slit 6 02 ﬂ n .H”
W-H 6 2L
6Q 1 1 2,
Annulus 2 N _(Ro +R|)" (Ro _Rn)"
(R, +R) (R, =R) 6 2L
A 1 3+1
Triangle E% LN A
3 d 3 (10) 2t
o3,
Square i% 1(0.42 |n 'a”Jr

2d

FIGURE 1.12 Common shapes of flow channels in extrusion dies [9]
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The following examples illustrate the use of the formulas given above:

Calculated Examples

. Example 1

What is the shear rate of a LDPE melt at 200 °C flowing through a round channel of 25 mm
diameter at a mass flow rate of m = 36 kg/h with a melt density of p = 0.7 g/cm®?

Solution

Volume shear rate

Q=""—1429.10° m* /s

n

Shear rate
y= 40 936157
nR®
|
. Example 2
Melt flow through an annulus of a blown film die with an outside radius R, = 40 mm and an
inside radius R; = 39 mm. The resin is LDPE with the same viscosity as above. Mass flow rate
and the melt temperature remain the same.
Solution
Volume shear rate
a=""=1429-10° m®/s
n
Shear rate
7= 6a ~=345.47 57"
n(R,+R) (R, —R)
|

. Example 3

For the same conditions as above it is required to calculate the shear rate when the melt flows
through a slit of width W =75 mm and height H = 1 mm of an extrusion coating die.
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Solution

Shear rate

7= 602 =1143.2s™"
W H

The calculated shear rates in different dies enable one to obtain the shear viscosity from the
plot 7 vs. v, which then can be used in a comparative study of the resin behavior.

. Example 4

Calculation of the pressure drop Ap for the conditions given in Example 2. Using the Klein
model [6]

Iny=a, +aIny+a,Iny*+a,T+a,, I’ +a, TIny
with viscosity coefficients [6]

a,=3.388, a =-0.635, a,=-0.01815,
a, =-0.005975, a,, =—0.0000025, a,, =0.0005187

nat 7=9.316s"" is found to be 5 = 4624.5 Pa s with 7= 392 °F. The power law exponent n

follows from Eq. (1.9)

n=2.052

Shear stress
T=1-7=43077 N/m?

Factor of proportionality K in Eq. (1.10) from Eq. (1.3)
K =28824-107°

Die constant from Table 1.2

3

I . —
7 |2.052 0.01252:052 5
circle=[2j T=9.17-10

Finally Ap from Eq. (1.10)
1

(1 4291 0‘5)m

Ap = ; = 6.845 bar

(2.8824 ,10—9)m .9.17-107




(1]
(2]
(3]
(4]
5]
(0]

[7]
(8]
(8]
[9]
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Thermal Properties
of Solid and Molten
Polymers

In addition to the mechanical and melt flow properties, thermodynamic data of polymers are
necessary for optimizing various heating and cooling processes that occur in plastics process-
ing operations.

In design work the thermal properties are often required as functions of temperature and pres-
sure. As the measured data cannot always be predicted by physical relationships accurately
enough, regression equations are used to fit the data for use in design calculations.

B 2.1 Specific Volume

The volume-temperature relationship as a function of pressure is shown for a semi-crystalline
PP in Fig. 2.1 [1] and for an amorphous PS in Fig. 2.2 [1]. The p-v-T diagrams are needed in many
applications, for example to estimate the shrinkage of plastics parts in injection molding [19].
Data on p-v-T relationships for a number of polymers are presented in reference [8].

According to the Spencer-Gilmore equation, which is similar to the Van-der-Waal equation of
state for real gases, the relationship between pressure p, specific volume v, and temperature T
of a polymer can be written as

* * _ﬂ
(v=07)(p+p7) = (2.1)

In this equation, b* is the specific individual volume of the macromolecule, p* the cohesion
pressure, W the molecular weight of the monomer, and R the universal gas constant [9].

The values p* and b* can be determined from p-V-T diagrams by means of regression analysis.
Spencer and Gilmore and other workers evaluated these constants from measurements for the
polymers listed in Table 2.1 [9, 18].
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SPECIFIC VOLUME (cm¥/g)
1.30F
1.25)
1.20f
1.15F
TEMPERATURE('C)
110 . A " . FIGURE 2.1 Specific volume vs. temperature
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for a semi-crystalline polymer (PP) [1]
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FIGURE 2.2 Specific volume vs. temperature
Temperature (°C) for an amorphous polymer (PS) [1]

TABLE 2.1 Constants for the Equation of State [9]

Material w p* b*
g/mol atm cm’/g
LDPE 28.1 3240 0.875
PP 41.0 1600 0.620
PS 104 1840 0.822
PC 56.1 3135 0.669
PA 610 111 10768 0.9064
PMMA 100 1840 0.822
PET 37.0 4275 0.574

PBT 113.2 2239 0.712




2.1 Specific Volume

Calculated Example

. The following values are given for a PE-LD:

W =28.1g/mol
b* =0.875cm’/g
p* =3240 atm

Calculate the specific volume at
T=190°C and p=1bar
Using Eq. (2.1) and the conversion factors to obtain the volume v in cms/g, we obtain

~10-8.314-(273+190)

= +0.875=1.292cm’ /g
28.1-3240.99-1.013

|
The density p is the reciprocal value of specific volume so that
1
v
The p-v-T data can also be fitted by a polynomial of the form
v=A(0) +A(1),-p+(2),-T+A(3),-T-p (2.3)

if measured data is available (Fig. 2.3) [10, 11, 17]. The empirical coefficients A(0), ... A(3), can
be determined by means of the computer program given in [11]. With the modified two-domain
Tait equation [16] a very accurate fit can be obtained both for the solid and melt regions.

1.3

2l P=1
el / P=1bar
129 /f

/|
v
/// '/, 800 bar——

S

Specific volume v —=
"“*\

B

7

Cd

--- measured
7 —— polynomial
1

120 140 160 180 200 220 °C 240
Temperature T —=

1.21

FIGURE 2.3 Specific volume as a function of temperature and pressure for PE-LD [2, 13]
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M 2.2 Specific Heat

The specific heat ¢, is defined as (US uses capital letters instead of h)

oh
c, == 2.4
(5] 24
p
where
h = enthalpy
T = Temperature

The specific heat c, represents the amount of heat that is supplied to a system in a reversible
process at a constant pressure in order to increase the temperature of the substance by d7. The
specific heat at constant volume ¢, is given by (US uses capital letters instead of u)

auj

c, =|— (2.5)
(&),

where

u = internal energy

T = Temperature

In the case of ¢, the supply of heat to the system occurs at constant volume.

¢, and ¢, are related to each other through the Spencer-Gilmore equation, Eq. (2.1)

c, =0, —— (2.6)

The numerical values of ¢, and ¢, differ by roughly 10%, so that for approximate calculations
¢, can be made equal to Cpe Plots of c,asa function of temperature are shown in Fig. 2.4 for
amorphous, semi-crystalline, and crystalline polymers.

a) b) c)

i I

FIGURE 2.4 Specific heat as a function of temperature for amorphous (a), semi-crystalline (b), and crystalline
polymers (c) [14]
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FIGURE 2.5 Comparison between measured values of ¢ [13] and polynomial for LDPE [2]

As shown in Fig. 2.5, measured values can be fitted by a polynomial of the type [11]

¢,(T)=A(0)c,+A(1)c,-T+A(2)c, T (2.7)

B 2.3 Thermal Expansion Coefficient

The expansion coefficient ¢, at constant pressure is given by [14]

1(av

a, =—|— 2.8
Vo (BT) (2.8)

P

The isothermal compression coefficient y, is defined as [14]

1(adv

LY o
viadp);

a, and y, are related to each other by the expression [14]

T-v-a?
¢ =c +— V% (2.10)
p v yk

The linear expansion coefficient «;;, is approximately

1
=5, (2.11)
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Data on Coefficients of Thermal Expansion

Table 2.2 shows the linear expansion coefficients of some polymers at 20 °C. The linear expansion
coefficient of mild steel lies around 11 - 10°° [K’l] and that of aluminum about 25 - 10°¢ [K’l].
As can be seen from Table 2.2, plastics expand about 3 to 20 times more than metals. Factors
affecting thermal expansion are crystallinity, cross-linking, and fillers [1].

TABLE 2.2 Coefficients of Linear Thermal Expansion [1, 5]

Polymer Coefficient of linear expansion at 20 °C
a;, 10°K™
PE-LD 250
PE-HD 200
PP 50
PVC-U 75
PVC-P 180
PS 70
ABS 90
PMMA 70
POM 100
PSU 50
PC 65
PET 65
PBT 70
PA 6 80
PA 66 80
PTFE 100
TPU 150

B 2.4 Enthalpy

Equation (2.4) leads to

dh=c,-dT (2.12)

As shown in Fig. 2.6, the measured data for i = h(T) [13] for a polymer melt can be fitted by
the polynomial

h(T)=A(0), +A(1), -T+A(2), -T° (2.13)
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The specific enthalpy defined as the total energy supplied to the polymer divided by the
throughput of the polymer is a useful parameter for designing extrusion and injection molding
equipment such as screws. It provides the theoretical amount of energy required to bring the
solid polymer to the process temperature. Values of this parameter for different polymers are
given in Fig. 2.7 [14].

If, for example, the throughput of an extruder is 100 kg/h of polyamide (PA) and the processing
temperature is 260 °C, the theoretical power requirement would be 20 kW. This can be assumed
to be a safe design value for the motor horse power, although theoretically it includes the power
supplied to the polymer by the heater bands of the extruder as well.
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Bl 2.5 Thermal Conductivity

The thermal conductivity A (US symbol is k) is defined as

_ Q-1 (2.14)
t-A-(, - 1)
where
0] = heat flow through the surface of area A in a period of time ¢

(Ty - T,) = temperature difference over the length L.

Analogous to the specific heat ¢, and enthalpy h, the thermal conductivity can be expressed as [2]
A(T)=A(0), +A(1), - T+A(2), - T? (2.15)

as shown in Fig. 2.8.

The thermal conductivity increases only slightly with pressure. A pressure increase from 1 bar
to 250 bar leads only to an increase in thermal conductivity of less than 5% of its value at 1 bar.

As in the case of other thermal properties, thermal conductivity is, in addition to its dependence
on temperature, strongly influenced by the crystallinity and orientation and by the amount and
type of filler in the polymer [1]. Foamed plastics have, for example, thermal conductivities at
least an order of magnitude lower than those of solid polymers [1].

) T

< W ===y measured

= mK ol norr:?-‘..ﬁ

= 01

8

s

E

£ 0

=0 50 100 150 °C 200 FIGURE 2.8 Comparison between measured values of A

Temperature J —=— [13] and polynomial for PP [2]
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Bl 2.6 Thermal Diffusivity

Thermal diffusivity a (in the US « is used instead of a) is defined as the ratio of thermal con-
ductivity to heat capacity per unit volume [1]

(2.16)

and is of importance in dealing with transient heat transfer phenomena, such as cooling of
melt in an injection mold [2]. Although for approximate calculations average values of thermal
diffusivity can be used, more accurate computations require functions of 4, p, and ¢, against
temperature for the solid as well as melt regions of the polymer. Thermal diffusivities of some
polymers at 20 °C are listed in Table 2.3 [14, 15].

Exhaustive measured data of the quantities Cps h, A and pvT diagrams of polymers are given in
the VDMA-Handbook [8]. Approximate values of thermal properties of use to plastics engineers
are summarized in Table 2.4 [14, 15].

Experimental techniques of measuring enthalpy, specific heat, melting point, and glass transition
temperature by differential thermal analysis (DTA) or differential scanning calorimetry (DSC)
are described in detail in [12]. Methods of determining thermal conductivity, pvT values, and
other thermal properties of plastics are also treated in [12].

TABLE 2.3 Thermal Diffusivities of Polymers at 20 °C

Polymer Thermal diffusivity at 20 °C a
10° mz/s
PE-LD 0.12
PE-HD 0.22
PP 0.14
PVC-U 0.12
PVC-P 0.14
PS 0.12
PMMA 0.12
POM 0.16
ABS 0.15
PC 0.13
PBT 0.12
PA 6 0.14
PA 66 0.12

PET 0.1

23




24 2 Thermal Properties of Solid and Molten Polymers

TABLE 2.4 Approximate values for thermal properties of some polymers [14]

Polymer Thermal conduc-  Specific heatc,  Density p Glass transition ~ Melting point
tivity A (20 °C) (20 °C) (20 °C) temperature 7, range T,
W/m-K k)/kg K g/cm® °C °C

PS 0.12 1.20 1.06 101 -

PVC 0.16 1.10 1.40 80 -

PMMA 0.20 1.45 1.18 105 -

SAN 0.12 1.40 1.08 115 -

POM 0.25 1.46 1.42 -73 ca. 175

ABS 0.15 1.40 1.02 115 -

PC 0.23 1.17 1.20 150 -

PE-LD 0.32 2.30 0.92 -120/-90 ca. 110

PE-LLD 0.40 2.30 0.92 -120/-90 ca. 125

PE-HD 0.49 2.25 0.95 -120/-90 ca. 130

PP 0.15 2.40 0.91 -10 160/170

PA6 0.36 1.70 1.13 50 215/225

PA 66 0.37 1.80 1.14 9% 250/260

PET 0.29 1.55 1.35 70 250/260

PBT 0.21 1.25 1.35 45 ca. 220

B 2.7 Coefficient of Heat Penetration

The coefficient of heat penetration is used in calculating the contact temperature that results
when two bodies of different temperatures are brought into contact with each other [2, 16].

As shown in Table 2.5, the coefficients of heat penetration of metals are much higher than those
of polymer melts. Owing to this, the contact temperature of the wall of an injection mold at the
time of injection lies in the vicinity of the mold wall temperature before injection.

TABLE 2.5 Coefficients of Heat Penetration of Metals and Plastics [17]

Material Coefficient of heat penetration b
W-s% . m2. K"
Beryllium copper (BeCu25) 17.2-10°
Unalloyed steel (C45W3) 13.8-10°
Chromium steel (X40Cr13) 11.7-10°
Polyethylene (PE-HD) 0.99 - 10°
Polystyrene (PS) 0.57 - 10°
Stainless steel 7.56 - 10°

Aluminum 21.8-10°




2.8 Heat Deflection Temperature

The contact temperature Gwmax of the wall of an injection mold at the time of injection is [17]

b, 0, +b,0y

217
Wmax bw + bp ( )
where
b = coefficient of heat penetration = /A p ¢
Wi temperature before injection
0y = melt temperature
Indices w and p refer to mold and polymer, respectively.
Calculated Example
. The values given in Table 2.5 refer to the following units of the properties:
Thermal conductivity : W /(m-K)
Density p: kg/m3
Specific heat c: kl/(kg-K)
The approximate values for steel are
I =50W/(mK)
r =7850kg/m?
¢ =0.485kJ/(kg-K)
The coefficient of heat penetration is
b=yA-p-c =+/50.7.85.103-0.485-10° =13.8-10° W s% .m2 . K"
|

Bl 2.8 Heat Deflection Temperature

Heat deflection temperature (HDT) or the deflection temperature under load (DTUL) is a relative
measure of a polymer’s ability to retain its shape at elevated temperatures for short duration
while supporting a load. In amorphous materials the HDT almost coincides with the glass tran-
sition temperature 7. Crystalline polymers may have lower values of HDT but are dimension-
ally more stable at elevated temperatures [5]. Additives such as fillers have a more significant
effect on crystalline polymers than on amorphous polymers. The heat deflection temperatures
are listed for some materials in Table 2.6. Owing to the similarity of the measuring principle,
Vicat softening point, HDT, and Martens temperature lie often close to each other (Fig. 2.9) [6].

25
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TABLE 2.6 Heat Deflection Temperatures (HDT) According to the Method A of Measurement [3, 6]

Material HDT (Method A)

°C
PE-LD 35
PE-HD 50
PP 45
PVC 72
PS 84
ABS 100
PC 135
POM 140
PA6 77
PA66 130
PMMA 103
PET 80
PBT 65

VICAT MARTENS HDT
load load
load !
standardized \\
needle specimen specimen heat transfer
heat transfer [ oven |- :: e
llquid a) b) ) — S~ specimen

FIGURE 2.9 Principles of measurement of heat distortion of plastics [6]

Bl 2.9 Vicat Softening Point

The Vicat softening point represents the temperature at which a small, lightly loaded, heated
test probe penetrates a given distance into a test specimen [5].

The Vicat softening point provides an indication of a material’s ability to withstand contact with
a heated object for a short duration. It is used as a guide value for the demolding temperature
in injection molding. Vicat softening points of crystalline polymers have more significance than
amorphous polymers, as the latter tend to creep during the test [5]. Both Vicat and HDT values
serve as a basis to judge the resistance of a thermoplastic to distortion at elevated temperatures.

Guide values of Vicat softening temperatures of some polymers according to DIN 53460 (Vicat
5 kg) are given in Table 2.7 [6].
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TABLE 2.7 Guide Values for Vicat Softening Points [6]

Polymer Vicat softening point
°C
PE-HD 65
PP 90
PVC 92
PS 90
ABS 102
PC 138
POM 165
PA 6 180
PA 66 200
PMMA 85
PET 190
PBT 180

The thermodynamic and viscosity data can be stored in a data bank with the help of the software
program, VISRHEO, mentioned in the Appendix and retrieved for design calculations. The Figs.
2.10 and 2.11 show samples of the printouts of this program.

FIGURE 2.10
Thermodynamic data

FIGURE 2.11
Viscosity coefficients
in the rheological models
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Heat Transfer
in Plastics Processing

Heat transfer and flow processes occur in most polymer processing machinery and often deter-
mine the production rate. Designing and optimizing machine elements and processes therefore
requires the knowledge of the fundamentals of these sciences. The flow behavior of polymer
melts has been dealt with in Chapter 1. In the present chapter, the principles of heat transfer
of relevance to polymer processing are treated with examples.

B 3.1 Steady State Conduction

Fourier’s law for one dimensional conduction is given by

: dt
0=-14 P (3.1)
where
0 = heat flow thermal conductivity
A = area perpendicular to the direction of heat flow
T = temperature
x = distance (Fig. 3.1)

FIGURE 3.1 Plane wall
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3.1.1 Plane Wall

Temperature profile (Fig. 3.1) [1]:

Ty — T
T(x) =M-)<+TWl (3.2)
Heat flow:
2
Q=3-A-(TW —TWZ) (3.3)

Analogous to Ohm’s law in electric circuit theory, Eq. (3.1) can be written as [2]

)=— 3.4
0 R (3.4)
in which
0
R=—— 3.5
T (3.5)

where

AT = temperature difference
0
R

wall thickness

thermal resistance

Calculated Example

. The temperatures of a plastic sheet with a thickness of 30 mm and a thermal conductivity of
A =0.335 W/(mK) are according to Fig. 3.1 TWI =100°C and TW2 =40 °C. Calculate the heat
flow per unit area of the sheet.

Solution:

Substituting the given values in Eq. (3.3) we obtain

%— 0935 100 - 40) = 670 W/m’

_(30/1000)’(



3.1 Steady State Conduction

3.1.2 Cylinder

Temperature distribution (Fig. 3.2) [1]:

Ty — T
T(r)=Ty, +—2— 0| = (3.6)
1 / ’;2 rl
hi
Heat flow:
- A
ng'Am '(Tw1 _Twz) (3.7)

with the log. mean surface area A, of the cylinder

A =ﬂ (3.8)
ln(Azj
A
where
0 = r,—n

FIGURE 3.2 Steady state heat transfer through a cylindrical wall

3.1.3 Hollow Sphere

Temperature distribution [1]:

T(r)_l(Twl _Twz)_(Twl i~ 1y, rz) (3.9)
ronen B '

with the boundary conditions

T(r=r1):TWI and T(r:rz)zTW2

31
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Heat flow:
A
Q:E.Am.(TWI_TWZ) (3.10)

The geometrical mean area A of the sphere is

Ay =4 4, (3.11)

The wall thickness 0 is

o=r,—r. (3.12)

3.1.4 Sphere
Heat flow from a sphere in an infinite medium (r, — ) [1]
O=4mnA(L, -T.) (3.13)

where

T, = temperature at a very large distance.

Figure 3.3 shows the temperature profiles of the one dimensional bodies treated above [1].

'
R
e

h

LL—‘ FIGURE 3.3 One dimensional heat transfer; a: sphere, b: cylinder, c: plate

3.1.5 Heat Conduction in Composite Walls

Following the electrical analogy, heat conduction through a multiple layer wall can be treated
as a current flowing through resistances connected in series. From this concept we obtain the
expression for the heat flow through the composite wall shown by equation 3.17 and Fig. 3.4.



3.1 Steady State Conduction 33

FIGURE 3.4 Heat transfer through a composite wall [1]

. 51
TWl —TWZ = A (3.14)
I, -1, =022 3.15
W, T W, Q/IzAz (3.15)
. 63
= 3.16
Wy W, 0/13 A, ( )
Adding Eq. (3.14) to Eq. (3.16) and putting A, = 4, = A, = A gives
) 0 0
Ty —Ty = L4 2 4 3 1=AT 3.17
Wi Q(llA Ay A /13AJ (3.17)
Thus
0= AT (3.18)
0, 9, 95
+ +
MA A, A A A
Inserting the conduction resistances
0
R =—1 (3.19)
A A
0
R, =—2 (3.20)
Lol 4
0
R, =—2 (3.21)
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into Eq. (3.18) we get

. AT AT
_ Al 22
O=R+r+1)" R 22

Calculated Example

. A two-layer wall consists of following insulating materials (see Fig. 3.4):

0,= 16mm, 4,=0.048W/(mK)
9, =140mm, 1, =0.033 W/(mK)

The temperatures are TW1 =30°C, TWz =2°C. Calculate the heat loss per unit area of the wall.

AT=TW1TW2 =30-2=28°C

Area A = 1 m?

o)

R1=_1=w=0.33|</w
A1A 0.048-1
o

R, = 2 =—14O/1OOO=4.24K/W
/IZA 0.033-1

=2 28 =6.13W

(R +R,) (4.24+0.33)
]

The following example [2] illustrates the calculation of heat transfer through a tube shown in
Fig. 3.5.

FIGURE 3.5 Heat flow in a multilayered cylinder
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Calculated Example

. A tube with an outside diameter of 60 mm is insulated with the following materials:
0, =50mm, 4, =0.055W/(mK)
0,=40mm, 4,=0.05 W/(mK)

The temperatures are TW1 =150°C and TWz =30 °C . Calculate the heat loss per unit length of
the tube.

