APPENDIX A

Rheological and Thermophysical
Properties of Polymers

VICTOR TAN
The Polymer Processing Institute, New Jersey Institute of Technology Newark, NJ

The characterization of polymer in terms of their thermal, rheological, and physical
properties is vital for designing polymer processing equipment, for utilizing computer-
aided design (CAD) and computer-aided manufacturing (CAM) software, for optimizing
their operation, and for understanding and troubleshooting problems occurring during
processing.

The thermophysical properties, such as glass transition, specific heat, melting point,
and the crystallization temperature of virgin polymers are by-and-large available in the
literature. However, the thermal conductivity or diffusivity, especially in the molten state,
is not readily available, and values reported may differ due to experimental difficulties.
The density of the polymer, or more generally, the pressure—volume—temperature (PVT)
diagram, is also not readily available and the data are not easily convertible to simple
analytical form. Thus, simplification or approximations have to be made to obtain a
solution to the problem at hand.

The typical CAD software for injection molding may need the following properties to
carry out a simulation:

e Rheological properties at three processing temperatures;
e Melting points and the heat of fusion;

e Crystallization temperature and the heat of crystallization at various cooling rates
(or the ejection temperature of the molded part);

e Specific heat of the solid and melt (single value);

e Thermal conductivity and/or thermal diffusivity of the solid and melt (single
value);

e Density of the solid and melt (single value) or the complete PVT diagram.

For the CAD software of the extrusion processes, in addition to these properties, the
following are required:
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e Bulk density as a function of pressure and temperature;
e Friction coefficient at the polymer/metallic equipment surface interfaces.

The rheological properties of the polymers reported in Table A.1 were measured
with a capillary die with diameter of 0.030 in or 0.050 in, and with L/D from 33 to 40.
At processing temperatures, the effect of the entrance pressure could be neglected.
The shear-rate dependence of viscosity is obtained by applying the Rabinowitsch
correction.

The thermal properties of the polymers reported in Table A.2 and Table A.3 were
obtained by using a Perkin-Elmer Differential Scanning Calorimeter Model DSC-7 using a
heating rate of 20°C/min. The specific heat was obtained using a heating rate of 10°C/min.
For semicrystalline material, the heat of fusion was obtained from the measured specific
heat curves. The crystallization temperature was obtained at 20°C/min cooling rate.

The density of the polymer at 25°C was obtained by using a molded disk, 0.125 in thick
and 2 in in diameter. The melt density at processing temperature was obtained with an
Instron Capillary Rheometer with plugged exit. The isothermal compaction at melt-
processing temperature was conducted at a plunger speed of 0.05 in/min with attainable
pressures up to 25,000 psi.

The thermal conductivity was obtained with a miniaturized hot plate device,' using
symmetrical heat flow. The apparatus can be heated to above the melt-processing
temperature.
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APPENDIX B

Conversion Tables to the
International System of Units (SI)

The International System of Units (SI) and Conversion Tables”

Quantity Unit SI Symbol

Basic units
Length meter m
Mass kilogram kg
Time second s
Electric current ampere A
Thermodynamic temperature kelvin K
Luminous intensity candela cd

Supplementary units
Plane angle radian rad
Solid angle steradian st

Derived units
Acceleration meter per second squared — m/ s2
Activity (of a radioactive source) disintegration per second — (disintegration/s)
Angular acceleration radian per second squared — rad/s”
Angular velocity radian per second — rad/s
Area square meter — m?
Density kilogram per cubic meter — kg/m’
Electric capacitance farad F A-s/V
Electric field strength volt per meter — V/m
Electric inductance henry H V-s/A
Electric potential difference volt v W/A
Electric resistance ohm Q V/A
Electromotive force volt \Y% W/A
Energy joule J N-m
Entropy joule per kelvin — J/K
Force newton N kg-m/s?
Frequency hertz Hz —
Magnetomotive force ampere A —
Power waltt w I/s

"E. A. Mechtly “The International System of Units,” NASA SP-7012, Washington, D.C. 1969; also, AIChE J.,
17, 511 (1971).