Solution:
Resistance R;:

e O 005
" A A 0055-2nF-L

K/W

average radius 7, :

_ (80-30)
n=-——=-=50.97 mm
80
Inj| —
R = 2.839 K/W
L
Resistance R,:
) 0.04

R =—2 —
2 A A 0.052%T-L
2 A . nr

K/W

average radius 7, :

_ (120-80)
r,=-——=-=98.64 mm
120
Inf —
80
R, = 1.2L91 K/W

Heat loss per unit length of the tube according to Eq. (3.22):

9=M=29,1W/m
L 2.839+1.291



36

3 Heat Transfer in Plastics Processing

L4 —— 0 A

.r" ’—Az e — ﬁz Az .I*Z

43 b A

FIGURE 3.6 Heat transfer in composite walls in parallel

In the case of a multi-layer wall, in which the heat flow is divided into parallel flows as shown
in Fig. 3.6, the total heat flow is the sum of the individual heat flows. Therefore we have

0=Y0 (3.23)
i=1

Lz T, —T

Q:;(},i Ai)% (3.24)

3.1.6 Overall Heat Transfer through Composite Walls

If heat exchange takes place between a fluid and a wall, as shown in Fig. 3.7, we have to consider
convection resistance in addition to the conduction resistance, which can be written as

R = (3.25)

G;

Fluid 2

FIGURE 3.7 Conduction and convection through a composite wall

The combination of convection and conduction in stationary walls is called the overall heat
transfer and can be expressed as

0=k A(f-1)=o (5 -1,) (326

W



3.2 Unsteady State Conduction

where k is denoted as the overall heat transfer coefficient with the corresponding overall resis-
tance Ry,

1

kA (3.27)

Ry, =

Analogous to conduction for the composite wall in Fig. 3.7 the overall resistance Ry, can be
given by

z
Ry =R, +Y R +R, (3.28)
i=1

or

1 1 <
— = + E L4 3.29
k A A=A (3.29)

P — (3.30)

Calculation of the convection heat transfer coefficient is shown in the Section 3.5.

l 3.2 Unsteady State Conduction

The differential equation for the transient one-dimensional conduction after Fourier is given by

of 0T
where
T = temperature
t = time
x = distance

The thermal diffusivity a in this equation is defined as

a=—"— (3.32)

37
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where
A

thermal conductivity

¢, = specific heat at constant pressure
p = ensity

For commonly occurring geometrical shapes analytical expressions for transient conduction
are given in the following sections.

3.2.1 Temperature Distribution in One-Dimensional Solids

The expression for the heating or cooling of an infinite plate [2] follows from Eq. (3.31) (Fig. 3.8):

Ty =T _ i(e—% oy levan 1 sak +j (3.33)
9 25

Ty-T, =2

FIGURE 3.8 Unsteady-state conduction in an infinite plate

The Fourier number F,, is defined by

a-t
F = X_Zk (3.34)

Ty = constant surface temperature of the plate
T, = initial temperature

]_]O = average temperature of the plate at time ¢;
t, = heating or cooling time

X = half thickness of the plate [X = i}

a, = (n/2)° 2

a = thermal diffusivity, Eq. (3.32)



3.2 Unsteady State Conduction

The equation for an infinite cylinder with the radius r, is given by [2]

Ty =T,
Ty -

=0.692e7>7%%0 10.131e7°% 4+0.0534 ¢+ 0 4 .. (3.35)

a

and for a sphere with the radius r,

T, -T - - -
Wb —0.608e "0 +0.152e7°% +0.0676 7810 4 . (3.36)
TW “la
where
a-t
R=— (3.37)
rIIl

In the range F,, > 1 only the first term of these equations is significant. Therefore, we obtain for
the heating or cooling time [2]

Plate:
2
T, —T
tk=l-[iJ 1n[(%J[W—_H (3.38)
a \Tm T TW_Tb
Cylinder:
2
T, T
t,=—M In|0.692| W 2 (3.39)
5.78a T, -1,
Sphere:
2
Ty T
t,=—D In|0.608| X = (3.40)
9.87a Ty -1,

The solutions of Eq. (3.32) to Eq. (3.40) are presented in a semi logarithmic plot in Fig. 3.9, in
which the temperature ratio @Tb =(Ty —Tb) /(I —T,) is shown as a function of the Fourier
number F,.

Excepting small Fourier numbers, these plots are straight lines approximated by the Eq. (3.38)
to Eq. (3.40).

If the time £, is based on the center line temperature 7 instead of the average temperature ]_1),
then we get [3]

2 T, —T
f=——In Ayl (3.41)
T -a Y TW_Tb

39



40

3 Heat Transfer in Plastics Processing
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0 02 04 06 08 10 12 14 16 a long cylinder (b), and a sphere (a) during
Fourier number fy —=— unsteady heating or cooling

Analogous to Fig. 3.9, the ratio ®; with the center line temperature T, at time ¢, is plotted in
Fig. 3.10 over the Fourier number for bodies of different geometries [4].
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FIGURE 3.10 Axis temperature for multidimensional bodies

The foregoing equations apply to the case, in which the thermal resistance between the body
and the surroundings is negligibly small (¢, — °), for instance in injection molding between
the part and the coolant. This means that the Biot number should be very large, Bi — . The

Biot number for a plate is



3.2 Unsteady State Conduction

Blyo == (3.42)

where

a heat transfer coefficient of the fluid

A

a

thermal conductivity of the plastic

As the heat transfer coefficient in practice has a finite value, the temperature ratio @ based
on the center line temperature is given in Fig. 3.11 as a function of the Fourier number with
the reciprocal of the Biot number as a parameter [5].

Calculated Examples

. Example 1

Cooling of a part in an injection mold for the following conditions:
Resin: LDPE

Thickness of the plate s = 12.7 mm

Temperature of the melt 7, =243.3 °C

Mold temperature Ty =21.1°C

Demolding temperature 7, =76.7 °C

Thermal diffusivity a =1.29-10"cm?/s

The cooling time ¢, is to be calculated.

Solution:

The temperature ratio @Tb 3

CT-Ty  76.7-21.1

= =0.25
b T, -T, 243.3-21.1

Fourier number £, from Fig. 3.10 at &, =0.25
Fy =0.65
Cooling time ¢,

12.7

x=2="22_¢35mm
2 2
a-t, 129107 ¢,
== —~=0.65
X 0.635
t, =203s
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FIGURE 3.11 Midplane temperature for an infinite plate
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. Example 2

Calculate the cooling time ¢, in the Example 1 if the mold is cooled by a coolant having a heat
transfer coefficient of a, =2839 W/ (m? -K).

Solution:

a, =2839 W/(m’ -K)

A, =0.242 W/(m-K)

plastic
The resulting Biot number is

_a, X 2839-6.35

Bi = =
A 0.242-1000

74.49 l =0.01342
Bi

As can be read from Fig. 3.11, the Fourier number does not differ much from the one in the
previous example for @, =0.25 and 1/Bi = 0.01342. The resistance due to convection is
therefore negligible and the cooling time remains almost the same. However, the convection
resistance has to be taken into account in the case of a film with a thickness of 127 p cooling
in quiescent air, as the following calculation shows: The heat transfer coefficient for this case is
approximately

a, =56.78 W/(m’ -K)
The Biot number Bi is

Bi=M=O.O149 l=<$7.1

10°.0.242 Bi
F, from Fig. 3.11
Fo =95
The cooling time is

.z X*-F,  655%-10°-95
=

= 5 =2.97s
a 10°-1.29
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. Example 3

Cooling of an extruded wire: a strand of polyacetal of diameter 3.2 mm is extruded at 190 °C
into a water bath at 20 °C. Calculate the length of the water bath to cool the strand from
190 °C to a center line temperature of 140 °C. The following conditions are given:

a, =1700 W/(m” -K)

—_ 107 2
aplastic =10" m"/s

A, =0.23W/(m-K)

plastic
Haul-off rate of the wire V}, = 0.5 m/s

Solution:
The Biot number is

_aa-X

5
=T

where R = radius of the wire

pe WU o0 g L~ 0.0846
1000-0.23 Bi

The temperature ratio 6

_TL—Ty _140-20
boor, T 190-20

=0.706

il

The Fourier number £, for @Tb =0.706 and
]

=0.0846 from Fig. 3.11 is roughly
Fy =0.16

The cooling time ¢, follows from

a-t

-7

o 10 b b g6

R? (16-10‘3)2 2.56-10
t,=4.1s

The length of the water bath is

W, -t =0.5-4.1=2.05m
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3.2.2 Thermal Contact Temperature

If two semi infinite bodies of different initial temperatures @, and @, are broughtinto contact,
as indicated in Fig. 3.12, the resulting contact temperature @, is given by [3]

(o,

O, +,—°0,
1 2
o)
K= (3.43)
roe)
1+ —2
( Apc
1
where
A = thermal conductivity
p = density
c = specific heat
Apc = coefficient of heat penetration

A.ngz

§\\
'/
//

6

&\\ _

FIGURE 3.12 Temperature distribution in semi-infinite solids in contact

\

Equation (3.43) also applies to the case of contact of short duration for thick bodies. It follows
from this equation that the contact temperature depends on the ratio of the coefficients of heat
penetration and lies nearer to the initial temperature of the body that has a higher coefficient of
penetration. The ratio of the temperature differences (@ e Oy) and (O — O Az) are inversely
proportional to the coefficient of penetration:

®, —Oy (\/lp C)2

= (3.44)

Ox =0, (\M p xc)1
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Calculated Example

. The contact temperature ©,  of the wall of an injection mold at the time of injection is
according to Eq. (3.43) [8]
_ bW @wm-

_tb, 6y

(3.45)
Winax b, +b,

where

b =\Jipc

O =temperature before injection

Wmm
6,, = melt temperature
Indices w and p refer to mold and polymer, respectively.

As shown in Table 3.1 [8], the coefficients of heat penetration of metals are much higher than
those of polymer melts. Hence the contact temperature lies in the vicinity of the mold wall tem-
perature before injection.

TABLE 3.1 Coefficients of Heat Penetration of Mold Material and Resin

Material Coefficient of heat penetration b (Ws®®-m2.K™")
Beryllium copper (BeCu25) 17.2-10°
Unalloyed steel (C45W3) 13.8-10°
Chromium steel (X40Crl3) 11.7 - 10°
Polyethylene (PE-HD) 0.99 - 10°
Polystyrene (PS) 0.57 - 10°

The values given in the Table 3.1 refer to the following units of the properties:
Thermal conductivity A: ~ W/(m-K)
Density p: kg/m3
Specific heat c: kl/(kg-K)
The approximate values for steel are
A=50W/(m-K)
p =7850kg/m°
¢ =0.485k]J/(kg -K)

The coefficient of heat penetration b

b=yA-p-c =/50-7.85-10°-0.485-10° =13.8-10° Ws®® - m2 . K"



3.3 Heat Conduction with Dissipation

l 3.3 Heat Conduction with Dissipation

The power created by the tangential forces in the control volume of the fluid flow is denoted
as dissipation [9]. In shear flow, the rate of energy dissipation per unit volume is equal to the
product of shear force and shear rate [10]. The power due to dissipation [11] is therefore

Ey=1-7 (3.46)

From the power law we get
LI
. 1 n . —+1
E = (—) -y (3.47)
For a Newtonian fluid with n = 1 we obtain
E =57 (3.48)

The applicable differential equation for a melt flow between two plates, where the upper plate
is moving with a velocity U, and the lower plate is stationary [11], is

2 2

For drag flow the velocity gradient is given by

Ju U
et § 3.50
dy H ( )

Equation (3.49) can now be written as

2 2
Ag—zm(%) 0 (3.51)
4

If the temperature of the upper plate is T, and that of lower plate T, the temperature profile of
the melt is obtained by integrating Eq. (3.51). The resulting expression is

_nUsy

T
2LH

(1—%)+%(T1—TO)+TO (3.52)

As shown in Section 4.2.3, this equation can be used to calculate the temperature of the melt
film in an extruder.
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B 3.4 Dimensionless Groups

Dimensionless groups can be used to describe complicated processes which are influenced by
a large number of variables with the advantage that the whole process can be analyzed on a
sound basis by means of a few dimensionless parameters. Their use in correlating experimental
data and in scaling up of equipment is well known. Table 3.2 shows some of the dimensionless
groups which are often used in plastics engineering.

TABLE 3.2 Dimensionless Groups

Symbol Name Definition

Bi Biot number a, |/ A=

Br Brinkman number % w? /(/1 AT)
Deb Deborah number &/t

Fo Fourier number at/?

Gr Grashof number gB-AT P /v?
Gz Graetz number 2 /(a~tv)

Le Lewis number a/o

Na Nahme number Brwin/A
Nu Nusselt number al/a

Pe Peclet number wl/a

Pr Prandtl number v/a

Re Reynolds number pw/!/7n

Sh Sherwood number B, //9

Sc Schmidt number v/o

Sk Stokes number P-//(n-w)




3.4 Dimensionless Groups

Nomenclature:

a: Thermal diffusivity (m?/s)

g Acceleration due to gravity (m/sz)

IR Characteristic length (m)

p: Pressure (N/m?)

t: Time (s)

Indices D, P: memory and process of polymer respectively

AT: Temperature difference (K)
Velocity of flow (m/s)

a, Outside heat transfer coefficient [W/(m?K)]

Jof Coefficient of volumetric expansion (K™

B Temperature coefficient in the power law of viscosity (K'l)

B Mass transfer coefficient (m/s)

0: Diffusion coefficient (m?/s)

UE Viscosity (Ns/m?)

A: Thermal conductivity (index i refers to the inside value) [W/(m K)]

v: Kinematic viscosity (m?/s)

t: Residence time (s)

p: Density (kg/m3)

Physical Meaning of Dimensionless Groups

Biot number: Ratio of thermal resistances in series: (I/4;) / (1 / @,);
Application: heating or cooling of solids by heat transfer through conduction and convection.

Brinkman number: ratio of heat dissipated (7 Wz) to heat conducted (A AT);
Application: polymer melt flow.

Deborah number: ratio of the period of memory of the polymer to the duration of processing
[13]. At Deb > 1 the process is determined by the elasticity of the material, whereas at Deb < 1
the viscous behavior of the polymer influences the process remarkably.

Fourier number: ratio of a characteristic body dimension to an approximate temperature wave
penetration depth for a given time [16];
Application: unsteady state heat conduction.

Graetz number: ratio of the time to reach thermal equilibrium perpendicular to the flow direc-
tion (I* / a) to the residence time (&,);
Application: heat transfer to fluids in motion.
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Grashof number: ratio of the buoyant force g5 - AT I° to frictional force (v);
Application: heat transfer by free convection.

Lewis number: ratio of thermal diffusivity (a) to the diffusion coefficient ();
Application: phenomena with simultaneous heat and mass transfer.

Nahme or Griffith number: ratio of viscous dissipation (8 w? ) to the heat by conduction (4)
perpendicular to the direction of flow;
Application: heat transfer in melt flow.

Nusselt number: ratio of the total heat transferred (« - [) to the heat by conduction (4)
Application: convective heat transfer.

Peclet number: ratio of heat transfer by convection (p ¢, - w - I) to the heat by conduction )
Application: heat transfer by forced convection.

Prandtl number: ratio of the kinematic viscosity (v) to thermal diffusivity (a);
Application: convective heat transfer.

Reynolds number: ratio of the inertial force (p w ) to viscous force (1);

Application: the Reynolds number serves as a criterion to judge the type of flow. In pipe flow,
when Re < 2300, the flow is laminar. The flow is turbulent at approx. Re > 4000. Between 2100
and 4000, the flow may be laminar or turbulent, depending on conditions at the entrance of the
tube and on the distance from the entrance [2];

Application: fluid flow and heat transfer.

Sherwood number: ratio of the resistance to diffusion (1/9) to the resistance to mass transfer

(1/B);

Application: mass transfer problems.

Schmidt number: ratio of kinematic viscosity (v) to the diffusion coefficient (9);
Application: heat and mass transfer problems.

Stokes number: ratio of pressure forces (p - [) to viscous forces ( - w);
Application: pressure flow of viscous media like polymer melts.

The use of dimensionless numbers in calculating non Newtonian flow problems is illustrated
in Section 6.3.3 with an example.



3.5 Heat Transfer by Convection

M 3.5 Heat Transfer by Convection

Heat transfer by convection, particularly forced convection, plays an important role in many
polymer processing operations such as in cooling a blown film or a part in an injection mold, to
mention only two examples. A number of expressions are found in the literature on heat transfer
[3] for calculating the heat transfer coefficient, «, (see Section 3.1.6). The general relationship
for forced convection has the form

Nu= f(Re, Pr) (3.53)
The equation for the turbulent flow in a tube is given by [16]
Nu=0.027 Re*® - Pr (3.54)

where
n = 0.4 for heating and

n = 0.3 for cooling

The following equation applies to laminar flow in a tube with a constant wall temperature [3]

Nuy,y, =33.66° +1.61° Re-Pr-d, /1 (3.55)

where

d; = inside tube diameter

[ = tube length

The expression for the laminar flow heat transfer to a flat plate is [3]

Nu,, =0.664Re 3 Pr (3.56)

Equation (3.56) is valid for Pr= 0.6 to 2000 and Re < 10°.

The equation for turbulent flow heat transfer to a flat plate is given as [3]

0.037 Re®® - Pr
1+2.448 Re™"! (Prz/ 3_ 1)

Nug,yy, = (3.57)

Equation (3.57) applies for the following conditions:
Pr=10.6to 2000 and

5.10°<Re<10.

The properties of the fluids in the equations above are to be found at a mean fluid temperature.
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Calculated Example

. A flat film is moving in a coating equipment at a velocity of 130 m/min on rolls that are
200 mm apart. Calculate the heat transfer coefficient « if the surrounding medium is air at a
temperature of 50 °C.

The properties of air at 50 °C are:

Kinematic viscosity v = 17.86 - 1078 mz/s

Thermal conductivity 4 =28.22 - 1073 W/ (m-K)

Prandtl number Pr =0.69

The Reynolds number Re , based on the length L = 200 mm is

1 ,
Re, =130--7-0.2/17.86-10 6 =24,262

Substituting Re, = 24,262 and Pr=0.69 into Eq. (3.56) gives
Nu,,, =0.664-24,262°°-0.69"° =91.53

As the fluid is in motion on both sides of the film, the Nusselt number is calculated according to

(3]
Nu = V Nulzam + Nutzurb
or the turbulent flow Nu, ., follows from Eq. (3.57):

0.037-24,262°% .0.69
142.448.24,2627%" (0.692/3 —1)

=102

uturb =

The resulting Nusselt number Nu is

Nu=+/91.532 +1022 =137

Heat transfer coefficient « results from

g A 137.28.22-107°

=19.33 W/(m? -K
/ 0.2 /1 )




3.6 Heat Transfer by Radiation

B 3.6 Heat Transfer by Radiation

Heating by radiation is used in thermoforming processes to heat sheets or films so that the
shaping process can take place. As at temperatures above 300 °C a substantial part of the
thermal radiation consists of wavelengths in the infrared range, heat transfer by radiation is
also termed infrared radiation [14]. According to the Stefan-Boltzmann law the rate of energy
radiated by a black body per unit area ¢, is proportional to the absolute temperature T to the
fourth power (Fig. 3.13) [1]:

é,=0 T* (3.58)
The Stefan-Boltzmann constant has the value
0=5.77-10""2 W/(cm? -K*)

Equation (3.58) can also be written as

4
é =c, T (3.59)
100

where ¢, = 5.77 W/(m?K*)

The dependence of the black body radiation on the direction (Fig. 3.14) [1] is given by the cosine
law of Lambert

€, =€, Cose (3.60)

&l(7)

FIGURE 3.13 Blackbody radiation

FIGURE 3.14 Lambert’s law
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FIGURE 3.15 Properties of radiation
The radiation properties of technical surfaces are defined as (Fig. 3.15) [1]:

Reflectivity: p= 9

-+ 3.61

0 (3.01)
Absorptivity: as= % (3.62)
Transmissivity: 0= Q—.d (3.63)

The sum of these fractions must be unity, or
p+ra+o=1

The transmissivity o of opaque solids is zero so that
pra=1

The reflectivity of gases p is zero and for those gases which emit and absorb radiation
a+d=1

Real bodies emit only a fraction of the radiant energy that is emitted by a black body at the same
temperature. This ratio is defined as the emissivity e of the body,

e=— (3.64)

At thermal equilibrium according to Kirchhoff’s identity

e=q (3.65)



3.6 Heat Transfer by Radiation

Radiation Heat Transfer between Non-Black Surfaces

The net rate of radiant heat exchange between two infinite parallel plates is given by [15]

4 4
. T T,
=Ae,c || —=| -| 2 3.66
where
A = area
£;,= emissivity factor defined by

1

&1y =# (367)

St
& &

Indices 1 and 2 refer to the two plates.

When T), is much smaller than T, the heat flow is approximately

: 7\
Op=¢¢64 [ﬁ) (0.1)

When heat transfer takes place by radiation and convection, the total heat transfer coefficient
can be written as [15]

atotal =a +a

convection radiation

where
0,

Qradiation — m
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Calculated Example

. A plastic sheet moving at a speed of 6 m/min is heated by two high temperature heating ele-
ments. Calculate the power required for heating for the following conditions, if the sheet is to
be heated from 20 °C to 140 °C:

Net enthalpy of the plastic for a temperature difference of 120 °C: Ah =70 kJ/kg

Width of the sheet w =600 mm
Thickness s =250 pum
Density of the resin p =900 kg/m3
Area of the heating element A =0.0093 m?
Emissivity of the heater ¢ =09
Solution:

Heating power N:
Mass flow rate of the plastic m:

,f,:U.W.s.p:M:o,mg/mm
10
N, =mAh=—°'81'1%'1000=945w

As the area of the heating element is small compared to that of the sheet the equation shown
below applies [14]

-
é=¢c, (W) W/m?

The total area of the heating element Ag = 2 - A so that we have
é A =Ny,

4
0.9:5.77-2-0.0093- L =945
100



3.7 Dielectric Heating 57

B 3.7 Dielectric Heating

The dielectric heat loss that occurs in materials of low electrical conductivity when they are placed
in an electric field alternating at high frequency is used in bonding operations, for instance, to
heat seal plastic sheets or films.

The power dissipated in the polymer is given by [14]

Ny=2nf-c-E*-cotg (3.68)

Ny = power (W)
f = frequency of the alternating field (s’l)
C = capacitance of the polymer (farads)

E = applied voltage (Volt)

¢ = phase angle
The rate of heat generation in a plastic film can be obtained from Eq. (3.68), and is given as [15]
Ny =55.7 M (3.69)
L 4w '
where

Ny = rate of heat generation (W/m?)
= dielectric loss factor

e’
b = half thickness of the film (um)
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Calculated Example

. Given:

E =500V

f =10 MHz

g’ =0.24

b =50um

Calculate the rate of heat generation and the time required to heat the polymer from 20 °C to
150 °C.

Substituting the given values in Eq. (3.69) gives

_55.7-500”-10-10°-0.24

- =3.34-10° W/m®
4.50

Ny

The maximum heating rate AT per second is calculated from

(3.70)

For

N,y = 3.39-109 W/m?
¢, =2.2kl/(kgK)

p =800kg/m®

_3.39-10°

AT =
800-2.2

=1926K/s

Finally the heating time is

t:M: 0.067 s
1926
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B 3.8 Fick’s Law of Diffusion

Analogous to Fourier’s law of heat conduction (Eq. (3.31)) and the equation for shear stress in
shear flow the diffusion rate in mass transfer is given by Fick’s law. This can be written as [16]

m dc
PR 570
m, = mass flux per unit time

A = Area

D,y = diffusion coefficient of the constituent A in constituent B

= mass concentration of component A per unit volume

distance

=
]

The governing expression for the transient rate of diffusion is [2]
2
e, _ Jac,
at M oy
where

t
X

(3.72)

time

distance

The desorption of volatile or gaseous components from a molten polymer in an extruder can be
calculated from [17] using Eq. (3.72)

&:4QJ%€ (3.73)

where

R, = rate of desorption (g/s)

A, = area of desorption (cm?)

C, = initial concentration of the volatile component (g/cm3) in the polymer
D = diffusion coefficient (cm?/s)

t = time of exposure (s) of the polymer to the surrounding atmosphere

3.8.1 Permeability

Plastics are to some extent permeable to gases, vapors, and liquids. The diffusional characteristics
of polymers can be described in terms of a quantity known as permeability.
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The mass of the fluid permeating through the polymer at equilibrium conditions is given by [7]

_PtA(pon)

(3.74)
s
where
m = mass of the fluid permeating (g)
p = permeability [g/(m-s-Pa)]
t = time of diffusion (s)
A = Area of the film or membrane (mz)

Py, P, = partial pressures on the side 1 and 2 of the film (Pa)
S = thickness of the film (m)
Besides its dependence on temperature, the permeability is influenced by the difference in partial

pressures of the fluid and the thickness of the film. Other factors that influence permeability
are the structure of the polymer film such as crystallinity and the type of fluid.

3.8.2 Absorption and Desorption

The process by which the fluid is absorbed or desorbed by a plastics material is time depen-
dent and it is governed by its solubility and by the diffusion coefficient [7]. The period until its
equilibrium value is reached can be very long. Its magnitude can be estimated by the half-life
of the process given by [7]

_0.04919-

t 3.75
=7 (375)

where
ty5= half life of the process
s = thickness of the polymer assumed to be penetrated by one side

D = (diffusion coefficient

The value of ¢, ; for moisture in polymethyl methacrylate (PMMA) for
D=0.3-107"2 mz/s and s=3mm

is 17.1 days, when the sheet is wet from one side only [7]. However, the equilibrium absorption
takes much longer, as the absorption rate decreases with saturation.
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B 3.9 Case Study: Analyzing Air Gap Dynamics in
Extrusion Coating by Means of Dimensional
Analysis

A number of experimental investigations in the past have dealt with the influence of various
parameters, such as melt temperature, air gap distance, and coating thickness on the bonding
strength between a primed film and the coating. This section presents a general procedure for
obtaining a quantitative relationship, in order to predict the influence of individual parameters
on the bond strength on the basis of dimensional analysis. The applicability of this method was
demonstrated by evaluating the experimental results published in the literature, which led to a
practical formula for predicting adhesion as a function of the parameters mentioned.

It was found that for a given temperature the shear history and the residence time of the melt
in the air gap are of utmost importance to the adhesion between the film and the coating. The
application of the formulas given is explained by a number of numerical examples.

Laminating and coating processes involve a polymer film moving from a flat die at a high tem-
perature and speed on to the rolls (Fig. 3.16). Experiments show that, once the film is success-
fully primed, the bond quality between the film and the coating depends on factors such as melt
temperature, film thickness, and oxidation in the air gap, to mention a few [1].

Melt Stream

'] Film Die
From Unwind

\

To
Wind Up

Substrate Film

Nip Roll 6\

Quench Roll
FIGURE 3.16 Extrusion coating process [25]
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In this section, first the heat transfer between the film and the surrounding air is mathemati-
cally described, in order to predict the cooling of the film in the air gap. It was then shown that
the bond strength depends on the shear history of the melt and the residence time of the film
in the air gap for a given temperature by analyzing the experimental results on the basis of
dimensional analysis.

3.9.1 Heat Transfer Between the Film and the Surrounding Air

The unsteady-state heat transfer between the film and the air by heat conduction can be calcu-
lated by means of the overall heat transfer coefficient [2] given by

k=a,=6A/s (3.76)
k = overall heat transfer coefficient (W/m? K)
a; = internal heat transfer coefficient (W/m2 K)
A = thermal conductivity (W/m-K)
s = film thickness (m)

Substituting relevant values for a LDPE film with a thickness of 20 um, we get from Eq. (3.76)
with A = 0.24 W/m-K

@, =6-0.24 /20107 =72000 W/m? K

However, when the film moves in air, the external heat transfer coefficient e, will be only of the
order of 10 W/m2 K [3] and determines the heat transfer between the film and the air. In other
words, the heat from the film is controlled by the external resistance.

For this case, the temperature of the film in the air gap can be calculated from

T-T .
——=exp| — koA -t (3.77)
T, -T, pc,-V
where

T = final film temperature
T, = air temperature
T, = initial temperature of the film (melt temperature)

t =time in the air gap
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Calculated Example

. Ty=200°C, T,=20°C, k=a,=10W/m’K, p=700kg/m’ c,=23kl/kgK, and
t = 200 ms. Calculate the final film temperature.

Solution:
The ratio of the volume V/ to the heat transfer area A can be substituted by [2]

V/A=2s (3.78)

where s = film thickness.

The film thickness can be obtained from the coat weight cwt

s =1000 cwt/p (3.79)

cwt = coat weight (g/m?)
p = density (kg/m°)

For a coat weight of 10 g/mz the film thickness follows from Eq. (3.76) with p = 700 kg/m3 for
LDPE melt s = 14.28 um.

Using a film thickness s = 30 pand k = 10 W/m2 K,

. . . 4 .
the dimensionless expression , called number of transfer of units, equals 0.02.

. Cp
The right hand side of Eq. (3.76) equals 0.98 which leads to a final temperature of 196.4 °C
for the conditions mentioned in the example. Thus, the cooling of the film in the air gap is not
significant. However, at thicker films it can be considerable, and can affect the chemical kinet-
ics of adhesion. In the evaluation of the experiments treated below, the final film temperature is
assumed to be equal to the melt temperature.

3.9.2 Chemical Kinetics

The effect of chemical kinetics on the adhesion was taken into account by means of the shift
factor a; [4, 5]

ay =b;-exp[ b, /(T +273)] (3.80)

Using the constants b, = 5.13 - 10 and b, = 5640 K, the shift factors at various melt tempera-
tures were calculated.
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Calculated Example

. The shift factor at the melt temperature of 7= 321 °C amounts to

a; =5.13-107° -exp (5640 / 594) = 0.068

Time in the Air Gap (TIAG)

The Graetz number is defined as the ratio of the time to reach thermal equilibrium perpen-
dicular to the flow direction to the residence time. The time in the air gap can be taken as the
residence time and its effect on the bond strength predicted by means of the Graetz number Gz.
This number can be calculated from [6]

Gz=m-c, /A-GAPL (3.81)
with
m = throughput (kg/h)
o8 = specific heat (kJ/kg K)
A = thermal conductivity (W/m K)
GAPL = Length of air gap (m)

Calculated Example

. Calculate Gz for m= 197 kg/h, c, = 2.2kl/kgK, A=2.2W/mK, and GAPL = 102 mm.
Using coherent dimensions Gz follows from Eq. (3.81)

Gz=10-197-2.2 /36-0.24-0.102 =4918

Shear History of the Film

It was found [1] that the shear history of the film plays a significant role in the gap dynamics.
The shear can be calculated by multiplying the shear rate of the film at the die exit and time in
the air gap (TIAG).

SHEAR = Shear rate at the die exit x TIAG
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3.9.3 Evaluation of the Experiments

The experimental results of Ristey and Schroff [23] were evaluated using the concepts described
above. The Graetz numbers calculated from the experiments lie in the range of 1600 to 5000.
A shear rate range of 69 s to 208 s! was taken as a basis.

By applying stepwise linear regression, the following equation has been developed from the
experimental results

In(C =0)=-6.7684 —3.1784 In(shift factor) - 0.8487 In(Gz)+1.2784 In(shear)  (3.82)

with C = 0: Carbonyl Absorbance.

The 45 degree slope in Fig. 3.17 shows the calculated and experimental results. Owing to
the complicated processes involved in the air gap dynamics, there is some deviation between
calculations and measurements.

Still, it is seen that Eq. (3.82) predicts the combined effect of the significant parameters not only
in the trend but in quantitative terms as well close to reality.

1,4
1,2

=0

0,8
0,6
0,4

Measured C

*°

(4
[
0 - T
0 0,2 0,4 0,6 0,8 1 1,2 14
Calculated C=0

FIGURE 3.17 Comparison between measured [6] and calculated carbonyl absorbance
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Analytical Procedures
for Troubleshooting
Extrusion Screws

Extrusion is one of the most widely used polymer converting operations for manufacturing blown
film, pipes, sheets, and laminations, to list the most significant industrial applications. Fig. 4.1
shows a modern large scale machine for making blown film. The extruder, which constitutes the
central unit of these machines, is shown in Fig. 4.2. The polymer is fed into the hopper in the
form of granulate or powder. It is kept at the desired temperature and humidity by controlled air
circulation. The solids are conveyed by the rotating screw and slowly melted, in part, by barrel
heating but mainly by the frictional heat generated by the shear between the polymer and the
barrel (Fig. 4.3). The melt at the desired temperature and pressure flows through the die, in
which the shaping of the melt into the desired shape takes place.

bubble collapse

extruder

flo=—

TITTTII TR ST TP 7T TP

FIGURE 4.1 Large scale blown film line [2]
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Typical Extruder

Temperature Control Panel
for Extruder and Die

Airflow Control Screen

Insulated
Housing Hopper
Extruder Barrel Dehumidified Air at
667 to 80°C
(150° to 175°F)

Extrusion Screw

Reduction
Gears

= = it
1 i
Barrel Heaters J E Drive Motor —m
Electrical Outlets for Die

Heaters and Accessories L T o ]

FIGURE 4.2 Extruder with auxialiary equipment [3]

B 4.1 Three-Zone Screw

Basically extrusion consists of transporting the solid polymer in an extruder by means of a rotat-
ing screw, melting the solid, homogenizing the melt, and forcing the melt through a die (Fig. 4.3).

The extruder screw of a conventional plasticating extruder has three geometrically different
zones (Fig. 4.4), whose functions can be described as follows:

Feed zone: Transport and preheating of the solid material

Transition zone: Compression and plastication of the polymer

Metering zone:  Melt conveying, melt mixing and pumping of the melt to the die

However, the functions of a zone are not limited to that particular zone alone. The processes
mentioned can continue to occur in the adjoining zone as well.

Although the following equations apply to the 3-zone screws, they can be used segmentwise for
designing screws of other geometries as well.

i Plastication | Metering

Feed zone | Molten polymer FIGURE 4.3 Plasticating extrusion [4]
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SHANK —*1=-FEED SECTION —*t=— TRANSITION SECTION ——=1+METERING SECTION*
CONSTANT ROOT DIA.  TAPERED ROOT DiA. CONSTANT ROOT DiA.

FIGURE 4.4 Three-zone screw [10]

4.1.1 Extruder Output

Depending on the type of extruder, the output is determined either by the geometry of the solids
feeding zone alone, as in the case of a grooved extruder [7], or by the solids and melt zones to
be found in a smooth barrel extruder. A too high or too low output results when the dimensions
of the screw and die are not matched with each other.

4.1.2 Feed Zone

A good estimate of the solids flow rate can be obtained from Eq. (4.1) as a function of the con-
veying efficiency and the feed depth. The desired output can be found by simulating the effect
of these factors on the flow rate by means of Eq. (4.1).

Calculated Example

. The solids transport is largely influenced by the frictional forces between the solid polymer
and barrel and screw surfaces. A detailed analysis of the solids conveying mechanism was
performed by Darnell and Mol [8]. The following example presents an empirical equation that
provides good results in practice [1].

The geometry of the feed zone of a screw (Fig. 4.5) is given by the following data:

Barrel diameter D, =30mm
Screw lead S =30 mm
Number of flights v =1

Flight width Wgr =3 mm
Channel width W =28.6mm
Depth of the feed zone H =5mm
Conveying efficiency ng  =0.436
Screw speed N =250 rpm

Bulk density of the polymer p, =800 kg/m*
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screw lead s

- screw
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! screw channel

barrel

FIGURE 4.5 Screw zone of a single screw extruder [5]

The solids conveying rate in the feed zone of the extruder can be calculated according to [4]

G=60-p, -N-n-n*-H-D, (Db—H)#-sinqb-cosqb (4.1)
FLT

with the helix angle ¢
¢ =tan”' [s / (n-Db )J (4.2)

The conveying efficiency 77; in Eq. (4.1) as defined here is the ratio between the actual extrusion
rate and the theoretical maximum extrusion rate attainable under the assumption of no fric-
tion between the solid polymer and the screw. It depends on the type of polymer, bulk density,
barrel temperature, and the friction between the polymer, barrel and the screw. Experimental
values of 77, for some polymers are given in Table 4.1.

TABLE 4.1 Conveying efficiency i for some polymers

Polymer Smooth barrel Grooved barrel
LDPE 0.44 0.8

HDPE 0.35 0.75

PP 0.25 0.6

PVC-P 0.45 0.8

PA 0.2 0.5

PET 0.17 0.52

PC 0.18 0.51

PS 0.22 0.65

Using the values above with the dimensions in meters in Eq. (4.1) and Eq. (4.2) we get

0.0256

G =60-800-250-0.44- 1" -0.005-0.03-0.025- -0.3034-0.953
0.0286

Hence G = 50 kg/h
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4.1.3 Metering Zone (Melt Zone)

The conveying capacity of the melt zone must correspond to the amount of melt created by
plastication, in order to ensure stable melt flow without surging. This quantity can be estimated
by means of the Eq. (4.8).

Starting with the parallel plate model and correcting it by means of appropriate correction
factors [5], the melt conveying capacity of the metering zone can be calculated [5]. Although
the following equations are valid for an isothermal quasi-Newtonian fluid, they were found to
be useful for many practical applications [1].

These equations can be summarized as follows:

Volume flow rate of pressure flow Qp :

—n D, H (1—V'8J-sin2<p~Ap-10‘4
S

0, = 4.3
b 127,-L (*3)
Mass flow rate n'lp:
i, =3600-1000-0, - p,, (4.4)
Drag flow O, (Fig. 4.5):
e -Dé -N-H-[l—V'ej-sin<p-cos<p-10_9
. S
0, = 4.5
i 120 (4.5)
u, BARREL SURFACE
1.
8-
'ij DRAG PRESSURE FLOW, v,,
FLOW, v
)
y SCREW ROOT
N
COMBINED DRAG AND PRESSURE FLOW
LO
< .
Ta 2l
2- h l 3
0 a:0 u=‘§' ut-§- o=
OPEN CLOSED
DISCHARGE DISCHARGE

FIGURE 4.6 Drag and pressure flow in screw channel [5]
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Mass flow rate m, :
iy, =3600-1000-Q, - p,. (4.6)

Leakage flow O, :

To avoid metal to metal friction, extrusion screws have a small clearance between the top of the
flight and the barrel surface. This clearance reduces the pumping rate of the melt because it
enables the polymer to leak across the flights. The net flow rate Q is therefore

0=0,+0,-0 (4.7)
The melt conveying rate of the metering zone can be calculated from [1]

m:3-10‘5-nz-Dg-N-H-(1—Qj-pm -sing-cosg-(1-a, —J) (4.8)
N

where a; =-m, /my and J =0y / H

The average shear rate in the metering channel is calculated as
Ya=n-Dy-N/60-H (4.9)

Symbols and units used in the equations above are

D, Barrel diameter [mm]|

H Channel depth [mm)]

e Flight width [mm]

S Screw lead [mm]

Opr  Flight clearance [mm]

L Length of metering zone [mm]

Qp, Qd Volume flow rate of pressure and drag flow, respectively [m?’/ S]
m,, m; Mass flow rate of pressure and drag flow, respectively [kg/h]

m Extruder output [kg/h]
Ap Pressure difference across the metering zone [bar]
v Number of flights

7, Melt viscosity [Pa-s]

Ya Average shear rate [s’l]

P Density of the melt [g/cm3]

ay Ratio of pressure flow to drag flow
N Screw speed [rpm]



4.1 Three-Zone Screw

Calculated Example

. For the following conditions the extruder output is to be determined:

Melt viscosity , = 1406.34 Pa-s; N =80 rpm; Ap =300 bar; p, =0.7 g/cms;

H=3mm; e=6mm; s=60mm; Og;=0.1mm; L=600mm; v=1
The symbols above refer to Fig. 4.5.

Substituting these values into the equations above one obtains

m, =3.148kg/h
m, = 46.59 kg/h
m=41.88kg/h

Leakage flow

iy =y + i, = =1.562 kg/h

D, =60 mm,

Eq. (4.4)

Eq. (4.6)

Eq. (4.8)

With the help of Eq. (4.8) the effect of different parameters on the extruder output is presented
in Figs. 4.7 to 4.14 by changing one variable at a time and keeping all other variables constant.
The dimensions of the screw used in these calculations are taken from the example above.

100

extruder output (kg/h)

20 30 40 50 60 70 80 90
screw speed (rpm)

FIGURE 4.7 Effect of screw speed on extruder output
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FIGURE 4.8 Effect of channel depth on extruder output
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FIGURE 4.9 Effect of flight clearance on extruder output
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FIGURE 4.10 Effect of melt pressure on extruder output
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FIGURE 4.11 Effect of melt viscosity on extruder output
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FIGURE 4.12 Effect of melt temperature on extruder output
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FIGURE 4.13 Effect of screw lead on extruder output
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FIGURE 4.14 Effect of channel length on extruder output

In a particular troubleshooting case, surging was avoided by increasing the length of the meter-
ing zone. The means of stabilizing the melt flow vary from case to case, and can be determined
from the simulations, as shown above. These simulations can be carried out easily with the help
of the computer program VISOUT, listed in the Appendix.

Correction Factors

To correct the infinite parallel plate model for the flight edge effects the following factors can
be used along with the equations above:

With sufficient accuracy the shape factor F, for the drag flow can be obtained from [10]

F —1—05711 4 (4.10)
W

and the factor F, for the pressure flow
H
Fp=1—0.625W (4.11)
The expressions for the corrected drag flow and pressure flow would then be
0, =F -0, (4.12)

and

Oy = £, (4.13)

p =p
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The correction factor for the screw power, which is treated in the next section, can be determined
from [5]

F,=e¢*-x*+22x*-1.05x (4.14)

with x = H/W.

Equation (4.14) is valid in the range 0 < H/W < 2. For the range of commonly occurring H/W-
ratios in extruder screws, the flight edge effect accounts for only less than 5% and can therefore
be neglected [10]. The influence of screw curvature is also small so that F, can be taken as 1.
Although the above mentioned factors are valid only for Newtonian fluids, their use for polymer
melt flow is accurate enough for practical purposes.

4.1.4 Practical Design of 3-Zone Screws

Based on the laws of similarity Pearson [16] developed a set of relationships to scale-up a single
screw extruder. These relationships are useful for the practicing engineer to estimate the size of
alarger extruder from experimental data gathered on a smaller machine. The scale-up assumes
equal length to diameter ratios between the two extruders. The important relations can be sum-
marized as follows:

(1-5)/(2-35)
. (2) s
1 D,
—(2-25)/(2-35)
Ny = (&J (4.106)
1 D,
(3-55)/(2-35)
™ [&J (4.17)
my 1
H (1-5)/(2-35)
- (&) (4.18)
HF1 1
where

Hy = feed depth
H = metering depth
D = screw diameter

N = screw speed
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Indices 1, 2 = screw of known geometry and screw for which the geometry is to be determined,
respectively.

The exponent s is given by
s=0.5(1-ny) (4.19)

where ny, is the reciprocal of the power law exponent n. The shear rate required to determine
n is obtained from

_TD- N
Va= 60-1, (4.20)

Calculated Example
. The following conditions are given:

The resin is LDPE with the same constants of viscosity as in the Calculated Example in

Section 4.1.1.2. The stock temperature is 200 °C. The data pertaining to screw 1 are:

D, =90 mm; H=12mm; H,=4 mm

Feed length =9D;,

Transition length =2 D,

Metering length =9 D,

Output m, =130 kg/h

Screw speed N; =80 rpm

The diameter of screw 2 is D, = 120 mm. The geometry of screw 2 is to be determined.

Solution:

The geometry is computed from the equations given above [1]. It follows that

D, =120 mm

HFZ =14.41 mm

H, =4.8mm

m, =192.5kg/h

Ny =55.5rpm |

Other methods of scaling up have been treated by Schenkel [18], Fischer [19], and Potente [20].

Examples for calculating the dimensions of extrusion screws are given below.
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Calculated Example

. Determine the specific output for a LLDPE resin with a power law exponent n = 2.

Solution:
Substituting n = 2 into Eq. (4.19) we get s = 0.25. Using Egs. (4.16) and (4.17), we finally obtain
=0.0000155 D*° (4.21)

my =

=3

where

m = output kg/h

N = screw speed rpm

D = screw diameter mm

mg = specific output

The specific output m is plotted as a function of the screw diameter D for LLDPE and LDPE in
Fig. 4.15 by means of Eq. (4.21) and the formula derived for LDPE with the exponent n = 2.5
from Eqs. (4.16), (4.17) and (4.19).

Other target values of practical interest are plotted in Fig. 4.16 to Fig. 4.19 as a function of
screw diameter. Machine manufacturers confirmed the application of these easy-to-use rela-
tionships, although only one single value of the power law exponent is used to characterize the
resin flow.

The scale-up of extrusion screws can be performed quickly by using the program VISSCALE
given in the Appendix.

15.00

a
= 1200 /
< /
=
=)
x /
5 900
2 LLDPE 7
S ower law
3 power law /]
o 600 exponent n=2
ES /DPE
2 400 s power law
(77) // exponent n=2.5
0.00 I I
60.00 90.00 12000 15000  180.00  210.00

Screw diameter D (mm)

FIGURE 4.15 Specific output rm, for LDPE and LLDPE as a function of screw diameter for an extruder of L/D = 20
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4.2 Melting of Solids

M 4.2 Melting of Solids

Physical models describing the melting of solids in extruder channels were developed by many
workers, notable among them the work of Tadmor [4]. Rauwendaal summarizes the theories
underlying these models in his book [10]. Detailed computer programs for calculating melting
profiles based on these models have been given by Rao in the books [1, 11] and in the Appendix.