Principles of Polymer Processing, Second Edition, by Zehev Tadmor and Costas G. Gogos
Copyright © 2006 John Wiley & Sons, Inc.
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APPENDIX B 915
Quantity Unit SI Symbol
Pressure newton per square meter — N/m?
Quantity of electricity coulomb C A-s
Quantity of heat joule J N-m
Radiant intensity watt per steradian — W /st
Specific heat joule per kilogram-kelvin — J/kg-K
Stress newton per square meter — N/m?
Thermal conductivity watt per meter-kelvin — W/m-K
Velocity meter per second — m/s
Viscosity, dynamic Newton-second per square meter — N-s/ m?
Viscosity, kinematic square meter per second — m?/s
Voltage volt v W/A
Volume cubic meter — m’
Wavenumber reciprocal meter — (wave)/m
Work joule J N-m
SI Prefixes
Factor Prefix Symbol Factor Prefix Symbol
102 tera T 10~! deci d
10° giga G 1072 centi c
10° mega M 103 milli m
10° kilo k 10~¢ micro u
10% hecto h 107° nano n
10! deka da 10-12 pico P
Physical Constants
Unit Value
Avogadro constant kmole ™ 6.0222 E + 26"
Gas law constant J/kmole - K 8.3143 E+3
Boltzmann constant J/K 1.3806 E - 23
Stefan—Boltzmann constant W/m?K* 5.66916 E-38
Planck constant J-s 6.6262 E — 34
Gravitational acceleration m/s? 9.80665 E + 00
“E + 26 denotes 10?°.
Conversion Table to SI Units
To Convert from To Multiply by
angstrom meter (m) 1.000 000" E — 10
atmosphere (normal) newton,/ meter? (N / m?) 1.013 250" E + 05
barrel (for petroleum, 42 gal) meter’ (m3 ) 1.589 873 E — 01
Bar newton/meter” (N/m?) 1.000000" E + 05
British thermal unit joule (J) 1.05504 E +03
(International Table)
Btu/Ibm-°F (heat capacity) joule/kilogram-kelvin (J/kg - K) 4.186800° E + 03
Btu/second watt (W) 1.054350 E + 03
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Conversion Table to SI Units—(Continued)

To Convert from

To

Multiply by

Btw/ft2-hr-°F (heat transfer
coefficient)

Btu/ft>-hr (heat flux)

Btu/ft-hr-deg F (thermal
conductivity)

Calorie (International Table)

cal/g-°C

cal /sec-cm-K

centimeter

centimeter” /second

centimeter of mercury (0°C)

centimeter of water (4°C)

centipoise

centistokes

degree Celsius

degree Fahrenheit

degree Rankine

dyne

dynes/centimeter”

erg

fluid ounce (U.S.)

foot

foot (U.S. survey)

foot of water (39.2°F)

foot”

foot /second?

foot? /hour

foot-pound-force

foot®/second

foot®

gallon (U.S. liquid)

gram

gram /centimeter’

horsepower (550 ft - Ib¢/s)

horsepower-hour

hour (mean solar)

inch

inch of mercury (60°F)

inch of water (60°F)

inch?

inch?

kilocalorie

kilogram-force (kgf)

kilowatt-hour

liter

micron

mil

mile (U.S. statute)

joule/meter’-second-kelvin (J/m?*-s-K) 5.678264 E + 00

joule/meter*-second (J/m?-s)
joule/meter-second-kelvin (J/m - s - K)

joule (J)

joule/kilogram - kelvin (J/kg - K)
joule/meter-second-kelvin (J/m - s - K)

meter(m)

meter” /second (m?/s)
newton/meter” (N/m?)
newton/meter” (N/m?)

newton-second /meter’(N - s/m?)