The purpose of the following section is to illustrate the calculation of the main parameters occur-
ring in these models through numerical examples. The important steps for obtaining a melting
profile are treated in the Section 4.2.2.

4.2.1 Thickness of Melt Film

According to the Tadmor model [4], the maximum thickness of the melt film (Fig. 4.20) is given by

|:2/lm (, —T,) + g Vf-lO“‘]W "
max 103 'Vbx P I:CPS (Tm —];)+im:|

(4.22)

MV
=
Vsy —e L Vbx
7.
°% ~ =,
7
’ T
- W—
s
N,
¥

0 ]
FIGURE 4.20 Temperature profile in the melt film after Tadmor [4];
a: solid bed, b: barrel surface, c: melt film, d: solid melt interface [4]
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Example with Symbols and Units

. Thermal conductivity of the melt A, =0.174 W/(mK)

Barrel temperature T, =150 °C
Melting point of the polymer T,=110°C
Viscosity in the melt film 7 (Pa-s)

Shear rate in the film Vs (s

Velocity of the barrel surface V, (cm/s)
Velocity components Vs Vb, (cM/s), see Fig. 4.21
Velocity of the solid bed Vg, (cm/s)
Output of the extruder G=16.67 g/s
Average film thickness Sf mm
Temperature of the melt in the film T, (°C)

Average film temperature T, (°C)

Depth of the feed zone H,=9 mm
Width of the screw channel W=151.46 mm
Melt density pPm=07 g/cm®
Density of the solid polymer ps=0.92 g/cm3

Specific heat of the solid polymer ¢, = 2.2 kJ/(kg-K)
Temperature of the solid polymer T, =20 °C
Heat of fusion of the polymer i =125.5 kJ/kg

Maximum film thickness Opmax (M)

Indices: m: melt; s: solid

N -

Y

FIGURE 4.21 Velocity and temperature profiles in the melt and solid bed after Tadmor [4];
a: solid melt interface, b: cylinder, c: solid bed
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Calculated Example

. The following conditions are given:

The resin is LDPE with the same constants of viscosity as in the example of Section 4.1.1.2.

The barrel diameter D, is 60 mm and the screw speed is 80 rpm.

.D_-N 1.60-
Vb:“ bV _7m60-80 _,c 13emys
10-60  10-60

Vix =V, sing =25.1-sin17.66° =7.62 cm/s
W, =V, cos¢ =25.1-c0s17.66° = 23.95cm/s

10-G 100-16.67

= = =3.91cm/s
z W-H,-p, 51.46-9-0.92 /

Relative velocity V; (Fig. 4.21):

0.5
V= +V2 -2Y, -V, -cose)

2 2 o 0
=(25.13 +3.91 —2-25.31~3.91-cos17.66)
=21.44cm/s

Temperature T, :

= _TotTm 1504110

=130°C
@ 2 2

<

J

?a=6—
f

Starting from an assumed film thickness of 0.1 mm and using the temperature resulting when
heat generation is neglected, the viscosity in the film is first estimated. By changing the film
thickness and repeating this calculation, the final viscosity is obtained [1].

This iteration leads to

_2-21.44-10
0.299

=1434 57"

7, =351.84Pa-s
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Opax from Eq. (4.22):

6. =1[2-0.174(150-110)+351.84-21.442 .10 |. 51.46
" |[ ( ) J103-7.62-0.7[2.2(110—20)+125.5]

=0.0299¢cm, or 0.299 mm

Temperature in the Melt Film

Taking the viscous heat generation into account the temperature in melt film can be obtained
from [4]

_ 107t V2
Tf=T +¢

4.23
T2, (4.23)

-4 2
Tf_]—;zw 351.84-21.44 —7.7509C
12-0.174

T = [M)+7.75 =137.5°C

As seen from the equations above, the desired quantities have to be calculated on an iterative
basis. This is done by the computer program TEMPMELT mentioned in the Appendix.

Melting Rate

The melting rate is described by Tadmor [4] through the parameter ¢, which is expressed as

0.5
Vo o[ A (B, =T )+ 0571107 ]
P 100-2[ ¢, (T, = 1.)+1,, |

m

(4.24)

The numerator represents the heat supplied to the polymer by conduction through the barrel
and dissipation, whereas the denominator shows the enthalpy required to melt the solid polymer.
The melting rate increases with increasing ¢p.

By inserting the known parameters into Eq. (4.24) we obtain

7.62-0.7[0.174 (150 -110)+0.5-351.84-21.447 107 | v
100-2[2.2(110-20)+125.5 | cm'® s

¢p:
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Dimensionless Melting Parameter

The dimensionless melting parameter i is defined as [4]

CH. W03

=¢p101.15 . (4.25)
with
¢, = 0.035g/(cm's)
Hy= 9 mm
W = 51.46 mm and
G = 16.67 g/s
we get

¥ =0.004

The dimensionless parameter is the ratio between the amount of melted polymer per unit down
channel distance to the extruder output per unit channel feed depth.

4.2.2 Melting Profile

The melting profile gives the amount of unmelted polymer as a function of screw length (Fig. 4.22)
and is the basis for calculating the stock temperature and pressure. It thus shows whether the
polymer at the end of the screw is fully melted. The plasticating and mixing capacity of a screw
can be improved by mixing devices. Knowledge of the melting profile enables one to judge the
suitable positioning of mixing and shearing devices in the screw [17].

Melt Solid bed Melt film

-

XIW, Gs/6 —=—
=p<

Axial distance along the screw —=
Cross-section of screw channel

FIGURE 4.22 Solid bed or melting profiles X/Wand G,/G [4, 17]
with G: total mass flow rate, G,: mass flow rate of solids
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The following equation applies to a screw zone of constant depth [4]

2
Kowe _ Xin [ _¥-Az (4.26)
wow\ 2-H

and for a tapered channel [4]

2
Kot _ X (¥ _(¥_¢) [Hin (4.27)
w wWilA A Hout
where
sl (4.28)
7

The parameter ¢ is obtained from Eq. (4.25).
Symbols and units:

X X, mm Width of the solid bed at the outlet and inlet of a screw increment, respectively

w mm Channel width

Y Melting parameter

Az mm Downchannel distance of the increment

H,,H,, mm Channel depth at the inlet and outlet of an increment, respectively

H,H, mm Channeldepth of aparallel zone (feed zone) and depth at the end of a transition
zone (Fig. 4.23)

A Relative decrease of channel depth, Eq. (4.28)

mm Downchannel length of a screw zone

N

i

S ASNERNANASY

i

FIGURE 4.23 Three-zone screw [10]
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Calculated Example

. a) Constant channel depth

For Hy =9 mm; X, /W= 1; Az= 99 mm, and ¥ = 0.004 from Section 4.2.1, X , /W can be cal-
culated from Eq. (4.26):

2
X .
Lutﬂ@_m] .
w

2-9

This means that at a distance of Az =99 mm, 4% of the solids were melted.

b) Varying channel depth

For the values

H, =9 mm

H, =3 mm

4 = 1584 mm
Xin/W =0.96

Hi, =9 mm

H =8.625 mm

out

1 can be obtained from Eq. (4.25)

by H W™ 0.035.9.51.460°

- 101.5,()%)6 ©10'5.0.96-16.67
w

=0.00447

The relative decrease of the channel depth A is calculated from Eq. (4.28):

H —H -
A=—1_—2 =u=0.00379
4 1584

and X, /W from Eq. (4.27)

2
Xow _ o gg| 00047 _( 00047 [ o
w 7000379 |0.00379 8.625

Assuming a constant velocity of the solid bed, the mass flow ratio G, /G results from

Bl

- XA (4.29)
W H,

oo
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where

D
%)

= mass flow rate of the solid polymer (g/s)

throughout of the extruder (g/s)
average of X, and X_,, (mm)

T < ©
[

= average of H

v and A, (mm)

For a zone of constant depth it follows that

G

S

G

(4.30)

Y

a) Constant depth

X X X

i=o.5 Zin L Zout |- 05.1.96=0.98
w w o w

G

—= =098

G

b) Varying depth

X X, X
X _o5|Znylon | gs. (0.96-0.953) = 0.9565
w woow

H H_ H .
i:o.s —in 4 _out | _05. 2+M =0.9792
H, 9

. H, 9
a8 o
O _ XM _ 9366
G WH,

The profiles of stock temperature and pressure can be calculated from the melting profile by using
the width of the melt filled part of the channel in the equations as shown in the following Section.
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4.2.3 Melt Temperature

The exact calculation of melt or stock temperature can be done only on an iterative basis as
shown in the computer program TEMPMELT listed in the Appendix. The following relationships
and the numerical example serve as good estimates of the stock temperature.

Temperature rise AT:
3600 (Z, + Zyy 1 + Ny

AT =(Tpy =Ty ) = oo (4.31)
pm

Heat through the barrel or heat lost from the melt:

N, = a,, -n-DFLz AL (T, —Tyy) (432)
10” -cos ¢

Example for calculating N,; with symbols and units

. a,=315.5 W/ (m? K); Dgir =59 mm; AL =600 mm; T7,=150 °C; ¢, =2kl/(kgK)
Stock temperature at the inlet of the screw increment considered:
T, =200 °C
Ny from Eq. (4.32)

~315.5-7m-59.8-600-50

N 6
10° - cos17.66°

H

AT with the values Z, = 3.84 kW, Z; = 1.56 kW, and m = 41.8 kg/h from the earlier example
and from Eq. (4.31)

_3600-3.54
41.8-2

AT =152.4°C

Stock temperature at the outlet of the screw increment considered 7 :
T =Tyt152.4°C

Melting point of the polymer 7, = 110 °C
Hence 7., =110 + 152.4 = 262.4 °C

Average stock temperature T :

- T +T
7 = in > out _ 200 +2262'4 =231.2°C
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As already mentioned, this result can only be an estimate because the effect of the change of
temperature on the viscosity can be calculated only through an iterative procedure, as shown

in [13].

4.2.4 Melt Pressure

For a screw zone of constant depth the melt or stock pressure can be obtained generally from
the pressure flow by means of Eq. (4.3). However, the following empirical equation [13] has been

found to give good results in practice:

|Ap|_ ]:1-2-77p-Al ' ‘Op‘(z R +1)‘(HR+H§)'109 ng .
$in ¢ (Hyy +Opiy ) W(Hout"‘éf)z-nR.V
where
n
np =VTQ_1

The sign of Ap corresponds to that of the pressure flow Op .

Example with Symbols and Units

. a) Screw zone of constant channel depth (metering zone)

Empirical factor F,=0.286

Melt viscosity in screw channel 1, = 1400 Pa-s

Shear rate in channel 7 =845

Length of screw zone (or of an increment) Al'=600 mm

Helix angle ¢ =17.66°

Channel depth at the outlet of the zone or increment  H,, =3 mm

Flight clearance Opr=0.1mm

Pressure flow Op =1.249 . 107 m3/s
Reciprocal of the power law exponent n ng=0.5

Ratio of channel depths at the outlet (4, ) and

inlet (H,) of the zone or increment H, Hg = 1 (constant depth)
Width of the channel W=51.46 mm
Thickness of the melt film 0;=0

Number of flights v=1

(4.33)

(4.34)
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Mo from Eq. (4.34):

ML
84°%

Ap from Eq. (4.33):

0.5

.2.600- 1+1)-10°

ap =| 2286:2:600 12831 | 549 196 (2-0.5+1)-L 107
sin17.66° (3+0.1) 51.46-37-0.5-1

=218 bar

b) Screw zone of varying depth (transition zone)
Hi, =9 mm; H,,=3mm; A/=240mm; 5= 1800 Pa-s; y =42 s

Mo from Eq. (4.34):

1800

Ny = —42045_1 =11665

Ap from Eq. (4.33):

0.5
g 9
pp=| 0:286-2:240-11665 | |, )0 (o6 |(3) (3] 10 105
sin17.66° (3+0.1) 9) \9) | 51.46-37 .05

=37.2 bar

A more exact calculation of the melt pressure profile in an extruder should consider the effect
of the ratio of pressure flow to drag flow, the so called drossel quotient, as shown in [13].

4.2.5 Heat Transfer between the Melt and the Barrel

To estimate the power required to heat the barrel or to calculate the heat lost from the melt,
the heat transfer coefficient of the melt at the barrel wall is needed. This can be estimated from
[14, 23]

. Zlm( N )0.5 {1_(Tf_Tm)[1—exp(ﬂ)] (435)

60-m-a (,-T,)
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where the thermal diffusivity a

a:é'l—m (4.36)
10%-¢c,, - ppn

and the parameter 8

-6
10 Oh N

P=""%0a

(4.37)

Indices:

m: melt

f: melt film
b: barrel

Calculated Example with Symbols and Units

. Thermal conductivity 4,,=0.174 W/(m-K)
Specific heat Com = 2 kl/(kg-K)
Melt density pm=0.7 g/cm3

Thermal diffusivity a from Eq. (4.36)
a=1.243-10"7 m?/s

Flight clearance Ogr=0.1Tmm

Screw speed N =80 rpm

Parameter 3 from Eq. (4.37):
B=0.027

For 7.=137.74 °C, T, =110 °Cand 7, = 150 °C

ag, from Eq. (4.35):

0.5
a, =0.174 (ﬂj {1 _ (1377 -110) [ 1-exp(-0.027)

60-7-1.243 150-110

=315.5 W/(m’ -K)



4.2.6 Screw Power

4.2 Melting of Solids

The screw power consists of the power dissipated as viscous heat in the channel and flight
clearance and the power required to raise the pressure of the melt. The total power Z for a melt

filled zone is therefore [13]
In=Zo+ Zpg+Zy,

where

N
I

power dissipated in the screw channel
Zpp = power dissipated in the flight clearance

Z,, = power required to raise the pressure of the melt

The power dissipated in the screw channel Z_ is given by [14]

~ V-Tcz-DFZLT-NZ-W-nC-AL(FZ cosz¢+4sin2¢)

Z 14 .
36-10" - O 1 -sing

C

The power dissipated in the flight clearance can be calculated from [13]

2.2 N2
_ Ve Dpyp  N™-Weyp Mgy - AL
o 36-10™* 0y, -sin g

The power required to raise the pressure of the melt Z, , can be written as
Zy, =100-0,-Ap

The flight diameter Dy, is obtained from
Dyyy =Dy, =20y

and the channel width W

s
W =—cos¢—wg
14

(4.38)

(4.39)

(4.40)

(4.41)

(4.42)

(4.43)

The symbols and units used in the equations above are given in the following example.

95




96 4 Analytical Procedures for Troubleshooting Extrusion Screws

Calculated Example

. For the following conditions the screw power is to be determined:
Resin: LDPE with the constants of viscosity
Ag =4.2968
A, =-3.4709 - 107
A, =-1.1008 - 107!
A, =1.4812- 107
A, =-1.1150- 107
b, =1.29-10°

b, =4.86-10°K

Melt density p_, = 0.7 g/cm?

Operating conditions:

Screw speed N =80 rpm

Melt temperature 7=200 °C

Die pressure Ap = 300 bar

Geometry of the melt zone or metering zone:

D=60mm; H=3mm;e=6mm; s=60mm; Og;=0.1mm; AL=600mm; v=1

Solution:
Power Z_ in the screw channel:
Dg; = 59.8 mm from Eq. (4.42)

Shear rate in the screw channel y :

Y, =83.8 s 1from Eq. (4.40)

a;=0.374

Viscosity of the melt in the screw channel 7,
n,= 1406.34 Pa-s

Channel width W:
W=51.46 mm from Eq. (4.43)

Number of flights v:

v=1

Length of the melt zone AL:
AL =600 mm

Factor F:

F, = 1for H =L =0.058 from Eq. (4.14)
W 51.46
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Helix angle ¢:
¢ =17.66°; sin¢ = 0.303 from Eq. (4.2)

Power in the screw channel Z, from Eq. (4.39)

(1 .0s217.66° + 4 sin217.66°)

Z,=1-n"-59.8”-80" -51.46-1406.34 - 600 - =3.84 kW

36-10' -3-sin17.66°
Power in the flight clearance Z:
Flight width wg 1

Wgp =€ C0os¢ = 6-c0817.66°=5.7 mm
Shear rate in the flight clearance y ;:

n-D,-N _m:60-80

Ve = =2513.357"
Ve 60-6p;  60-0.1

Shift factor ay:

ar=0.374

Viscosity in the flight clearance 71
Ny = 219.7 Pa-s

Length of the melt zone AL:
AL =600 mm

Zp 7 from Eq. (4.40)

1-72-59.8% -80%-600-5.7-219.7
Zn = n?.59.8 ?4 600-5 OF _ 1 s
36-10'.0.1-0.303

Power to raise the melt pressure Z,,

Pressure flow Op:
Op from the Example in Section 4.1.1.2

Op =1.249-10° m®/s

Die pressure Ap:
Ap = 300 bar

Zyp from Eq. (4.41)
Z,, =100 -1.249-107° - 300 = 0.0375 kW

Hence the power Z,, is negligible in comparison with the sum Z; + Zp.
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4.2.7 Temperature Fluctuation of the Melt

Temperature and pressure variations of the melt in an extruder serve as a measure for the quality
of the extrudate and provide information as to the performance of the screw.

The temperature variation AT may be estimated from the following empirical relation, which
was developed from the results of experiments of Squires [15] conducted on 3-zone screws:

AT =2 + (4.44)
91 4.31 N2 -0.024

This relation is valid for 0.11 <N, <0.5.

The parameter N is given by

WD L
Ny =147-10" 23 = (4.45)
G “H

where

AT = temperature variation (°C)

D, = barrel diameter (cm)

G = extruder output (g/s)

L = length of screw zone in diameters
H

= depth of the screw zone (cm)

Calculated Example

. The following values are given:

D, =6cm

G =15g/s

L depth cm L/H
9 09 10
3 0.6 (mean value) 5
9 03 30

Hence Z% =45

4 36
Ng from Eq. (4.45): NQ=14.7-104-E-45=0.159

AT from Eq. (4.44): AT=£( 12 ]=6.57°Ci3.29°C
914.31.0.159? —0.024
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The constants occurring in the Eq. (4.44) and Eq. (4.45) depend on the type of polymer used.
For screws other than 3-zone screws the geometry term in Eq. (4.45) has to be defined in such
a way that N correlates well with the measured temperature fluctuations.

4.2.8 Pressure Fluctuation

The effect of pressure fluctuations of the melt on the flow rate can be estimated by the relation-
ship [4]

0,/0,=(Ap, / Ap,)" (4.46)

Calculated Example

. Pressure drop Ap, = 200 bar; Ap, =210 bar
Flow rate 01 =39.3 cm3/s
Power law exponent n for LDPE = 2.5
Calculate the flow rate variation.

Solution:

G, /0, =39.7/0, = (200 /210)*° = 0.885
Q, =44.9cm’/s

Flow rate variation = (Oz = O1)/ Q = LSl /A 13%
39.7
Ap, —Ap,  210-200
Ap, 200

Pressure variation = =5%

This means that a pressure variation of 5% can cause a flow rate fluctuation of 13%.

4.2.9 Extrusion Screw Simulations

The performance of an extrusion screw employed in a process can be simulated by using the
equations for the melting profile, stock temperature, and melt pressure given in the Section 4.2
and, if necessary, the screw design optimized for better performance by using the program
TEMPMELT mentioned in the Appendix. The results of a simulation are shown schematically
in Fig. 4.24 [17]. The following practical examples illustrate this procedure.
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. Example 1: Poor Melt Quality in an Extrusion Coating Process

Figure 4.3 showed the melting of a polymer in the screw channels of an extrusion screw. The
melt quality can be defined by the ratio G, /G, as depicted in Fig. 4.24. The melting is com-
pleted, if this ratio is zero [1].
s
fivecies
m‘f?éﬁh}»g’

rb L”B—«’ ,_;/ A ﬂ;»_/ A__/B
—~F \‘/‘\fﬂf/ /i H
FIGURE 4.24 Schematic screw simulation profiles.

G,: solids flow rate, G: Total flow rate, X: Width of solids bed, /: Channel width,
Py Melt Pressure, T),: Melt temperature

This example refers to an extrusion problem [9] concerning melt quality, which a processor
had while extruding LDPE in a coating process. Computer simulations of the screw used by the
processor at two different output rates showed that the solids content of the polymer at the
entrance of the mixing section, particularly at the higher output, was too high to be melted and
homogenized by the mixing device as shown in Fig. 4.25.

T
Mixing Section
0= 200 mm
00 = %Ef 05
L S~ )
~— */a Unmelted
V'
N j __ G=TDkg/h
— r N= 70rpm
= 8F __G=95kg/h
Sl b N- 90rpm
-
-
0}
1

Screw Length (D)

FIGURE 4.25 Poor melt quality of a processor’s screw
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The enlarged melting profiles in the metering zone presented in Fig. 4.26 show clearly that the
inhomogeneous melt results from the improper screw design and that the screw employed by the
processor cannot produce a melt of good quality at the higher output desired by the processor.

LT L_J

6= 750 kg /b
N= 70rpm

1%/}

3
i

*/s Unmelted

1
.
s
7k
s
0 1 1 1 L L
13 It 15 It 1 1]
Screw Length {D)
| [ )
2
G = 960 kg/h
N= 30rpm

*/s Unmeited

[*/a}

5
G

1 1 L 1 L
13 i 15 16 17 18

Screw Length (D)

S — o o~ o
T T T T

FIGURE 4.26 Enlarged melting profiles of the customer’s screw at low and high outputs
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The screw was redesigned by implementing different screw geometries with a mixing device
(Fig. 4.29) into the program. As the enlarged melting profiles in the metering zone of this screw
(given in the Fig. 4.27) show, the solids content at the inlet of the mixing device is now low
enough to produce a homogeneous melt.

[ I B I
B
G= 750kg/h
N= 70rpm
0
15—
&l
-
5»-
s
- */s Unmelted
2+
| =
0 1 L 1 L
3 1L 15 16 i7 18
Screw Length (D)
) [ U R
ﬁ —
G - 960 kg/h
M- S0rpm
n b
15

*/a Unmetted

i 1
13 13 15 16 17 18
Screw Length (D)

FIGURE 4.27 Enlarged melting profiles of the redesigned screw at low and high outputs



4.2 Melting of Solids

The processor obtained acceptable melt quality at the desired output by using the redesigned
screw with shearing and distributive mixers, confirming the predictions of the program, as
shown in Fig. 4.28.

0=200 mm
. 6= 965 kg/h
—= i N= 90 rpm
Shearing Mixing LOPE
Device Section MfT = 0.5
T (*C) P (bar}
100 M M0
Temperature (T} 196 20
0 Mett Pressure (P) 180 230
i m
= X X Width of Solid Bed 160 210
= pk “ W W Channel Width 50 20
e . W 1%
xl; al Solid Bed Profiles 10 180
178 n
b 1] 150
bl N 158
-
'

0 5 10 15 2
Screw Length (0}

FIGURE 4.28 Redesigned screw with better melt homogeneity

Section A-A Section B-B

Groove depth

Channel depth

§ Fight width

Mixing section Shearing element

FIGURE 4.29 Screw configuration with shearing and mixing devices
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. Example 2: Determination of the Optimal Screw Geometry from a Given Number of
Screws of Different Geometry Used in a Blown Film Process

The program can also be used to select a screw best suited for given operating conditions,
among a set of existing screws of varied geometry.

A processor had five three-zone standard extrusion screws of different geometries, as shown
in Fig. 4.30, at his disposal. The aim was to determine the screw geometry best suited for
the operating conditions mentioned in Fig. 4.30. The calculated melting profiles in Fig. 4.30
show that screw 5 has the optimal geometry, because in this case complete melting has been
attained. This predicted result was confirmed in practice.

LOPE

10
G =55 kg/h
X N = 80 rpm

S D= 60 mm

N, Screw no | Ly Ly Ly he  hy
|

5 15 10
12

85

w w w o wa

5
1
5
5
2

w o oo
[ N

2
3
L
5

S e

Screw Length {cm]

FIGURE 4.30 Determining optimal screw geometry

. Example 3: Improving the Quality of Melt in an Extruder Used for Extrusion
Coating and Laminating

This example deals with a screw used by a customer in a coating line for processing PET resin.
It was found that the quality of the melt created by the screw was poor. As shown in Fig. 4.31,
the simulation confirmed this observation of the customer.

The computer program also predicted that the quality of the melt can be improved by increas-
ing the temperature of the pellets from 20 to 80 °C.

This measure was then employed in practice and led to a melt of better quality to the satisfac-
tion of the customer (Fig. 4.31).
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8 R AR
100 300
1 -2X---7770 [ 250
90 : H
| - 260
—— Meltng profile I
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FIGURE 4.31 Melt quality at low and high granulate temperature
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. Example 4: Air Bubbles in a Flat Film Used in Packaging

Figure 4.32 shows air bubbles in a flat film of PA 6 exiting from a coat hanger die. By using dif-
ferent barrel temperature profiles, it was found that the temperature profile given in Fig. 4.33
with a high temperature near the feed zone would eliminate the bubbles. The predicted result

was confirmed in practice.

Die

[ Air bubbles

o T— Web

FIGURE 4.32 Air bubbles in a flat film of PA 6

Feed zone Matten polymer
260 °C 7| l\
\\
N N PA G
“«

o ~
3 .
& _ ~

240 °C ™~
2 ~—
=
2
2
]
m

220 °C

Extruder length

FIGURE 4.33 Barrel temperature used to eliminate air bubbles
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The examples given above show that the use of computer programs in design work minimizes
experimentation and in many cases eliminates it altogether.

4.2.10 Mechanical Design of Extrusion Screws

Torsion

The maximum shear stress 7,,,,, which occurs at the circumference of the screw root as a result
of the torque My, is given by [10]
_2My

T . = 4.48
max - R3 ( )

where R = root radius of the screw.

The maximum feed depth H,,, can be computed from [10]

1

2-M; 3
Hpay =0‘5'D_[ . j (4.49)
T T allow
where
D = diameter
Taow = allowable shear stress of the screw metal

Calculated Example [10]

. The maximum feed depth is to be calculated for the following conditions:
D=150 mm; M;=17,810Nm; =100 MPa;

allow

H,.ax 18 found from Eq. (4.49):

5 3
1, 150 (2 17810) =0.075-0.0485=0.0265m or 26.5mm

max =5 7000 7-100-10°
|
Deflection
The lateral deflection of the screw caused by its own weight can be obtained from [10]
4
y(1)=21000-8 p-L (4.50)

E-D?

107




108

4 Analytical Procedures for Troubleshooting Extrusion Screws

FIGURE 4.34 Lateral deflection of the screw as cantilever

Numerical Example with Symbols and Units [10]

. g =9.81 m?/s  acceleration due to gravity
p =7850 kg/m3 density of the screw metal
L =3m length of the screw
E =210-10°Pa elastic modulus of the screw metal
D =0.15m screw diameter

Inserting these values into Eq. (4.50) one obtaines

4
Y(L): 2-1000-9.81-7850-3

3 > =2.64 mm
210-10” -0.15

This value exceeds the usual flight clearance, so that the melt between the screw and the barrel
takes on the role of supporting the screw to prevent contact between the screw and the barrel [10].

Buckling Caused by Die Pressure

The critical die pressure, which can cause buckling, can be calculated from [10]

10°-72-F
px=—""7 (4.51)

2
ly
D
Numerical Example

. E =210- 10° Pa elastic modulus of the screw metal

L/D =35 length to diameter ratio of screw
py from Eq. (4.51)

_10°-7%-210-10°

> =264.36 bar
64 -35

Py
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As can be seen from Eq. (4.50) the critical die pressure py decreases with increasing L /D ratio.
This means that for the usual range of die pressures (200 — 600 bar) buckling through die pres-
sure is a possibility, if the ratio L/D exceeds 20 [10].

Screw Vibration
When the screw speed corresponds to the natural frequency of lateral vibration of the shaft, the
resulting resonance leads to large amplitudes, which can cause screw deflection. The critical
screw speed according to [10] is given by
1
D(E)
N¢ =O.88—2(—J (4.52)
r\p
Substituting the values for steel, E =210 - 10’ Pa and p =7850 kg/rn3 we get

45495

Calculated Example

. For D =150 mm and L/D = 30, NR is found from Eq. (4.52)

45495

——2=33.7rps or 2022 rpm
0.15-30

K

This result shows that for the normal range of screw speeds, vibrations caused by resonance
are unlikely.

Uneven Distribution of Pressure

Non-uniform pressure distribution around the circumference of the screw can lead to vertical
and horizontal forces of such magnitude that the screw deflects into the barrel. Even a pressure
difference of 10 bar could create a horizontal force I} in an extruder (diameter D = 150 mm
within a section of length L = 150 mm)

FE, =Ap-D-L=10-10"-0.15* =22.5kN

According to Rauwendaal [10], non-uniform pressure distribution is the most probable cause
of screw deflection.
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Analytical Procedures
for Troubleshooting
Extrusion Dies

The design of extrusion dies is based on the principles of rheology, thermodynamics, and heat
transfer, which have been dealt with in Chapters 1 to 3. The quantities to be calculated are
pressure, shear rate, and residence time as functions of the flow path of the melt in the die.
The pressure drop is required to predict the performance of the screw and the die. Knowledge
of shear rates in the die provides information on whether the melt flows within the range of
permissible shear rates. Undue heating of the melt can be avoided on the basis of information
on the residence time of the melt in the die, which also gives an indication of the uniformity
of the melt flow.

The interaction between screw and die is shown in Fig. 5.1.

Figure 5.1 shows that the die temperature, die opening and channel depth significantly influ-
ence the extruder output.
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FIGURE 5.1 Interaction between screw and die

B 5.1 Calculation of Pressure Drop

From the relationship between the volume flow rate and pressure drop of the melt in a die given
by Eq. (1.10), it follows



5.1 Calculation of Pressure Drop

5.1.1 Effect of Die Geometry on Pressure Drop

The die constant G depends on the geometry of the die. Circle, slit, and annular cross-sections
represent the flow channels of extrusion dies in most cases. G for a slit die is given by

12y
Win H?
Gyt = (zj Y (5.2)

for KZ 20
H

where H is the height of the slit and W is the width.
For % <20, Ggj has to be multiplied by the correction factor F, given in Fig. 5.2.

The factor £, can be expressed as
2
H H
F =1.008-0.7474-| — |+0.1638| — (5.3)
P w w

The die constant G, us

H=R -R (5.4)
and
W=n(R,+R) (5.5)

is calculated from

where R, is the outer radius and R, is the inner radius. G then follows from Eq. (5.2)

annulus

1 1 2,
G E)" (Ro +R1')n '(Ro _Ri)n 1 (5.6)

annulus ( 6 2L

for values of the ratio = (RO + Ri) / (RO - Ri) =37

f 10 I

08 AN
e H :
g 06 \\ % W ]
- ~_
5 ~
& 02 \..__
= a—
. 0

0 04 08 12 16 20

Channel depth to width ratio #/W —=
FIGURE 5.2 Correction factor Foasa function of H/W [5]
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For smaller values of this ratio, G, has to be multiplied by the factor F,, given in Fig. 5.2.
The height H and width W are obtained in this case from Eq. (5.4) and Eq. (5.5).

5.1.2 Shear Rate in Die Channels

The shear rate for the different shapes of the channels treated above can be computed from [2]

. 40
yacircle = 3 (57)
TR
. 6:0
yasm - W'Hz (58)
6-0
yaannulus = 2 (59)
m (R, +R) (R, - R)

The shear rate for an equilateral triangle is given by [3]

10 0

Y agngie _?? (5.10)
where d is the half length of a side of the triangle.
The relationship for a square cross-section is found to be [3]

sy =29 (5.11)

asquare 042 a3

where a is the length of a side of the square.

In the case of channels with varying cross-sections along the die length, for example, convergent
or divergent channels, the channel is divided into a number of sufficiently small increments and
the average dimensions of each increment are used in the equations given above [2].

5.1.3 General Relationship for Pressure Drop in Any Given Channel Geometry

By means of the equivalent radius defined by Schenkel [4] the pressure drop in cross-sections
other than the ones treated in the preceding sections can be calculated. The equivalent radius
is expressed by [4]



5.1 Calculation of Pressure Drop

(ZHHJ.A”” e
T
-~ (5.12)

where

R, = equivalent radius
A
B

cross-sectional area

circumference

Another method of calculating the pressure drop in channels of varied cross-section is presented
by Michaeli [24]. The correction factor F, and the flow coefficient f, [24] have the same values
in comparable ranges of height to width of the channel.

5.1.4 Examples for Calculating Pressure Drop in the Die Channels of Different
Shapes

. Example 1: Pressure Drop in a Slit

This example shows how pressure can be calculated in a flat die in a cross-section with the
shape of a slit.

Melt flows through a slit of width W/ =75 mm, height H= 1 mm and length L = 100 mm.

The resin is LDPE with the viscosity constants given below. The mass flow rate and the melt
temperature have the same values, m =10 g/s and 7= 200 °C. The pressure drop Ap is to be
calculated.

The constants of viscosity for the given LDPE [33] are

Ay =4.2968
A, =-3.4709 - 107
A, =-1.1008 - 107!
Ay =1.4812-1072
A, =-1.1150- 1073
b, =1.29-10°

b, =4.86-10°K

Melt density p, =0.7 g/cm3
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Solution: )
Volumetric flow rate Q = R % =1.429-10° m?/s

Shear rate: Prm

o )
_6 o2 _ 6:1429-10 TIPS
W-H? 0.075-0.001

a
Shift factor ay :
_ _ 5 _
ay = b, -exp (b, /T)=1.29-10° exp[ 4860 / (200 +273) | = 0.374 (5.13)

Power law exponent n from Eq. (5.14)

%=1+AI +2 4, 1g(a-7,)+3-4 [1g(a; -7,) | +4 4, [1g(a-7,)] (5.14)
n=3.334
Viscosity 5, from Eq. (5.15) [33]
lgn, =1ga, + 4 + A lg(a; - 7,)+ 4 [1g(ar - 7,) |
+4 [ig(ar-7,)] +4 [ig(ar - 7,)]

with a; = 0.374, y, =1143.2 s™' and the constants 4, ... A, we obtain (Ig = log base 10)

(5.15)

n, =257.6Pa-s
Shear stress ¢

T =294,524.9N/m’
Constant of proportionality K:

K =6.669-107"
Correction factor F;:

W _7s
H

As the ratio W/H is greater than 20, the die constant, which can be calculated from Eq. (5.2),
need not be corrected.

G, =2.1295-107°

slit
and finally the pressure drop, Ap, from Eq. (5.1) is
Ap =588.8 bar
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. Example 2: Pressure Drop in an Annulus
Annulus occurs as a cross-section in a spider die treated in Section 5.2.

Melt flows through an annulus with an outside radius R, = 40 mm, an inside radius R, = 39 mm
and of length L = 00 mm.

The resin is LDPE with the same viscosity constants as in Example 1. The process parameters
mass flow rate and melt temperature remain the same.

Solution:

Volume flow rate Q = LU % =1.429-107° ms/s

Prm

Shear rate y, from Eq. (5.9)

2 -5
- 6Q - 6-1.429-10 45475
n(R,+R)(R, -RY ™ (0.04 +0.039) 0.001
Shift factor ay:
a, =0.374

Power law exponent n:

n=2.907
Viscosity 7,:

n, =579.43Pa-s
Shear stress t:

7 =200173.6 N/m’
Constant of proportionality K:

K=1.34-10""

Correction factor Fp

(R, +R)
R

b4
As the ratio
Ro i

=248.19 is greater than 37, no correction is necessary.
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G from Eq. (5.6):

annulus

1
1 2

2= — I
. L (R R )%” (2] '(0.04 + 0.039)2.907 .0.0012:997
7\ 1 _R
Gannulus = (_J .(Ro + Ri)n o O i —

6 21 2-0.1
=1.443-107°

Pressure drop Ap from Eq. (5.1)

Ap =400.26 bar

. Example 3: Pressure Drop in a Quadratic Cross-Section
Profile dies often have cross-sections shaped like squares or triangles. This example deals with
the pressure drop in a square die.

Melt flows through a quadratic cross-section with the length of a side a = 2.62 mm. The
channel length L is 50 mm. The resin is LDPE with the following constants occurring in the
power law relationship

1, =Kog exp(=B-T)- 7™ (5.16)
Kog = 135,990
p  =0.00863
ng = 0.3286

Following conditions are given:
Mass flowrate  m=0.01g/s
Melt temperature 7= 200 °C
Melt density Pm=0.7 g/cm3

The pressure drop Ap is to be calculated.

Solution:
Three methods of calculation will be presented for this example.
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Method a:

In this method the melt viscosity is calculated according to the power law. Otherwise, the
method of calculation is identical to the one depicted in the foregoing examples.

m 001

Volume flow rate Q = — = —— =0.014286 cm3/s
p, 0.7
Shear rate y, = 6_02
W H

For a square with W = H the shear rate 7, is

_6Q _6:0.014286

=—= =476s""
H® 0.262°

Va

Power law exponent n:

n=t o1 _303
n,  0.3286

Viscosity 77,
1, =Ky exp(=B-T)- ™" =135990-exp(-0.00863 - 200) - 4.766" %"
=24205.54-4.706"2%¢" = 8484 Pa s
Shear stress T
7 =40434.88 N/m?
Constant of proportionality K
K =4.568-107"

Correction factor Fp

As %z 1 is less than 20, the correction factor is obtained

F, =1.008—0.7474-1+0.1638- 2 =0.4244

Die constant G:

G, =4.22-107°

slit

G =0.4244-4.22-107° =1.791-107°

slit corrected

Pressure drop Ap:

Ap = 35.7 bar
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Method b:
The shear rate y, is calculated from Eq. (5.11) [3]

3 Q 3000-0.014286

= == —=5.6745""
0.42 4 0.42-2.62

Va
Viscosity 7,

1, = 24205.54-5.674%°%%"1 =7546.64 Pa-s
Shear stress ¢

T =42819.6 N/m’

Power law exponent n

n= l =3.043
g

Proportionality factor K
K =4568-10""

The pressure drop Ap is found from

1

1 2
2 (3 )y a
Apsquare=_1'(0‘42) ‘—E‘H'ZL (5.17)

n

Kn a

with the die constant Gy,

3, o 3,
1 42 W 1 42 )3.043 2.62 |3.043 1 -
Gs vare — o & n'a == & . _6 '—=1.956‘105 (5.18)
a 2 3 2L 2\ 3 1000 0.05
In Eqg. (5.17)
1 _1
Kn = (4.568-10“4)3-043 = 4.134-107°

1

1
Qn = (0.014286-10_6)3-043 =2.643-1073

Finally, Apyqare from Eq. (5.1):

. an 2.643:10°°
square 1 4.134-107°.1.956-107°
Kn .G

=32.686 bar

The above relationship for shear rate developed by Ramsteiner [3] leads therefore almost to the
same result as the one obtained with Method a.
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Method c:
In this method, first of all the equivalent radius is calculated from Eq. (5.12):

The pressure drop is then calculated using the same procedure as in the case of a round
channel (Example 1):

Equivalent radius R, :

@.AMZ ﬁ

R, =|—T——
Bn+1

A =a’=2.62%=6.864 mm?
B =4a=4262=10.48 mm
n =3.043

Ry, = 1.363 mm

Shear rate 7, :
7,=7.183s""
Viscosity 77,
1, =24205.54-7.183°%21" = 6441.56 Pa-s
Shear stress ¢
T =46269.73N/m’
Constant of proportionality

K =4568-10""

1 8 4
(nJ3.o43 (1 ,363)3.043
4 1000
= =1.885-10"°

circle — 2.0.05

G

circle

Pressure drop from Eq. (5.1):

2.643-107°
Apsquare = =33.92 bar

4.134-107°-1.885-107°

This result shows that the relationship in Eq. (5.12) [4] is sufficiently accurate for practical pur-
poses. This equation is particularly useful for dimensioning channels, whose geometries differ
from the common shapes, namely, the circle, slit, or annulus. The procedure for calculating the
pressure drop for an equilateral triangle is shown in the following example:
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. Example 4

Melt flows through an equilateral triangular channel of length L = 50 mm. The side of the
triangle is 2 d = 4.06 mm. Other conditions remain the same as in Example 3.

Solution:
Substitute radius Ry, from Eq. (5.12) with

A=~3 d? =7.1376 mm?
B=3-2d=12.18 mm
n=23.043

R, =1.274 mm

Shear rate y, from Eq. (5.7):

_4:0014286 o
7-0.12743

a

Viscosity 77,

n, =24205.54-8.8°%%" =5620.68 Pa-s
Shear stress ¢

T = 49462 N/mm”
Constant of proportionality

K =4568-10""

G

circle
1 8

[TEJ&OM (1.274J3.o43+‘
1
G. . = 4 000 =1.648-107°

circle 2.0.05

Pressure drop Ap from Eq. (5.1):

Qr 2.643-107°

: = s — = 38.79 bar
- 4.134-107> -1.648-10
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Using the relation developed by Ramsteiner [3] on the basis of rheological measurement on
triangular channels, Example 4 is calculated, as follows for the purpose of comparing both
methods:

Shear rate:

j,=10. 0 _10 0014286 _ o) oo
3 d 3 2.03

Viscosity 77,

n, =24205.54-5.692%%%%"1 = 7530.61Pa-s
Shear stress ©

T =42864.2N/m’

Constant of proportionality

K =4.568-10""
Die constant Gyjyngie:
D ! (2.03 ]&o43+
_ —+ _ U -
n 3.043 |\ 1000
Gtrian |e=L. i n_d =L. i —=17510—5 (519)
g Y3 o) 20 /3 (10 2-0.05
Pressure drop Ap from Eq. (5.1):
- oo
Ap=— @ = 2‘64:: 10 - =36.5bar
2 4.134-107 -1.75-10"
K- Gtriangle

This result differs little from the one obtained by using the concept of an equivalent radius.
Therefore, the concept of Schenkel [4] is suitable for use in practice.

|
5.1.5 Temperature Rise and Residence Time
The adiabatic temperature increase of the melt can be calculated from
AT Ak (5.20)

210-pm-cn[1
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where
AT = temperature rise (K)
Ap = pressure difference (bar)

pn = meltdensity (g/cm?)
¢, = specific heat of the melt (kJ/(kg-K))

pm

The residence time ¢ of the melt in the die of length L can be expressed as

t= é (5.21)
u
u = average velocity of the melt
Equation (5.18) for a tube can be written as
t= _4 L (5.22)
Va R
R = tube radius
y, = shear rate according to Eq. (5.7)
The relationship for the average resistance time in a slit is
f= _6'L (5.23)
VarH

H = height of slit
y, = shear rate according to Eq. (5.8)

B 5.2 Spider Dies

Spider dies are used in blown film, pipe extrusion and blow molding processes. In general, the
die consists of the geometrical sections given in Fig. 5.3.

For the input data shown in Table 5.1 the pressure drop, shear rate, and residence time along
the die length for different process parameters are calculated using the equations for the round
channel and annulus given in Section 5.1.4. For the spider cross-section the equation of Schenkel,
Eq. (5.12), is used. The results of these calculations are shown in the Figures 5.4 to 5.6.
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The aim here is to keep these variables within acceptable limits by changing the dimensions
if necessary.