meter?/second (m?/s)
kelvin (K)

kelvin (K)

kelvin (K)

newton (N)
newton/meter” (N/m?)
joule (J)

meter” (m3)

meter (m)

meter (m)
newton/meter” (N/m?)
meter? (m2)
meter/second® (m/s%)
meter’/second (m?/s)
joule (J)
meter”/second (m?/s)
meter’ (m3)

meter’ (m3)

kilogram (kg)
kilogram /meter’ (kg/m>)
watt (W)

joule (J)

second (s)

meter (m)
newton/meter” (N/m?)
newton/meter” (N/m?)
meter? (mz)

meter® (m®)

joule (J)

newton (N)

joules (J)

meter’ (m3 )

meter (m)

meter(m)

meter (m)

3.154591 E + 00
1.730735 E + 00

4.186800" E + 00
4.186800" E + 03
4.186800" E + 02
1.000000" E — 02
1.000000" E — 04
133322 E + 03
9.80638 E + 01
1.000 000" E — 03
1.000000" E — 06
tgx =tc + 273.15
tx = (tp + 459.67)/1.8
tx = tr/1.8
1.000000" E — 05
1.000000" E — 01
1.000000" E — 07
2.957353 E — 05
3.048000" E — 01
3.048006 E — 01
298898 E + 03
9.290304" E — 02
3.048000" E — 01
2.580640" E — 05
1.355818 E + 00
9.290304" E — 02
2.831685 E — 02
3.785412 E — 03
1.000000° E — 03
1.000000" E + 03
7.456999 E + 02
26845 E+ 06
3.600000 E + 03
2.540000" E — 02
337685 E + 03
24884 E + 02
6.451600° E — 04
1.638706" E — 05
4.186800" E + 03
9.806650" E + 00
3.600000 E + 06
1.000000" E — 03
1.000000" E — 06
2.540000" E — 05
1.609344" E + 03
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To Convert from

To

Multiply by

mile/hour
millimeter mercury
(0°C) (torr)
minute (angle)
minute (mean solar)
ohm (international of 1948)
ounce-mass (avoirdupois)
ounce (U.S. fluid)
pint (U.S. liquid)
poise (absolute viscosity)
poundal
pound-force (Ibf avoirdupois)
pound-force-second /foot?
pound-force-second /inch?
pound-mass (Ibm avoirdupois)
pound-mass/foot’
pound-mass/foot-second
pound-mass /foot*-second
(mass transfer coefficient)
psi (pounds per inch?)
quart (U.S. liquid)
second (angle)
slug
stoke (kinematic viscosity)
ton (long, 2240 lbm)
ton (short, 2000 Ibm)
torr (mm Hg, 0°C)
volt (international of 1948)
watt (international of 1948)
watt-hour
watt/centimeter’-°K

meter/second (m/s)
newton/meter> (N /m?)

radian (rad)

second (s)

ohm (©2)

kilogram (kg)

meter® (m®)

meter” (m3)
newton-second/meter” (N - s/m?)
newton (N)

newton (N)
newton-second/meter® (N - s/m?)
newton-second /meter” (N - s/m?)
kilogram (kg)

kilogram /meter’ (kg/m>)
newton-second/ meter” (N - s / m?)
kilogram /meter*-second (kg/m? - s)

newton/meter> (N /m?)
meter” (m3)

radian (rad)

kilogram (kg)

meter’ /second (m?/s)
kilogram (kg)
kilogram (kg)
newton/meter” (N/m?)
volt (absolute) (V)
watt (W)

joule (J)
joule/meter*-second-K (J/m? - s - K)

4.470400° E — 01
1.333224 E + 02

2908882 E — 04
6.000000" E + 01
1.000495 E + 00
2.834952 E — 02
2957353 E — 05
4731765 E — 04
1.000000° E — 01
1.382550 E — 01
4.448222 E + 00
4788025 E — 01
6.894757 E + 03
4535924 E — 01
1.601846 E + 01
1.488164 E -+ 00
4.88243 E + 00

6.894757 E + 03
9.463529 E — 04
4848137 E — 06
1.459390 E — 01
1.000000° E — 04
1.016047 E + 03
9.071847 E + 02
133322 E + 02
1.000330 E + 00
1.000165 E + 00
3.600000° E + 03
1.000000" E + 04

“An asterisk after the sixth decimal place indicates the conversion factor is exact and all subsequent digits are

Zero.