The computer program VISPIDER mentioned in the Appendix can be used for designing spider
dies quickly and easily.

o
7z
]
k— D2

circular channel Annulus Spider

FIGURE 5.3 Spider cross-sections

r—D!—-—-—

j
v R
— —0>

\3
N
2

120

% 15
LDPE 2
m =40 kgh
Tw =160 °C

Pressure drop Ap (bar)
8

8

yd

/

0 100 200 300 400
Length of flow path I(mm)

FIGURE 5.4 Calculated pressure drop in a spider die used in blown film at different die gaps
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N
600 I ——
450
— LDPE m =60 kgh
' Tw =160°C
Y h =2mm
T 300
g 40 kgh
150
20 kgh
0
0 100 200 300 400

Length of flow path | (mm)
FIGURE 5.5 Shear rate along spider die

0,3 m =40kgh

A\

0,1 ,

Residence time t(s)

0 100 200 300 400
Length of flow path | (mm)

FIGURE 5.6 Residence time ¢ of the melt a function of the flow path



5.2 Spider Dies 127

TABLE 5.1 Pressure Drop Versus Spider Length

Flow Rate 30.00000 (kg/h)
D1: 45.00000 (mm)
D2: 16.00000 (mm)
L: 100.00000 (mm)
Pr. Drop: 9.65085 (bar)
D1: 16.00000 (mm)
D2: 16.00000 (mm)
L: 40.00000 (mm)
Pr. Drop: 11.02954 (bar)
D1: 16.00000 (mm)
D2: 16.00000 (mm)
L: 46.00000 (mm)
Pr. Drop: 12.68397 (bar)
D1: 16.00000 (mm)
D2: 68.00000 (mm)
D3: 0.0 (mm)
D4: 28.00000 (mm)
L: 36.00000 (mm)
Pr. Drop: 3.65644 (bar)
D1: 68.00000 (mm)
D2: 54.00000 (mm)
D3: 42.00000 (mm)
D4: 28.00000 (mm)
L: 33.00000 (mm)
N: 3.00000 (-)
B: 6.00000 (mm)
Pr. Drop: 13.47862 (bar)
D1: 68.00000 (mm)
D2: 68.00000 (mm)
D3: 28.00000 (mm)
D4: 44.00000 (mm)
L: 38.00000 (mm)
Pr. Drop: 1.48398 (bar)
D1: 68.00000 (mm)
D2: 54.00000 (mm)
D3: 44.00000 (mm)
D4: 35.00000 (mm)
L: 30.00000 (mm)

Pr. Drop: 2.62504 (bar)
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TABLE 5.1 (continued)

Flow Rate 30.00000 (kg/h)
D1: 54.00000 (mm)
D2: 49.00000 (mm)
D3: 35.00000 (mm)
D4: 28.00000 (mm)
L: 8.00000 (mm)
Pr. Drop: 0.89935 (bar)
D1: 49.00000 (mm)
D2: 45.90599 (mm)
D3: 28.00000 (mm)
D4: 28.00000 (mm)
L: 5.50000 (mm)
Pr. Drop: 0.67009 (bar)
D1: 45.90599 (mm)
D2: 40.00000 (mm)
D3: 28.00000 (mm)
D4: 26.04500 (mm)
L: 10.50000 (mm)
Pr. Drop: 2.01417 (bar)
D1: 40.00000 (mm)
D2: 27.09999 (mm)
D3: 26.04500 (mm)
D4: 19.99500 (mm)
L: 32.50000 (mm)
Pr. Drop: 16.87939 (bar)
D1: 27.09999 (mm)
D2: 26.30600 (mm)
D3: 19.99500 (mm)
D4: 19.46599 (mm)
L: 1.50000 (mm)
Pr. Drop: 1.48500 (bar)
D1: 26.30600 (mm)
D2: 18.00000 (mm)
D3: 19.46599 (mm)
D4: 14.00000 (mm)
L: 15.50000 (mm)
Pr. Drop: 27.94635 (bar)
Total Pr. Drop: 104.50705 (bar)

Exit Temperature: 166.21030 (grad C)
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B 5.3 Spiral Dies

Spiral mandrel dies are used in blown film processes for making films with as small a deviation
in the film thickness as possible. As shown in Fig. 5.7, the polymer melt is divided into several
separate feed ports which empty into spirally shaped channels of decreasing cross-section cut
into the mandrel. Between the die body and the land separating adjacent spirals there is a gap,
or an annulus, into which a part of the spiral flow leaks. The flow proceeds upward over the land
into the next spiral. It is the mixing of annular and spiral flows which leads to uniform melt flow
distribution. A further advantage of spiral mandrel dies over spider dies is that weld lines and
flow markings are eliminated due to the absence of mandrel support elements disturbing the flow.

FIGURE 5.7 Spiral die [1]

A planar view of a spiral die with four channels is shown in Fig. 5.8. Here the channels have a
length which corresponds to only three quarters of the die circumference. The segment of the
die which can be calculated by the computer program VISPIRAL listed in the Appendix, using
the equations given in Section 5.1.4 is shown in Fig. 5.8. Due to reasons of symmetry this calcu-
lation is valid for other segments as well so that the whole die can be designed in this manner.

segment for
calculation

die length

die circumferance

channel width

channel depth

N

FIGURE 5.8 Planar view of a spiral die with four channels [33, 34]
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gs ta P p: Total pressure drop ——— 37.123 bar Spiral gap
(1/s) (1/s) (bar) ga: Shear rate in the gap 54.88/s (mm)
s Shear rate in the spiral channel —— 24.424/s
30 — 120 = 45 — — 4.5
40 - Shear rate in the spiral L 4
25 — 100 —
a5 - 35
20 80 30 -3
15 60 25 Shear rate in the gap [~ 2.5
20 < -2
10 — 40 — 15 — - 1.5
10 — — 1
5~ 20 —
57 outlef inlet [ %%
T T T T T T

Die length (mm)
FIGURE 5.9 Results of simulation of a spiral die for LDPE with input data

The input data and calculated results of a die with three channels and a spiral length of one
and two thirds of the die circumference are given in Fig. 5.9 for LDPE. The die gap required for
uniform melt flow, the shear rates in the spiral and annulus as well as the pressure drop along
the spiral are the output data needed to design the die.

B 5.4 Adapting Die Design to Avoid Melt Fracture

Melt fracture can be defined as an instability of the melt flow leading to surface or volume distor-
tions of the extrudate. Surface distortions [11] are usually created from instabilities near the die
exit, while volume distortions [7] originate from the vortex formation at the die entrance. Due
to the occurrence of these phenomena, melt fracture limits the production of articles manufac-
tured by extrusion processes. The use of processing additives to increase the output has been
dealt with in a number of publications given in [8]. However, processing aids are not desirable
in applications such as pelletizing and blow molding. Therefore, the effect of die geometry on
the onset of melt fracture has been examined.

Onset of Melt Fracture

The onset of melt fracture with increasing die pressure is shown for LDPE and HDPE in Fig. 5.10
[11]. As can be seen, the distortions appear differently depending on the resin. The volume flow
rate is plotted in Fig. 5.11 [12], first as a function of wall shear stress, and then as a function of
pressure drop in the capillary for LDPE and HDPE. The sudden increase in slope is evident for
LDPE only in the plot flow rate vs. pressure, where as in the case of HDPE it is the opposite. Fur-
thermore, for HDPE, the occurrence of melt fracture depends on the ratio length L to diameter D
of the capillary. The effect of temperature on the onset of melt fracture is shown in Fig. 5.12 [9].
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FIGURE 5.11 Volume flow rate vs. wall shear stress and vs. pressure drop in capillary for LDPE and HDPE [12]

With increasing temperature, the onset of instability shifts to higher shear rates. This behavior
is used in practice to increase output. However, exceeding the optimum processing temperature
can lead to a decrease in the quality of the product in many processing operations. From these
considerations it can be seen that designing a die by taking the resin behavior into account is
the easiest method to obtain quality products at high throughputs.
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10*
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% 10 /
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~
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0 © f/
10 10° 10° FIGURE 5.12 Effect of temperature on the melt
7 Shear stress (N/m?) fracture (region 2) for HDPE [9]

5.4.1 Pelletizer Dies

The aim here is to design a die for a given throughput or to calculate the maximum throughput
possible without melt fracture for a given die. These targets can be achieved by performing
simulations on dies of different tube diameters, flow rates, and melt temperatures. The program
VISPIDER listed in the Appendix can be used for this case as well. Fig. 5.13 shows the results
of one such simulation.

5.4.2 Blow Molding Dies

Figure 5.14 shows the surface distortion on the parison used in blow molding, which occurs at
a definite shear rate depending on the resin. In order to obtain a smooth product surface, the
die contour has been changed in such a way that the shear rate lies in a range that provides a
smooth surface of the product (Fig. 5.15). The redesigned die creates lower extrusion pressures
as well, as can be seen from Fig. 5.15 [9].
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FIGURE 5.15 Die contour used for obtaining a smooth parison
surface [9]

5.4.3 Summary of the Die Design Procedures

The following steps summarize the design procedures given above.

= STEP 1: Calculation of the shear rate in the die channel

= STEP 2: Fitting the measured viscosity plots with a rheological model
= STEP 3: Calculation of the power law exponent

= STEP 4: Calculation of the shear viscosity at the shear rate in Step 1

= STEP 5: Calculation of the wall shear stress

= STEP 6: Calculation of the factor of proportionality

= STEP 7: Calculation of die constant

= STEP 8: Calculation of pressure drop in the die channel and

= STEP 9: Calculation of the residence time of the melt in the channel
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B 5.5 Flat Dies

Taking the resin behavior and the process conditions into account, the flat dies used in extru-
sion coating can be designed following similar guidelines as outlined above. Figure 5.16 shows
the manifold radius required to attain uniform melt flow out of the die exit as a function of the
manifold length [20].

The pressure drop in the flat film die can be obtained from the relationship [1]

1
Ay 2(6:0) 1 (5.24)
P=="7T "1 7 ‘
Kn,Wn.Hn

Calculated Example

. Calculate Ap for the flat die geometry given in Fig. 5.16 for the conditions:
m=36kg/h, T=200°C, p, =0.7g/cm’, H=2mm, W=75mm.
Viscosity coefficients for LDPE:
a,=3.388, a,=-0.635, a,,=-0.01815, a,=-0.005975, a,,=-0.0000025, a,, = 0.0005187

Manifold inlet radius:  24.84 mm
Pressure drop: 12.23 bar

Manifold Manifold angle: 60.34

radius [mm]
26
24
22
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|
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FIGURE 5.16 Manifold radius as a function of the distance along the length of the manifold
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Solution:

Volume flow rate

g __36

=1.429-10° m®/s
p, 3.6-0.7

Shear rate

. 6Q  6-1.429-107°
W H*  0.075-0.0027

=2857s""

Power law exponent:

n=2.75
Viscosity:
n=0646.2Pa-s

Shear stress:
7 =184619 N/m?
Proportionality constant:

K =8.84-107"

Ap =184.62 bar
| |

Figures 5.17 and 5.18 show Ap calculated according to Eq. (5.24) as a function of the die gap H
for the given die configuration and the polymers LDPE, LLDPE, and PET.

200.00
LDPE
\T =200°C
= 150.00
2
o
3
® 100.00 N
5 \
[
s \
E 50.00 \\
LLDPE \ Flow rate
T =250°C — =36 kg/h
0.00
2.00 3.00 4.00 5.00

Die gap H (mm)
FIGURE 5.17 Pressure drop Ap as a function of die gap H for LDPE and LLDPE, W= 75 mm, L =100 mm, m =36kg/h
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FIGURE 5.18 Effect of temperature on pressure drop Ap, W =75 mm, L = 100 mm, m=36kg/h

Flat dies can be easily designed by using the program VISCOAT, listed in the Appendix.
Programmable pocket calculators can handle the calculations as well.

B 5.6 An Easily Applicable Method of Designing
Screen Packs for Extruders

In various extrusion processes, particularly those involving resin blends containing fillers
and additives, it is often necessary to increase the melt pressure, in order to create more back
mixing of the melt in the screw channel of the extruder. This can be achieved by using screen
packs of different mesh sizes. They can also be used to increase the melt temperature to attain
better plastication of the resin. Another application of screens concerns melt filtration, in which
undesirable material is removed from the melt [19]. In all these operations it is necessary to
be able to predict the pressure drop in the screen packs as accurately as possible, as the melt
pressure is closely related to the extruder output. Based on recent developments in rheology this
section presents an easy and quick method of calculating the pressure drop in a screen pack as
a function of the resin viscosity, extruder throughput and the geometry of the screen. The effect
of screen blocking is also taken into account. The predictions agree well with the experiments.
Practical worked-out examples illustrate the design principles involved.

Mesh Size

The term screen as used here refers to a wire-gauze screen with a certain number of openings,
depending on the size of the mesh. The mesh size is denoted by the mesh number which is
the number of openings per linear inch counting from the center of any wire to a point exactly
25.4 mm or one inch distant [18] (Fig. 5.19). The mesh number m, in Fig. 5.19, for instance,
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is 3. A screen pack consists usually of screens of varied mesh sizes with the screens placed one
behind the other in a pack (Fig. 5.20).

d
r 25.4 mm -
(1 inch)
FIGURE 5.19 Mesh of a wire-gauze screen
m, = 200 100 100 42 42
« Ds «

melt

FIGURE 5.20 Screen pack with screens of varied mesh size

Die ____\\\\‘ /:—-—- Flange

|

A\

e

Breaker plate “"&Q ///_\__..

Screen pack Melt pressure
Melt temperature

Siesaies

FIGURE 5.21 Position of screen pack in an extruder [17]
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Design Procedure
The volume flow rate ¢ through a hole for a square screen opening is given by [19]
400-6.45- M

= 5.25
36 p ml oD (5:29)

The relationship between the volume flow rate ¢ and the pressure drop Ap in the screen can
be expressed as [6]

G=K-G"-Ap" (5.26)
The shear rate of the melt flow for a square opening is calculated from [3]

3 q

. - . 5.27
Pswware =042 "0.001- dy 527
The power law exponent n follows from
1 .
—=1+a+2a,Iny+a,T (5.28)
n

where a,, a,;; and a,, are viscosity coefficients in the Klein viscosity model and T is the melt
temperature in °F.

Using the Klein model the melt viscosity # is obtained from

Inp=a,+a ny+a, ny’*+a,T+a,, T*+a, TIny (5.29)
Shear stress t:

=0y (5.30)

Factor of proportionality K [6]:
K=" (5.31)

The die constant G for a square is calculated from [6]

1 3

—+1
0.42\n df
quuare =05 [_) " (5.32)

3 2L
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The length L for a screen is taken as L = 2 d with d as the wire diameter(Fig. 5.19). Finally, the
pressure drop Ap in the screen results from [6]

Ap=—-—T (5.33)
K"-G

square

For a screen with openings having a form other than a square the formula developed by Schenkel
[8] can be applied.

Practical Examples with Symbols and Units

. Example 1

For the following input data it is required to calculate the pressure drop Ap in the screen:
Extruder throughput M = 454 kg/h

Melt temperature 7= 232 °C

Barrel diameter of the extruder D, = 114.3 mm

Mesh number of the screen m, = 42

Melt density p, = 0.78 g/cm3

Solution:

From Table 5.1 the minimum sieve opening for a 42 mesh square wire-gauze d, = 0.354 mm
and the wire diameter d = 0.247 mm. The screen diameter D, can be taken as equal to the
barrel diameter D,. Inserting the respective values with the units above, we get from Eq. (5.25)
G =0.00576 cm® /s and from Eq. (5.27) 7,0 =928.1557".

The viscosity 77 at ., = 928.15 s is found to be 353.84 Pa s with T=449.6 °F for the
given HDPE.

The power law exponent n follows from Eq. (5.28) to be n = 1.589 for the respective resin con-
stants.

Shear stress 7 = 328414 N/m?.
Factor of proportionality K in Eq. (5.31) K = 1.586 107.

Die constant G:

1 [0.354)1.589”
421589 {100
Gpyore =0-5° 042 =1.591-107°
i 3 5.5 0247
1000

Finally, the pressure drop Ap in the screen from Eq. (5.33) is Ap = 18.33 bar.
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. Example 2

A screen pack consists of two 42 mesh screens, two 100 mesh screens, and one 200 mesh
screen (Fig. 5.20). What is the pressure drop in the screen pack for the same conditions as above?

Solution:

By applying the equations above, following values can be obtained for Ap:
for the 42 mesh: 18.3 bar

for the 100 mesh: 24 bar

and

for the 200 mesh: 26.9 bar

The total pressure drop Ap in the screen pack is therefore Ap=2-18.3+2-24+26.9=111.5 bar.

|
. Example 3
What is the pressure drop if the screen is 70% blocked for a screen of mesh size 42 for the
same input as above?
Solution:
As the diameter of the screen D is proportional to the square root of the area, the new diameter
for the blocked screen has to be multiplied by the factor ,/(1 = 0.7) .
This leads to a pressure drop Ap of 24.8 bar for the same conditions as in Example 1.
]

Results of Calculations

The effect of the type of polymer on the pressure drop in a screen pack consisting of screens of
varied mesh size as shown in Fig. 5.20 is presented in Fig. 5.22. As can be expected, the pres-
sure drop in the screen pack decreases rapidly with decreasing melt viscosity.

Figure 5.23 shows that the influence of the extruder throughput on Ap becomes less pronounced
with increasing throughput. The effect of mesh size on Ap is given in Fig. 5.24. The finer gauze
with a mesh of 325 has about one and a half times more resistance than a mesh of 42. The
exponential increase in pressure with the reduction of screen area, when the screen is blocked
by undesirable material, can be seen from Fig. 5.25.

Screen packs are used in extruders for various purposes, such as melt filtration, better back
mixing of the melt, and better plastication of the resin. In all these applications it is important
to be able to predict the pressure drop in the screen, as it affects the extruder throughput sig-
nificantly. The design methods presented here on the basis of recent advances in computational
rheology accurately simulate the influence of the polymer, mesh size, resin throughput, and
screen blocking.
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FIGURE 5.22 Effect of the polymer type on the pressure drop Ap in the screen pack
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FIGURE 5.23 Pressure drop in screen vs. extruder throughput
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FIGURE 5.24 Effect of the mesh size on the pressure drop in the screen
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FIGURE 5.25 Effect of reduced screen area on the pressure drop in the screen

TABLE 5.2 Dimensions of Square Screens [1]

Mesh size Sieve opening (mm) Nominal wire diameter (mm)
42 0.354 0.247

100 0.149 0.110

200 0.074 0.053

325 0.044 0.030

B 5.7 Parametrical Studies

Parametrical studies in polymer processing are of importance for determining the effect of
significant parameters on the product quality. This section deals with those studies in pipe
extrusion, blown film and thermoforming as examples, and includes relevant data on the dies
and screws commonly employed.

5.7.1 Pipe Extrusion

Drawdown and Haul-Off Rates

Drawdown occurs when the velocity of the haul-off is greater than the velocity of the extrudate
at the die exit (Fig. 5.27). This leads to a reduction of the extrudate cross-section. The draw ratio
Dy, can be expressed as (Fig. 5.28)

D gie -D 1?nandrel
— —die ~ mandrel 5.34
*op? - ID? 534

pipe pipe
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FIG. 5.26 Pipe extrusion [17]
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FIGURE 5.27 Draw-down in pipe extrusion
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FIGURE 5.28 Relationship between draw ratio and haul-off rate [16]

The draw ratio is dependent on the resin and on the haul-off rate. In Fig. 5.28 [16] the ratio of die
diameter to pipe diameter, which in practice is referred as the draw ratio, is shown as a function
of the haul-off rate for a PA resin. For other resins this ratio has to be determined experimentally.

Table 5.3 shows typical data obtained on twin screw extruders for pipes. Design data for pipe
dies and sizing units (Fig. 5.29) is given in Table 5.4 [21].
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FIGURE 5.29 Design data for pipe dies and sizing units (see Table 5.3) [21]

TABLE 5.3 Typical Data for Twin-Screw Extruders for Pipes Made of Rigid PVC [21]

Parametrical Studies

Screw diameter D Screw length L/D  Screw speed Screw power Specific energy
(mm) (min™") (kW) (kWh/kg)
60/70 18/22 35/50 15/25 0.1/0.14
80/90 18/22 30/40 28/40 0.1/0.14
100/110 18/22 25/38 58/70 0.1/0.14
120/140 18/22 20/34 65/100 0.1/0.14
TABLE 5.4 Die and Calibration Unit Dimensions Based on Empirical Results [21]
Pipe raw Outer A B Sin % of aat b Haul-off
material diameter nominal pressure speed
of pipe wall 6to 10
(mm) (mm) (mm) thickness  (mm) (mm) (m/min)
PVC 20 20 20.16 4 30 100/150 20/35
160 160 161.3 79 150 500/600 2.0/3.5
PE 20 21 21 100 20 150 25/30
160 168 167.2 100 40/175' 40 1.2/2.2
PP 20 21 21 100 20 150 25/30
160 168 167.2 100 40/175' 640 1.0/2.0
S
[mm]
PA 12' 8 14.2 8.6 2.0 25 130 55/60
PA 127 20 28.2 20.85 3.3 25/30° 130 12/15
PA 122 22 30.0 23.0 3.3 35/50° 130 10/12

1
2

wall thickness 1 mm
wall thickness 2 mm
8 dependent on wall thickness
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5.7.2 Blown Film

The blow ratio is the ratio between the diameter of the blown film to the die lip diameter (Fig. 5.30).
The effect of operating variables, such as coolant temperature in the case of water-cooled films,
on some film properties, such as gloss and haze, is shown in Figs. 5.31 to 5.37 [17]. Depending
on the material and the type of film, blow ratios range from 1.3:1to 6: 1 [31].

bubble

cooling ring

die

extruder

FIGURE 5.30 Blow-up in blown film

haze —a

film thickness —=—
FIGURE 5.31 Effect of film thickness on haze
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haze —=

Y

coolant temperature —s=—

FIGURE 5.32 Effect of coolant temperature on haze

gloss —

Y

coolant temperature —s—

FIGURE 5.33 Effect of coolant temperature on gloss

stiffness —=

Y

coolant temperature —e—

FIGURE 5.34 Effect of coolant temperature on stiffness
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impact strength —s

coolant temperature —s=—
FIGURE 5.35 Effect of coolant temperature on impact strength
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FIGURE 5.36 Effect of blow-up ratio on ease of draw-down

10 pm

ease of draw-down ==
3
3

-
-
S
-
el TP,

height of frost line —=
FIGURE 5.37 Effect of frost line on ease of draw-down
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5.7.3 Thermoforming

In thermoforming, the material is initially in the form of a sheet or film and is shaped under
vacuum or pressure after it has reached a particular temperature. At this temperature the
polymer must have a sufficiently strong viscous component to allow for flow under stress and a
significant elastic component to resist flow in order to enable solid shaping. Thus, the optimal
conditions for thermoforming occur at a temperature corresponding to the material’s transition
from a solid rubbery state to a viscous liquid state [26].

The effect of different factors related to thermoforming is presented in Figs. 5.38 to 5.44 [27,
28]. Some data, including machine dependent parameters, are given in Tables 5.5 to 5.8.

g £
: mor— 5
g Acceptable | Duseolorafmn
quality degradation
Details ; |
not - Increasing straining
reproduced | rate under fixed load
Temperature Temperature
FIGURE 5.38 Parametrical relationship FIGURE 5.39 Parametrical relationship
for thermoforming: for thermoforming:
draw ratio vs. temperature [26] strain vs. temperature [27]
[+
3
% %
= ('
g g
-
7 g
g &
z
SHEET TEMPERATURE ——= SHEET TEMPERATURE ————=
FIGURE 5.40 Parametrical relationship FIGURE 5.41 Parametrical relationship
for thermoforming: for thermoforming:

internal stress vs. sheet temperature [27] energy vs. temperature [27]
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FIGURE 5.42 Parametrical relationship for
thermoforming: hot strength vs. sheet
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take-off speed v —

0 25 50 75 100 125 15C
film thickness s —= FIGURE 5.43 Production rates for flat films [23]

min

8

take - off speed v —=—
[
[=

py
o

0
0 0.5 1.0 15 mm 20

film thickness s —= FIGURE 5.44 Production rates for thermoformable films [23]



5.7 Parametrical Studies 151

TABLE 5.5 Guide to Thermoforming Processing Temperatures [°C] [29]

Polymer Mold Lower Normal Upper Set
temperature processing limit  forming heat limit temperature
[°C] [°C] [°C] [°C] [°C]

HDPE 71 127 146 166 82

ABS 82 127 163 193 93

PMMA 88 149 177 193 93

PS 85 127 146 182 93

PC 129 168 191 204 138

PVC 60 100 135 149 71

PSU 160 200 246 302 182

TABLE 5.6 Extruder Outputs for Thermoformable Film Extrusion (Film Thickness Range: 0.4 to 2.0 mm) [23]

Screw diameter D Screw length Output (kg/h)

(mm) PP SB ABS PET

75 30/36 D 180/200 300/320 220/250 120/140
90 30/36 D 260/290 450/500 360/400 180/220
105 30/36 D 320/350 600/650 450/480 240/280
120 30/36 D 480/550 750/850 600/650 320/360
150 30/36 D 650/750 1100/1200 850/900 480/540

TABLE 5.7 Ranges of Melt and Roll Temperature Ranges Used in Thermoformable Film [23]

Material Melt temperature (°C) Chill roll temperature (°C)
PP 230/260 15/60

SB 210/230 50/90

ABS 220/240 60/100

PET 280/285 15/60

TABLE 5.8 Shrinkage Guide for Thermoformed Plastics [29]

Polymer Shrinkage %
LDPE 1.6/3.0
HDPE 3.0/3.5
ABS 0.3/0.8
PMMA 0.2/0.8
SAN 0.5/0.6
PC 0.5/0.8
PS 0.3/0.5
PP 1.5/2.2
PVC-U 0.4/0.5

PVC-P 0.8/2.5
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Analytical Procedures
for Troubleshooting
Injection Molding

Injection molding has found the widest range of applications of all plastics processing technolo-
gies. Typical injection molding equipment consists of an injection unit, an injection mold, and a
mold temperature control unit. The quality of the part depends on how well these components
work together.

At an appropriate point in the typical molding cycle, the screw remains stationary in the forward
position as indicated by point 3 in Fig. 6.1. At the end of dwell or holding pressure, the screw
begins to rotate, conveying material and developing a pressure ahead of the screw. This pressure
pushes the screw to move back a predetermined distance which is dependent on the desired
volume of the molded part. The screw is then idle in the back position while the previously
molded plastic continues cooling in the mold and while the mold opens and the part is ejected.

INCREASING TIME

MOLD
\_ CLOSED
~ s
S~ -

“\ PART COOLING
-~

—_——— —

FIGURE 6.1 Molding cycle [6] @
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After the mold closes again, the screw is forced forward by hydraulic pressure, causing the newly
recharged shot in front of the screw to flow into the empty mold. A valve, such as a check ring,
prevents back flow during injection. The screw then maintains pressure on the molded plastic
for a specific time called dwell or hold time, thus completing the cycle [6].

B 6.1 Effect of Resin and Machine Parameters

6.1.1 Resin-Dependent Parameters

Injection Pressure

Injection pressure is the pressure exerted on the melt in front of the screw tip during the injec-
tion stage, with the screw acting like a plunger. It affects both the speed of the advancing screw
and the process of filling the mold cavity with the polymer melt, and corresponds to the flow
resistance of the melt in the nozzle, sprue, runner, and cavity. The injection pressures needed
for some resins are given in Table 6.1, while the maximum injection pressure is approximately
1.2 times the pressure listed in Table 6.1 [1].

TABLE 6.1 Injection Pressure Required for Various Plastics [1]

Material Necessary injection pressure [MPa]
Low viscosity Medium viscosity High viscosity
heavy sections standard sections thin sections, small gates
ABS 80/110 100/130 130/150
POM 85/100 100/120 120/150
PE 70/100 100/120 120/150
PA 90/110 110/140 > 140
PC 100/120 120/150 <150
PMMA 100/120 120/150 <150
PS 80/100 100/120 120/150
PVC-U 100/120 120/150 > 150
Thermosets 100/140 140/175 175/230

Elastomers 80/100 100/120 120/150




6.1 Effect of Resin and Machine Parameters

6.1.2 Mold Shrinkage and Processing Temperature

Due to their high coefficients of thermal expansion, components molded from plastics experi-
ence significant shrinkage effects during the cooling phase. Semi-crystalline polymers tend to
shrink more, owing to the greater specific volume difference between melt and solid. Shrinkage
S can be defined by [2]

L*-L
S= 6.1
= (6.1)

where L* is any linear dimension of the mold and L the corresponding dimension of the part
when it is at some standard temperature and pressure. As a consequence of mold shrinkage
it is necessary to make the core and cavity slightly larger in dimension than the size of the
finished part. Processing temperature, mold temperature, and shrinkage are given in Table 6.2
for a number of materials. The parameters influencing shrinkage behavior are shown in
Fig. 6.2.

g [ 1] [
g g )
[=4 [=

£ £ £
©w “ L

wall thickness holding pressure time holding pressure
@ @« [
§ / g / g \/
£ £ £
£ £ E
w “ w

wall temperature melt temperature injection speed

————in

FIGURE 6.2 Qualitative relations between individual process parameters and shrinkage behavior [4]
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TABLE 6.2 Processing Temperatures, Mold Temperatures, and Shrinking for the Most Common Plastics Processed
by Injection Molding [1]

Material Glass fiber Processing Mold Shrinkage
content temperature temperature
% °C °C %
PS 180/280 10/10 0.3/0.6
HI-PS 170/260 5/75 0.5/0.6
SAN 180/270 50/80 0.5/0.7
ABS 210/275 50/90 0.4/0.7
ASA 230/260 40/90 0.4/0.6
PE-LD 160/260 50/70 1.5/5.0
PE-HD 260/300 30/70 1.5/3.0
PP 250/270 50/75 1.0/2.5
PPGR 30 260/280 50/80 0.5/1.2
IB 150/200
PMP 280/310 70 1.5/3.0
PVC-soft 170/200 15/50 >0.5
PVC-rigid 180/210 30/50 =05
PVDF 250/270 90/100 3/6
PTFE 320/360 200/230 3.5/6.0
FEP
PMMA 210/240 50/70 0.1/0.8
POM 200/210 >90 1.9/2.3
PPO 250/300 80/100 0.5/0.7
PPO-GR 30 280/300 80/100 <0.7
CA 180/230 50/80 0.5
CAB 180/230 50/80 0.5
CP 180/230 50/80 0.5
PC 280/320 80/100 0.8
PC-GR 10/30 300/330 100/120 0.15/0.55
PET 260/290 140 1.2/2.0
PET-GR 20/30 260/290 140 1.2/2.0
PBT 240/260 60/80 1.5/2.5
PBT-GR 30/50 250/270 60/80 0.3/1.2
PA 6 240/260 70/120 0.5/2.2
PA 6-GR 30/50 270/290 70/120 0.3/1
PA 66 260/290 70/120 0.5/2.5
PA 66-GR 30/35 280/310 70/120 0.5/1.5
PA 11 210/250 40/80 0.5/1.5
PA 12 210/250 40/80 0.5/1.5
PSO 310/390 100/160 0.7
PPS 40 370 > 150 0.2
PUR 195/230 20/40 0.9
PF 60/80 170/190 1.2
MF 70/80 150/ 165 1.2/2
MPF 60/80 160/180 0.8/1.8
up 40/60 150/170 0.5/0.8
EP 30/80 ca. 70 150/170 0.2
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6.1.3 Drying Temperatures and Times

As already mentioned in Section 3.8.2, plastics absorb water at a rate depending on the relative
humidity of the air in which they are stored (Table 6.3).

Moisture has an adverse effect on processing and on the part. To remove moisture, materials
are dried in their solid or melt state. Table 6.4 shows the drying temperatures and times for
different resins and dryers.

TABLE 6.3 Equilibrium Moisture Content of Various Plastics Stored in Air at 23 °C and Relative Humidity of 50% [5]

CA CAB  ABS PA6 PA66 PBT PC PMMA PPO PET
Equilibrium moisture (%) 2.2 1.3 1.5 3 2.8 0.2 0.19 0.8 0.1 0.15

Water content acceptable
for injection molding (%)

0.2 0.2 0.2 0.15 0.03 0.02 0.08 0.05 0.02 0.02

TABLE 6.4 Drying Temperatures and Times of Various Dryers [1]

Material Drying temperature Drying time
°C h
fresh air/missed dehumidifying fresh air/mixed air dehumidifying
air dryers dryers dryers dryers
ABS 80 80 2/3 1/2
CA 70/80 75 1/1.5 1
CAB 70/80 75 1/1.5 1
PA 6 not recomm. 75/80 - 2
PA 66,6.10 not recomm. 75/80 - 2
PBT, PET 120 120 3/4 2/3
PC 120 120 2/4 2
PMMA 80 80 1/2 1/1.5
PPO 120 120 1/2 1/1.5
SAN 80 80 1/2 1/1.5

W 6.2

Melting in Injection Molding Screws

In general, problems occurring during injection molding have their origin in mold design.
However, with the widespread use of the reciprocating screw for conveying and plasticating,
problems concerning the quality of the melt are being increasingly encountered. As in the
case of plasticating extrusion, in order to achieve high part quality, the screw must be able to
produce a fully plasticated homogeneous melt. Thus, the part quality is intimately connected
to the plastication in the screw.
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This section shows how the melting performance of the reciprocating screw can be predicted
through an extension of the model of Donovan [6] to include a simplified melting model [7, 8, 9].
The resulting equations allow facile solutions to be found even with a hand-held calculator.

6.2.1 Model

During the stationary or non-rotating phase of the screw, melting of the resin takes place mainly
by conduction heating from the barrel (Fig. 6.3) [3].

The parameter K characterizing the conduction melting is given by [6]

(Tm —Tb)-/lm -exp(—K24 am) (T.-T,) A -exp(—K2 /as) ~ ~10%-i_ -p. K

- = 6.2
,/n~am-erf(K/2\/a) Jnoas-erfc(K/Z\/a_s) 2 ©2)
with
1074,
- 6.
U TS (6.3)
and
-6
o =104 (6.4)
Ps - CPs

By using the equations above, the parameter K can be obtained easily by a simple iteration. The
following sample calculation for LDPE illustrates the application of Eq. (6.2).

Mu.dm: cycle Extrusion
k }J Melt \
timef =10 time ! =tg Y
\
i:--:r-w \
chrral Solid bed Selid bed Solid bed

FIGURE 6.3 Change of solid bed during screw rotation in comparison to steady-state extrusion
solid bed area at the start of screw rotation

A solid bed area at the end of screw rotation ¢ = t;

A.: solid bed area for the steady-state extrusion

A, cross-sectional area of solid bed at any position

Aq: cross-sectional area for screw channel

A*: solid bed ratio A* = A, /A;
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TABLE 6.5 Calculated Parameter K for Three Resins

Resin K (mys)

LDPE 5.46 - 107
PP 1.08- 107
PAG6 8.19- 10

Sample calculation for K:
Melt thermal conductivity 4, =0.225 W/(m K)

Melt density pn =0.78 g/cm3
Melt specific heat cp, = 2.4 kl/ (kg K)
Solid thermal conductivity 4, =0.35 W/(m K)
Solid density p, =0.92 g/cm3
Solid specific heat cp, = 1.9 kI/(kg K)
Latent heat of fusion i, =130kJ/kg
Polymer melting point T, =110 °C
Barrel temperature T, =200 °C

Solid bed temperature Ir =20°C

In this sample calculation K was found to be 5.457 - 107 (m/ \/g) . For given barrel and solid
bed temperatures, K is dependent only on the thermal properties of the resin. The value of K is
calculated for three resins in Table 6.5.

The change of the solid bed profile is calculated from the equations derived from the model of
Donovan [6] and extended to include a simplified melting model for extrusion melting. These
are arranged in the following to facilitate easy iteration and calculation.

0. 0.
K\/tT —ty +(1041K2]_ 10‘0

A=A = A =y (69)
“ A - A —-B-2nNt,
I )
oA A — A
A=A . (—ﬁ ZnNtRJ ©7)
L p 60 -
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The melt film thickness J; can be approximated by the relationship for a linear temperature
profile in the melt film, and is given by [7, 8]

(20, (T, =T, )+ n v 107 [w "

0,=0,, =05 - (6.8)
P 10°v,, p, [cpS (1, -T.)+ zm]
The average temperature in the melt film is obtained from [7]
_ 107, v2
T =05(1,~T,)+—— 11 (6.9)

124,

Calculation Procedure
Step 1: Calculate K using Eq. (6.2).
Step 2: Calculate 0,, with Egs. (6.8) and (6.9). Substitute 6, with 0.

Step 3: Calculate the solid bed ratio Ae for steady-state extrusion with the simplified model for
a linear temperature profile [7].

Step 4: Find the solid bed ratio Af at the end of the screw rotation using the Eqs. (6.6)
Step 5: Calculate Ai* , the solid bed ratio at the start of screw rotation from Eq. (6.7).

The following sample calculation shows the symbols and units of the variables occurring in the
equations above.

Sample Calculation

The thermal properties for LDPE and the barrel temperature are as given in the previous calcu-
lation for the parameter K. Furthermore,

Total cycle time t; =45s

Screw rotation time t; =225

Empirical parameter for all polymers:

B =0.005
Screw speed N =56 rpm
Channel depth H =98 mm
Channel width W =52.61 mm

Cross-channel velocity of the melt v, =5.65 cm/s

Relative velocity of the melt v = 15.37 cm/s

Solids temperature T, =20°C
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By inserting these values into Egs. (6.5) through (6.9) and by iteration, the following target
values are obtained:

Melt viscosity in the film ;= 211 Pa s
Average temperature of the melt in the film 7; =172.8°C.
Average thickness of the melt film 6, = 7.678 - 107 cm.

Using K=5.6 - 10‘4, the solid bed ratios are found to be:

the solid bed ratio at the end of screw rotation, A; =0.583;
the solid bed ratio at the start of screw rotation, 4; = 0.429.

The solid bed ratio for steady-state extrusion, Ae ,is calculated from the simlified melting model
for extrusion [8]. Its numerical value for the conditions above is Ae =0.75.

6.2.2 Results of Simulation

In all following figures the steady-state extrusion profile begins at the position of the stroke.
The temperature of the melt refers to the temperature at the end of the screw for the case of
steady-state extrusion. The solid bed ratio A’ is the ratio between the cross-sectional area of
the solid bed A4, and the total cross-sectional area of the channel A,. In Fig. 6.4 the effect of the
resin type on the solid bed profiles is presented. It appears that the conductivity parameter K
and the melt viscosity affect these profiles significantly, even if screw rotation and cycle times
remain the same. It can be seen from Fig. 6.5 that the barrel temperature has little effect on the
plastication process in the screw.
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FIGURE 6.4 Effect of polymer on the melting profiles

161




162

6 Analytical Procedures for Troubleshooting Injection Molding

A* [%]

™ L ST—
R T,

[E
-

- -
-
- oy
L
&
LI
-

Ll

PP

-:E"H}""\:-: A
|

‘Extrusion melt 1
temperature T, -

3
seas g RERETIEER

s

[ I w i} " I "
Axial length (screw diameters)

T, =260 °C, tr =455, 1r =22 s, G =48 kg/h, N =56 rpm

A* [%]

|

3
snc el FI IR EEFNEL

e

i ] L i [ d -
Axial length (screw diameters)

T, =300°C, tr =455, 1R =22 's, G =48 kg/h, N=56 rpm

FIGURE 6.5 Effect of barrel temperature on the melting profiles for PP

A% [%] 1

(A RN ANEDNT]

iTm

e
e -
T
" ™ 1 |
'Ei'frusmn melt

\\‘femperature T &

enas ENEERNETE

T T T

Axial length (screw diameters)

T, =232°C,tr=50s, g =8.4s, G=131.7 kg/h, N=131.7 rpm

A* L°'/o]i

mEEEFR IR

EEEEEAEENNREE

Axial length (screw diameters)
Ty =232°C, tr=50s, tr =42.5s, G=24.7 kg/h, N=22.5 rpm

FIGURE 6.6 Effect of screw rotation time and screw speed on melting of LDPE

= = Lier.r o

A %] T E—
[E T — | 1 D
- - % i —
= e e
- J— y A temperature T, .E
o - - f il
W E ‘é\_\_‘_\-‘-\- il . ::
= - LDPE 1 T, 1
- i A%, e N ER
B B :

¥ Ll a1 Ll Ll - [ (] - - -

Axial length (screw diameters)

T, =232°C,t1=50s, tr =8.45s, G=131.7 kg/h, N =107 rpm

_F.

A (%] T = Tn
o | s
= ____—-|_=
- - E..
[ .
w i
- l‘..
- o -
- -
" --_..___.=

L I

T,=232°C, tr=50s, tg = 8.4s, G= 104 kg/h, N

FIGURE 6.7 Effect of screw geometry on the melting for LDPE

L
Axial length (screw diameters)

=107 rpm

As Fig. 6.6 depicts, slow screw speed and a high percentage of screw rotation time compared
to the total cycle time strongly favor melting, which has also been found by Donovan [6]. The
marked influence of screw geometry on melting becomes clear from and Fig. 6.7.

As can be expected, melting is much faster in the case of the shallower channel.
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6.2.3 Screw Dimensions

Essential dimensions of injection molding screws for processing thermoplastics are given in
Table 6.6 for several screw diameters [1].

TABLE 6.6 Significant Screw Dimensions for Processing Thermoplastics

Diameter  Flight depth (feed) hy  Flight depth (metering) h, Flight depth  Radial flight clearance

(mm) (mm) (mm) ratio (mm)
30 4.3 2.1 2:1 0.15
40 5.4 2.6 2.1:1 0.15
60 7.5 3.4 2.2:1 0.15
80 9.1 3.8 2.4:1 0.20

100 10.7 4.3 25:1 0.20
120 12 4.8 25:1 0.25
> 120 max 14 max 5.6 max 3 : 1 0.25

— L (20%) Lc(20%) L 160%]

Ls~20D

FIGURE 6.8 Dimensions of an injection molding screw [1]

B 6.3 Injection Mold

The problems encountered in injection molding are often related to mold design whereas in
extrusion, the screw design determines the quality of the melt as discussed in Chapter 5.

The quantitative description of the important mold filling stage has been made possible by
the well-known software MOLDFLOW [10]. The purpose of this section is to present practical
calculation procedures that can be handled even by handheld calculators.

6.3.1 Runner Systems

The pressure drop along the gate or runner of an injection mold [15] can be calculated from the
same relationships used for dimensioning extrusion dies (Chapter 5).
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Calculated Example

. For the following conditions, the isothermal pressure drop Ap, and the adiabatic pressure drop
Ap are to be determined:

For polystyrene with the following viscosity constants according to [29]

A, =4.4475

A, =-0.4983

A, =-0.1743

A; =0.03594

A, =-0.002196

c, =4.285

¢, = 1332

T, =190 °C

flow rate m =330.4 kg/h
melt density P, =1.12g/cm’
specific heat Com = 1.6 kI/(kg - K)

melt temperature T =230°C
length of the runner L =101.6 mm

radius of the runner R =5.08 mm

Solution:
a) Isothermal flow
y, from

_4Q 4-330.0

~= 3=795.8s‘1
nR® 3.6-m-1.12-0.508

Va

(@ = volume flow rate cm®/s)

ar from

- (T-T,) -4.285 (230-190)
(

oHT-To) _ 10 133.2+(230-190)

a, =10 =107"7%¢ = 0.102

Power law exponent [29]
n=>5.956
1, viscosity [29]

n, =132Pa-s
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7 shear stress

7 =105013.6 Pa

K=9.911-10728

Die constant G from Table 1.4

circle

1
L —+
7 )5.956 (5-08-10_3)5956 3
Garcte =| 3 o —=1.678-10"
circle (4) 2-0.1016

Ap, with Q =8.194-107° m®/s from Equation 5.1:

107° -(8.194-10‘5)5-9%

Ap, = ; =42 bar

(9.91 1-10‘2")m 1.678-1072

b) Adiabatic flow

The relationship for the ratio ﬂ is [17]
Ap,
Iy
Ap, 1
where
ﬁ . Apo

x, =1+
pm‘cpm

Temperature rise from Equation (5.20):

AT=— 8P 42 53k
10-p,-¢c,, 10-1.12-1.6
For polystyrene
B =0.026K""
X, =2.34-0.026 =1.061
Finally, Ap
In -In1.
Ap = Apy —HL A2 ANL06T_ o 57 o

2 -1  0.061

In the adiabatic case, the pressure drop is smaller because the dissipated heat is retained in
the melt.
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6.3.2 Mold Filling

As already mentioned, the mold filling process is treated extensively in commercial simula-
tion programs and by Bangert [13]. In the following sections the more transparent method of
Stevenson is given with an example.

To determine the size of an injection molding machine in order to produce a given part, knowl-
edge of the clamping force exerted by the mold is important, as this force should not exceed the
clamping force of the machine.

Injection Pressure

The isothermal pressure drop for a disc-shaped cavity is given as [14]

e[Stz 1) o0
! 10°(1-ng) [ N-©-4d m-ny -1, - b b

The fill time 7 is defined as [14]

V-a

(6.11)

The Brinkman number is given by [14]

b K 360 )"
pre— 2R ) 0360 (6.12)
10*-4-(Ty -Ty) \N-©-2n-0% 1,

Calculated Example with Symbols and Units

. Given data:

The part has the shape of a round disc.

The material is ABS with n = 0.2565, which is the reciprocal of the power law exponent n.
The constant K, which corresponds to the viscosity 7,,, is K; = 3.05 - 10%.

Constant injection rate Q =160 cm3/s
Part volume V =160cm?
Half thickness of the disc b =2.1mm
Radius of the disc r, =120 mm

Number of gates N =1
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Inlet melt temperature Ty =518K

Mold temperature Ty =323K

Thermal conductivity of the melt A =0.174 W/(m-K)
Thermal diffusivity of the polymer a =7.72 - 10* cm?/s
Melt flow angle [14] ©® =360°

The isothermal pressure drop in the mold Ap, is to be determined.

Solution:
Applying Eq. (6.10) for Ap,

3.05-10° | 360-160-(1+2-0.2655) " (12
Apy=— — -(—):254 bar
10° (1-0.2655) | 1-360-4 7-12-0.105 0.105
Dimensionless fill time 7 from Eq. (6.11):
—4
. 160:7.72 102 007
160-0.105
Brinkman number from Eq. (6.12):
0.105% -3.05-10* 160-360 —
pr= 2 2 . - =0.771
10*.0.174-195 |1-360-2 1-0.105% -12

From the experimental results of Stevenson [14] the following empirical relation was developed
to calculate the actual pressure drop in the mold

|n(AA—pJ=O.337+4.7T—O.093 Br—2.6t-Br (6.13)
Py

The actual pressure drop Ap is therefore from Eq. (6.13)

Ap=1.574-Ap, =1.574-254 = 400 bar

Clamping Force

The calculation of clamping force is similar to that of the injection pressure. First, the isothermal
clamping force is determined from [14]

1_
Fl(r2)=10~n-r22(3 nRJ-Apl (6.14)
R

where F|(r,) = isothermal clamping force (N).
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F(r,) for the example above is with Eq. (6.14)

1-0.2655

-254 =308.64 kN
3-0.2655

Fl(rz)=10~n-122(

The actual clamping force can be obtained from the following empirical relationship, which was
developed from the results published in [14].

ln(§J=O.372+7.6r—0.084 Br—-3.5387 Br (6.15)
1

Hence the actual clamping force F from Eq. (6.15)

F=1.91-308.64 =589.5kN

The above relationships are valid for a disc-shaped cavity. Other geometries of the mold cavity
can be taken into account on this basis in the manner described by Stevenson [14].