APPENDIX C
Notation

Only symbols used repeatedly in the text are included here. Reference is made to the
equation, section, or example where the symbol is first used.

Temperature dependence coefficient of viscosity parameter m of a Power Law
model fluid (3.3-25)

Time-temperature superposition shift factor (3.3-30)

Interfacial area element (E7.1-14)

= dH /dz taper of a screw channel in the down channel direction (9.3-31)
Free area between screws and barrel in an intermeshing twin screw
extruder(6.8-6)

Dimensionless surface area of a deformed bubble (8.10-2)

= d(Tl - To) (57-25)
=b/n (5.7-43)
Brinkman number Newtonian (E2.7-3); Power Law model (5.7-28)

Molar concentration of species i. (2.10-1)

Equilibrium molar concentration (9.4-8)

Specific heat at constant volume (2.9-16)

Specific heat at constant pressure (2.9-16)

Specific heat of solid and molten polymer (Section 5.1)
Centerline distance between intermeshing screws (6.8-1)
Capillary number (Section 7.1; 8.7-2)

Diameter

Diameter

Deformation of a droplet (7.1-14)

Inside diameter of an extruder barrel (6.3-4)

= D;, — 2H diameter of the root of the screw

= D; — 26, diameter of the screw at the tip of the flight
Deborah number (3.1-23)

Dispersion index of molecular weight distribution (7.3-9)
Damkohler number (11.2-26)

Diffusion coefficient of solvent in molten polymer (8.5-2)
Binary mass diffusion coefficient in Fick’s law (Example 2.4)

Principles of Polymer Processing, Second Edition, by Zehev Tadmor and Costas G. Gogos

Copyright
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Total specific energy of a system (2.9-9)

Flight width (6.3-2)

Rate of viscous heating per unit volume (12.1-7)

Total energy of a system (2.9-1)

Activation energy

Dimensionless activation energy (11.2-11)

Separation efficency of n stages (9.4-9)

Rate of conversion of mechanical energy into heat (E9.1-2)
Rate of conversion of mechanical energy into heat per unit mass flow rate
(E9.1-7)

error function (E5.2-8)

Kinematic coefficient of friction (4.1-7)

Static coefficient of friction (4.1-1)

Leakage flow correction factor for the pressure flow rate in screw extruders
(6.3-28)

External residence time distribution function (Section 7.3)

Exit passage distribution function (Section 7.3)

Exit strain distribution function (Section 7.3)

external strain distribution function (Section 7.3)

Force

Cumulative exit residence time distribution function (7.3-12)

Cumulative exit strain distribution function (7.3-21)

Cohesive force of the agglomerate (7.1-21)

Drag flow shape factor in a screw extruder (6.3-20)

Drag-flow shape factor for co-rotating disk processor (Example 6.12)

Air drag-force on fiber in fiber-spinning (E14.1-2)

Hydrodynamic forces acting on a particle in a sheared liquid (7.1-22)
Cumulative exit passage distribution function (Section 7.3; 7.3-29)

Normal force (E3.2-12)

Pressure-flow shape factor in a screw extruder (6.3-21)

Pressure-flow shape factor for co-rotating disk processor (Example 6.12)
Volumetric drag-flow correction factor for nonintermeshing twin-screw
extruder (6.8-45)

Volumetric pressure-flow correction factor for nonintermeshing twin-screw
extruder (6.8-46)

Fourier number (13.1-16)

Gravitational acceleration (2.5-7)

Skewness measure of a molecular weight distribution (7.3-10)
Internal residence time distribution function (Section 7.3)
Internal strain distribution function (Section 7.3)

Passage distribution function in batch systems (Section 7.3)
Generating function (7.3-27)

Mass flow rate (9.2-1)

Dimensionless pressure gradient (E3.6-4)