B 6.4 Flow Characteristics of Injection Molding Resins

One of the criteria for resin selection to make a given part is whether the melt is an easy flowing
type or whether it exhibits significantly viscous behavior. To determine the flowability of the
polymer melt, the spiral test, which consists of injecting the melt into a spiral shaped mold
shown in Fig. 6.9, is used. The length of the spiral serves as a measure of the ease of flow of the
melt in the mold, and enables mold and part design suited to material flow.

The parameters involved in the flow process are resin viscosity, melt temperature, mold wall
temperature, axial screw speed, injection pressure, and geometry of the mold. To minimize the
number of experiments required to determine the flow length, a semi-empirical model based on
dimensional analysis is given in this section. The modified dimensionless numbers used in this
model taking non-Newtonian melt flow into account are the Graetz number, Reynolds number,
Prandtl number, Brinkman number, and Euler number. Comparison between experimental data
obtained with different thermoplastic resins and the model predictions showed good agreement,
confirming the applicability of the approach to any injection molding resin [28].

The experimental flow curves obtained at constant injection pressure under given melt tem-
perature, mold temperature, and axial screw speed are given schematically in Fig. 6.10 for a
resin type at various spiral depths with melt flow rate of the polymer brand as a parameter. By
comparing the flow lengths with one another at any spiral depth also called wall thickness, the
flowability of the resin brand in question with reference to another brand can be inferred [8, 18].
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Cross section
FIGURE 6.9 Schematic representation of spiral form

Increasing MFI

Flow length L

Spiral height H
FIGURE 6.10 Schematic flow curves

6.4.1 Model

The transient heat transfer and flow processes accompanying melt flow in an injection mold
can be analyzed by state-of-the-art commercial software packages. However, for simple mold
geometries, such as the one used in the spiral test, it is possible to predict the melt flow behavior
on the basis of dimensionless numbers and obtain formulae useful in practice. These relation-
ships can be easily calculated with a handheld calculator offering quick estimates of the target
values. Due to the nature of non-Newtonian flow, the dimensionless numbers used to describe
flow and heat transfer processes of Newtonian fluids have to be modified for polymer melts.
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FIGURE 6.11 Effect of injection pressure on flow length

According to the authors [19, 20, 21] the movement of a melt front in a rectangular cavity can
be correlated by the Graetz number, Reynolds number, Prandtl number, and Brinkman number.
As the flow length in a spiral test depends significantly on the injection pressure (Fig. 6.11)
the Euler number [21] is included in the present work in order to take the effect of injection
pressure on the flow length.

The Graetz number Gz based on the flow length is given by

Gz=—2 (6.16)

with G melt throughput, ¢, specific heat, A thermal conductivity of the melt, and L spiral length
in the spiral test.

The mean velocity of the melt front V, in the cavity is defined by

v =2 wim =Y (6.17)
A P

e

where Q is the volume throughput, A the area of the spiral cross section Fig. 6.9 and p the
density of the melt. The area A follows from

A=W-H+H’ tana (6.18)

with W the base width of the spiral and H spiral height or wall thickness as shown in Fig. 6.9.

6.4.2 Melt Viscosity and Power Law Exponent

Melt viscosity and power law exponent can be calculated by means of the rheological models
according to Carreau, Miinstedt, Klein and Ostwald and de Waele as shown by Rao [8].
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The shear rate y is obtained from

y:% where W, .. =W+H- tana (6.19)

mean

The following dimensionless numbers are obtained from [19, 20, 21]:

V(Z‘”r) -p-H*™®

Reynolds number Re=-% pe (6.20)
with H*=0.5-H and k* =7, -7
k*-c _H*(l_"r)
Prandtl number Pr=—-—"t (6.21)
2. V(l‘”r)
e
k*. (1+n,) ,H*(l_"T)
Brinkman number  Br = % (6.22)
A (TM - Tw)
100-
Euler Number Fu= —IZI (6.23)
p-Ve

where p; is the injection pressure.

6.4.3 Experimental Results and Discussion

The experimental flow curves for four different resins measured at constant injection pressure
under different processing conditions and spiral wall thicknesses are given in Fig. 6.12. The
flow length as a function of injection pressure is shown in Fig. 6.11 for LDPE as an example.
The Graetz numbers calculated from the experimentally determined spiral lengths at different
operating conditions and resins are plotted as function of the product Re - Pr - Br - Eu as shown
in Fig. 6.13. As can be seen here, the correlation of the Graetz number with this product is good
and thus for any particular material the spiral length can be predicted from the relationship

Gz = f(Re-Pr-Br-Eu) (6.24)

Figure 6.14 shows the good agreement between measured and calculated spiral lengths for the
experimentally investigated resins.
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FIGURE 6.12 Experimental flow curves for LDPE, HDPE, PP, and PS
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FIGURE 6.14 Comparison between measured and calculated flow length

. Sample Calculation

The example given here shows how the flow length of a given resin can be calculated from

Eq. (6.24). For the input values

W=10mm,H=2mm,p = 1.06 g/cms, c, = 2 KJ/kg-K, A =1.5W/K-m, Tw =270 °C,
Tw=70°Cand G=211.5kg/h,aswellas A, =4.7649, A, = -0.4743, A, = -0.2338,
A;=0.081,A4,=-0.01063, ¢, = 4.45,¢c, = 146.3 and T, = 190 °C,

following output is obtained:

Re =0.05964,

Pr =76625.34,
Br =1.7419 and
Eu = 10825.84.

The Graetz number Gz for the product Re - Pr - Br - Eu follows from Fig. 6.13. Gz = 217.63.

Hence L = 420 mm.
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B 6.5 Cooling of Melt in the Mold

In order to manufacture articles of high quality, mold design must take thermal, mechanical,
and rheological design criteria into account. As mentioned earlier, commercial software systems
[10—12] available today are of great value in accomplishing optimal mold design. But in daily
practice, where quick estimates of the parameters involved are needed, the application of sophis-
ticated software can be time consuming and costly.

This section deals with an easily applicable method of optimizing the mold design from thermal,
mechanical, and rheological considerations [18].The equations involved can be solved even by
hand-held calculators.

6.5.1 Thermal Design of the Mold

The cooling of the part in the mold makes up the bulk of the overall cycle time [4] and hence
limits the production rate of the articles. Tempering systems for cooling the mold by cooling
agents such as water are employed to achieve faster part cooling. However, these units are firstly
costly and secondly, what is important, is that equally shorter cooling times can be attained, if
the heat transfer between the cooling medium and the melt is optimized by a better mold design.

As mentioned in Section 3.2.1, the numerical solution of the Fourier equation, Eq. (3.31), is first
presented here for crystalline and amorphous polymers [8].

Crystalline Polymers

The enthalpy temperature diagram of a crystalline polymer shows that there is a sharp enthalpy
rise in the temperature region where the polymer begins to melt. This is caused by the latent
heat of fusion absorbed by the polymer when it is heated and has to be taken into account when
calculating cooling curves of crystalline polymers.

By defining an equivalent temperature for the latent heat (Fig. 6.15), Gloor [22] calculated the

temperature of a slab using the Fourier equation for the non-steady-state heat conduction. The

numerical solution of Eq. (3.34) using the correction introduced by Gloor [22] was given in [8] on

the basis of the method of differences after Schmidt [27].The time interval used in this method is
_GP A

At = 6.25
FRR; (6.25)

where
At = time interval

Ax = thickness of a layer

<

number of layers, into which the slab is divided, beginning from the mid plane of the
slab (Fig. 6.16)
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FIGURE 6.16 Nomenclature for numerical

solution of non-steady state
conduction in a slab [27]

FIGURE 6.15 Representation of temperature
correction for latent heat [22]

The mold temperature and the thermodynamic properties of the polymer are assumed to be
constant during the cooling process. The temperature at which the latent heat is evolved and the
temperature correction W, (Fig. 6.15) are obtained from the enthalpy diagram as suggested by
Gloor [22]. An arbitrary difference of about 6 °C is assigned between the temperature of latent
heat release at the mid plane and the temperature at the outer surface of the slab.

Figure 6.17 shows a sample plot of temperature as a function of time for a crystalline polymer.
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FIGURE 6.17 Plot of mid plane temperature vs. time for a crystalline polymer [8]
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Amorphous Polymers

Amorphous polymers do not exhibit the sharp enthalpy change as do crystalline plastics when
passing from liquid to solid. Consequently, when applying the numerical method of Schmidt
[27], the correction for the latent heat can be left out in the calculation. A sample plot calculated
with the computer program [18] is shown in Fig. 6.18 for amorphous polymers. It should be
mentioned here that the analytical solutions for non-steady heat conduction given in Section 3.2.1
serve as good approximations for crystalline as well as for amorphous polymers.
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Time f —e=

FIGURE 6.18 Plot of mid plane temperature vs. time for an amorphous polymer [4]

Calculations with Varying Mold Wall Temperature

In practice, the mold wall temperature 7, (Fig. 6.16) during part cooling is not constant because
itis influenced by the heat transfer between the melt and the cooling water. Therefore, the effect
of the geometry of the cooling channel layout, the thermal conductivity of the mold material,
and the velocity of the cooling water on the cooling time have to be taken into account.

FIGURE 6.19 Schematic geometry of cooling channels
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The heat transferred from the melt to the cooling media can be expressed as [23]
. 3 . S
O =107 [(By=T) ¢, +in | pm ~x [k)/m] (6.26)
The heat received by the cooling agent (water) in the time ¢, amounts to

L i
A Sy a-1072nR

-1
Oy =107, [ J (Ty = Tyaer) [KI/m] (6.27)

The cooling time ¢, can be determined from Eq. (3.38)

2 Ty T,
tk:sz_.ln i M W (6.28)
mna T TE_TW

with the thermal diffusivity

a=—"'n (6.29)

The influence of the cooling channel layout on heat conduction can be taken into account by the
shape factor S, according to [19, 23]

S, = (6.30)

Using the values for the properties of water the heat transfer coefficient a follows from [8]

2 0031395 1 o

y (6.31)

Re = Reynolds number.

The mold temperature T,, can now be calculated iteratively from the heat balance Q,, = QW .
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Sample calculation with Symbols and Units:

Part thickness s =2 mm
Distance x X =30 mm
Distance y y =10 mm
Diameter of cooling channel d =10 mm

Mold temperature Ty =250°C
Demolding temperature I, =90°C

Latent heat of fusion of polymer i, =130KkJ/kg
Specific heat of the melt Cp 2.5 kJ/(kg K)
Melt density Pn =079 g/cm3
Thermal conductivity of the melt A, =0.16 W/(mK)
Kinematic viscosity of cooling water v =1.210"° mz/s
Velocity of cooling water u =1m/s
Temperature of cooling water Tyuter = 15 °C
Thermal conductivity of mold steel Asr =45 W/(m K)

With the data above, the heat received from the melt is OAB =12.56kJ/m, S, = 3.091, Re = 8333
and « = 4300 W/(m” K). From the heat balance Q,; =0Q,, =12.56 we obtain by iteration
Ty = 37.83 °C and, finally the cooling time ¢, from Eq. (6.28) to be ¢, = 8.03 s.

Iteration Procedure

The iterative calculation used to obtain the mold wall temperature T, is performed according
to the termination criteria
QAB._ Ow <e,

QAB

where ¢ is a given error bound as a tolerance. The iteration may be performed by adding a
certain minimal value to the assumed mold wall temperature Ty, until the termination condi-
tion is satisfied.

Results of Calculations with the Model

Figure 6.20 shows the effect of the distance y on the cooling time at two different water tempera-
tures. It can be seen that the same cooling time can be obtained as with lower water temperature
when the cooling channels are placed nearer to the mold wall. This effect can also be attained
by placing the channels closer to each other, as shown in Fig. 6.21. As Fig. 6.22 depicts, the heat
transfer from the melt to the coolant increases insignificantly beyond a certain coolant velocity.
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Using the model and the polymers PS, LDPE, and PA as examples, cooling times were calculated
and presented in Fig. 6.23 to Fig. 6.25 as functions of demolding temperatures. In these calcula-
tions, the distances x and y were kept constant at 30 mm and 12 mm, respectively. Other quanti-
ties used were u = 1 m/s, T, = 20 °C and A¢; = 45 W/(m:K). The resin-dependent properties
were used according to the resin in question. The model also allows the simulation of the effect
of thermal conductivity of the mold material as given in Eq. (6.30) (see Fig. 6.26). The effect of
the temperature of cooling water on cooling time is shown in Fig. 6.27.
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FIGURE 6.20 Effect of cooling channel distance y on cooling time
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FIGURE 6.21 Effect of cooling channel distance x on cooling time
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FIGURE 6.22 Influence of the velocity of cooling water on cooling time
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B 6.6 Mechanical Design of the Mold

The cooling channels should be as close to the surface of the mold as possible so that heat can
flow out of the melt in the shortest time possible. However, the strength of the mold material
sets a limit to the distance between the cooling channel and the mold surface. The allowable d
in Fig. 6.28, taking the strength of the mold material into account, was calculated by Lindner
[24] according to the following equations:
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2272, |
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{ FIGURE 6.28 Geometry for the mechanical design of cooling channels
0.5-p-d*
o, = > (6.32)
z
:0.75-p-d (6.33)
z
1000 p-d* 2 1
fe 000-p-d d 2+0 5 (6.34)
z 32-E-z G
where
p = melt pressure (N/mmz)
d,z = distances (mm)
E = tensile modulus (N/mmz)
G = shear modulus (N/mm?)
o, = tensile stress (N/mm?)
t = shear stress (N/mmz)
f = deflection of the mold material above the cooling channel (mm)

The minimization of the distance d can be accomplished even by a hand-held calculator [17].
The results of a sample calculation are shown in Table 6.8.

TABLE 6.8 Results of Optimization of Cooling Channel Distance

Input Output

Melt pressure p = 4.9 N/mm? Channel distance z = 2.492 mm
Maximum deflection £ = 2.5 um Deflection f=2.487 um
Modulus of elasticity £=70588 N/mm? Tensile stress o = 39.44 N/mm?
Modulus of shear G = 27147 N/mm? Shear stress 7 = 14.75 N/mm?

Allowable tensile stress o, = 421.56 N/mm?
Allowable shear stress 7,,, = 294.1 N/mm?

Channel dimension d = 10 mm
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B 6.7 Rheological Design of the Mold

The distribution of the melt in the runner systems of multi-cavity molds [15] plays a key role
in determining the quality of the part. In order to achieve this aim at low pressures, it is impor-
tant to be able to predict the pressure drop of the melt flow in the relevant channels accurately.
Starting with the resin rheology, the design procedure given below deals with easily applicable
practical relationships [8] for calculating the pressure drop in flow channels of different geom-
etries, commonly encountered in injection molds.

The relationship between the volumetric flow rate 0 and the pressure drop Ap can be obtained
by Eq. (1.10) given in Section 1.3.

The power law exponent n can be calculated from Klein’s equation, Eq. (1.9), where a,, a,; and
a,, are the viscosity coefficients in the Klein viscosity model and T is the melt temperature in
°F [25].

The shear rates and geometry constants for the channel shapes commonly encountered in injec-
tion molds are shown in Table 1.4.

. Sample Calculation

Calculate the pressure drop of a LDPE melt flowing at 200 °C through a round channel with
a length of 100 mm and a diameter of 25 mm at a mass flow rate m = 36 kg/h with a melt
density p,, = 0.7 g/cms.

Solution:

Volume flow rate:

36

P, 3.6-0.7

=1.429-10° m®/s

Shear rate:

. 4Q  4-1.429-107°

7= - =9.316s""
TR 7-0.0125

With the viscosity coefficients in the Klein polynomial [25]
Inp=a,+aIny+a,Iny’ +a,T+a,, T +a, T Iny (6.35)

a, = 3.3388, a, = -0.635, a,, = -0.01815, a, = -0.005975, a,, = ~0.0000025,
a,,=0.0005187, T=1.8-200 + 32 =392 °F.5at 7 =9.316 s~ gives yy = 4624.5 Pas
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The power law exponent n follows from Eq. (1.9) to be n = 2.052
Wall shear stress 7 =#-7 = 43077 N/m?
Factor of proportionality K: K = 2.8665 - 107

from Table 1.4:
1 3
7 \2.052 0.01252.052+
circle — | ’

Geometry constant G .

=9.18-107°
4 2-0.1
Finally Ap from Eq. (1.42)

(1:429-10°° )ﬁ

Ap = -9.18-107° = 68937 1N/m’

(2.8665-10"9)m

or Ap = 6.89371 bar

Figure 6.29 shows the calculated pressure drop Ap as function of the mass flow rate m of the
melt at 200 °C for a viscous LDPE flowing through a round channel with the tube radius as a
parameter. The appropriate runner diameter can be easily found from similar diagrams for any
resin by applying the equations above.

The effect of melt viscosity on the pressure drop is given in Fig. 6.30. As can be expected, the
pressure drop for the easy flowing PET is much lower than that of LDPE.

The calculation procedure allows a quick and easy prediction of the influence of the melt tem-
perature, as depicted in Fig. 6.31.

In addition, the effect of the geometry of the runner cross section can also be easily simulated by
means of the relationships given in Table 1.4, as shown in Fig. 6.32 for a square cross-sectional
area compared to a circle for the same cross-sectional area under otherwise equal conditions.
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FIGURE 6.29 Pressure drop vs. flow rate for a circular cross-section for LDPE
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General Channel Shape

For channel shapes other than those given in Table 1.4, the equation of Schenkel [26] can be
used with good accuracy.

For a circle with n = 1, Eq. (5.12) leads correctly to R, = radius of the circle. Using this equation,
the pressure drop is calculated for the shape shown in Fig. 6.9 and plotted over the flow rate.
In this case, first the substitute radius is obtained, and then the same calculation procedure as
for the round channel applied.
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FIGURE 6.33 Pressure drop for a noncircular channel with R, = 2.77 mm and n = 2.052
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Summary

Polymer processing machinery can be designed using sophisticated software available today
on the market. However, in daily practice, when quick estimates of the parameters involved are
needed, the application of elaborate software can be time consuming and costly.

Starting from resin rheology, thermal properties of polymers in solid and melt state and heat
transfer to polymers, this book presents analytical procedures for quick troubleshooting of
polymer processes and machinery based on simple, proven design formulas.

The methodology for troubleshooting as applied in this book lies in examining the compatibility
between machine design and the desired target process parameters. This means that if a machine
element such as a screw or a mold does not lead to the target variables desired, its design has to
be changed and suited to the resin and process parameters. The important design tools necessary
to perform this task enable the plastics engineer to address the day-to-day problems occurring
on the shop floor quickly and easily.

Detailed case studies and worked-out practical examples illustrate this approach. The areas
covered include extruder screw and die design, blown film, blow molding, pipe extrusion, and
thermoforming, to mention a few.

Cooling of the melt in injection molds, rheological design of runner systems, designing injection
molding screws and melt flow in spiral injection molds are some topics among many dealt with
in the area of injection molding.

This book is not an exhaustive work. The authors still hope that it will be a good source of help for
solving day to day problems occurring on the shop floor of the plastics industry using practical
analytical techniques. The Appendix contains a list of simple, but proven computer programs.



Appendix:
List of Programs
with Brief Descriptions

VISRHEO

This program calculates the viscosity coefficients occurring in four different viscosity models
commonly used, namely Carreau, Miinstedt, Klein, and Power law on the basis of measured flow
curves and stores these coefficients automatically in a resin data bank.

TEMPMELT

This program calculates the solids melting profile of a multi-zone screw taking non-Newtonian
melt flow fully into account. A resin data bank containing thermal properties and viscosity
constants of different models is part of this program. Melt temperature, pressure and motor
horse power are also calculated.

VISSCALE

This program is used to scale up multizone single screws. The resin data bank is included.

VIOUTPUT

This program determines the output of a single screw extruder for a given screw speed or screw
speed for a given output. The resin data bank is part of the program.

VISPIDER

Program for designing spider dies including resin data bank.

VISPGAP

Program for designing spiral mandrel dies including resin data bank.

VISCOAT
Program for designing coat-hanger type dies, including resin data bank.

All programs above run on a PC in a user friendly dialogue mode under Windows XP or
Vista. These programs can be obtained from Natti S. Rao by contacting his e-mail address
raonatti@t-online.de



A

absorption 60
absorptivity 54
apparent shear rate 2
apparent viscosity 3

B

barrel temperature 162
Biot number 48, 49

blow molding dies 132
blown film 146
Brinkman number 48, 49
buckling 108

C

capacitance 57

clamping force 167

coating 61

conduction, hollow sphere 31
convection 51

cooling 174

cooling channel 182

D

Deborah number 48, 49
deflection 107
desorption 60

die constant 113
dielectric heat loss 57
dielectric loss factor 57
dissipation 47
drawdown 143

draw ratio 143

drying 157

Index

E

enthalpy 20
equivalent radius 114
extrusion 67
extrusion dies 111

F

feed zone 68, 69

Fick’s law 59

flat dies 135

flow rate 8

Fourier number 38, 48, 49

G

gate 163

geometry constant 10
Graetz number 48, 49
Grashof number 48, 50
Griffith number 50

H

haul-off 143

heat deflection 25
heat penetration 24
heat transfer 29

|

injection mold 163

injection molding 153
injection molding screws 157
injection pressure 154, 166

K
Klein model 4
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Index

L S
laminating 61 Schmidt number 48, 50
Lewis number 48, 50 screen 137
screw power 95
M screw rotation 162
melt film 83 shear rate 10, 114,126
Melt Flow Index 7 Sherwood number 48, 50
melt fracture 130 shrinkage 15, 155
melting parameter 87 specific heat 18
melting profile 87 specific volume 15
melting rate 86 spider dies 124
melt viscosity 170, 186 spiral dies 129
Melt Volume Index 7 steady state conduction 29
mesh size 137 Stefan-Boltzmann constant 53
metering zone 68,71 Stokes number 48, 50
moisture 157
mold filling 166 T
temperature distribution 38
N thermal conductivity 22
Nahme number 48, 50 thermal diffusivity 23
Nusselt number 48, 50 thermal expansion 19
thermoforming 149
P three-zone screw 68
Peclet number 48, 50 torsion 107
pelletizer dies 132 transition zone 68
permeability 59, 62 transmissivity 54
power law 3
Prandtl number 48, 50 U
pressure drop 112, 142, 184 unsteady state conduction 37
R \"
radiation 53 Vicat softening point 26
reflectivity 54 volumetric flow rate 184

residence time 123, 126
Reynolds number 48, 50
runner 163
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