Cumulative internal residence time distribution function (7.3-11)
Cumulative internal strain distribution function (7.3-19)
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Cumulative passage distribution function (7.3-23)
In-phase dynamic modulus (3.1-22)

Out-of-phase dynamic modulus (3.1-22)

Graetz number (12.1-17)

Heat transfer coefficient (5.2-1)

Enthalpy (Section 2.9)

Enthalpy per unit mass (E9.1-4)

Half-separation between two rolls (Section 6.4)

separation between parallel plates (Example 2.5); channel depth of a screw
Half-minimum gap between rolls (Section 6.4 and Fig.6.22)

Half thickness of sheet leaving the roll; also half separation between rolls at
point of detachment at axial location X; (Section 6.4 and Fig.6.22)
Half-separation between the rolls at axial location X, (Section 6.4 and
Fig.6.22)

Internal-passage distribution function (Section 7.3; 7.3-29)
Intensity of segregation (7.4-10)

Shanon’s relative entropy (7.4-18)

Cumulative internal passage distribution function (Section 7.3)
First scalar invariant of the stress tensor (2.6-2)

Second scalar invariant of the stress tensor (2.6-3)

Third scalar invariant of the stress tensor (2.6-4)

Rate of homogeneous nucleation (8.6-1)

Mass flux of component A in the i direction relative to the mass average
velocity (Example 2.4)

n™-order Bessel function (Example 2.9)

Steady state shear compliance (12.2-3a)

Boltzmann constant

Thermal conductivity in Fourier’s law (Example 2.4)

Mean number of passages (7.3-24)

Mean packing coordination number (7.1-18)

Thermal conductivity of solid and molten polymer

Ratio of compressive stress in the horizontal direction to compressive stress in
the vertical direction in bins and hoppers (4.3-2)

Axial direction in single screw extruders (9.2-25)

Characteristic length of flow channels

Lead of a screw (6.3-1)

Effective capillary length to account for end effect (Section 12.1)

Power Law model parameter (3.1-9)

m(Ty) (3.3-24)

Mass

Concentration of molecules of x-mers (Section 7.3)
Number average molecular weight
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Mean weight average molecular weight
Mean z-average molecular weight

Unit outward normal vector

Power Law model parameter (3.1-9)

Number of fully filled chambers in counterrotating intermeshing twin screw
extruders (10.2-1)

Screw speed (frequency of screw rotation) (6.3-4)

Number of compressions during transit time in co-rotating twin screw
extruders (10.3-5)

Number of screw rotations during transit time in co-rotating twin screw
extruders (10.3-4)

Nusselt number (11.2-19)

Power input per unit area in parallel plate flow (E2.5-21)
Power generated by interparticle friction (5.9-1)

Pressure (2.5-8)

Atmospheric pressure

Total power input; in parallel plate flow (E2.5-22)

Power per unit mass flow rate (E9.1-4)

Vapor pressure of the solute over an ideal solution (8.4-1)
Vapor pressure of the pure solute (8.4-1)

Heat flux (2.9-5)

Volumetric flow rate in parallel plate flow per unit width (E2.5-9)
Volumetric drag flow rate in parallel plate flow per unit width (E2.5-10)
Volumetric pressure flow rate in parallel plate flow per unit width (E2.5-11)
Heat added to per unit mass flow rate (E9.1-4)

Volumetric flow rate

Volumetric drag flow rate in a screw extruder (6.3-22)

Leakage flow rate in a counter rotating intermeshing twin screw extruder
(10.2-3)

Volumetric pressure-flow rate in a screw extruder (6.3-22)

Volumetric flow rate per channel in a co-rotating intermeshing twin screw
extruder (6.8-12)

Theoretical volumetric flow rate in a counterrotating intermeshing twin screw
extruder (10.2-2)

Volumetric flow rate through an extruder die (9.2-6)

Radial coordinate in cylindrical and spherical coordinates
Striation thickness (E7.1-21; 7.4-11)

Critical radius of a bubble (8.7-1)

Radius

Coefficient of correlation (7.4-7)

Circumferential and longitudinal radii of curvature (14.2-19)
Equilibrium critical radius of a bubble (8.9-13)

= 1/n; n is the Power Law model parameter
Surface area
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Entropy of a system (7.4-12)

Doi-Edwards chain orientation tensor (3.4-7)

Molecular Stress Function theory orientation tensor (3.4-10)
Recoverable strain (12.2-2)

Variance of samples taken from mixture (7.4-6)

Scale of segregation (7.4-9)

function with either plus or minus values

Time

Minimum residence time

Half life time (Section 11.1)

Fraction of time a fluid particle spends in the upper part of a screw channel
(9.2-24)

diffusion characteristic time (11.3-2)

Characteristic time for heat release in batch reactor (11.2-5)

Characteristic time for heat removal in batch reactors (11-2-6)

Transit time of a charge through one lobe of a co-rotating intermeshing twin-
screw extruder (10.3-1)

Mean residence time

Traction vector (Section 2.6)

Temperature

Dimensionless temperature (11.2-3)

Glass transition temperature

Melting point

Temperature of the solid polymer

Temperature of the molten polymer

Torque (E2.9-12)

Internal energy (2.9-9)

Chain deformation vector (3.4-7)

Dimensionless velocity component

Tangential velocity of calender rolls (Section 6.4)

Viscous-dissipation dimensionless term in polymer melting (5.7-53)
Dimensionless factor for temperature dependence of drag flow (5.7-51)

Velocity vector

Velocity components

Velocity component in a screw extruder in axial direction (6.3-24)

Volume

Plate velocity in parallel plate flow (Example 2.5)

Velocity of the extruder barrel relative to screw (6.3-4)

Free volume between screws and barrel in an intermeshing twin-screw
extruder (6.8-7)

Relative velocity vector between barrel surface and solid bed (9.3-1)

Axial velocity of the solids in the solids conveying zone of a single-screw
extruder (9.3-2)

Down-channel velocity of the solid bed in a screw extruder (9.3-27)

Rate of melting per unit area (ES5.4-14)
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Rate of melting per unit length in drag-removal melting (5.7-38); in single
screw extruders (9.3-14)

Total rate of melting in pressure-induced melting (5.8-1)

Width of flow channel; screw channel width (6.3-2)

Weight fraction of x-mers (7.3-2)

Cartesian coordinates

Number-average molecular chain length (7.3-4)
Weight-average molecular chain length (7.3-5)
z-average molecular chain lengths (7.3-6)
Width of the solid bed (Sections 5.7 and 9.3)

Mole fraction of x-mers (7.3-1)

Helical length of a screw channel (6.3-3)
Ratio of hydrodynamic to cohesive forces (7.1-27)
Down-channel length of melting in single screw extruders (9.3-30)

Greek Letters

o
o
04

=

22 R 2| =2

Thermal diffusivity (E5.2-1)

Parameter in the Ellis model (3.3-26)

Angle defining the width of the flight tip in intermeshing twin screws (6.8-2
and Fig. 6.43)

Angle formed by polymer melts in the entrance region or capillary flow
(12.2-5)

Parameter for the pressure dependence of viscosity (12.1-5)

Total shear strain (E7.1-9)

Mean shear strain (7.3-20 and 7.3-22)

Rate of deformation tensor (2.7-7)

Shear rate (2.7-11); magnitude of 7 (3.3-21)

Mean shear rate (Example 9.2)

Shear rate at the wall (E3.1-9)

Corrected shear at the wall of a capillary (12.1-3)
Components of the shear stress tensor (2.7-2)

Surface tension (2.11-1)

Newtonian shear rate at the wall in capillary flow (E3.1-11)

Thermal penetration depth (E5.3-8)

Melt film thickness (Section 5.7; in singles screw extruders 9.3-34)
Solubility parameter (8.4-3)

Radial flight clearance between flight tip and barrel (6.3-27)

Unit tensor (2.5-9)

Unit vectors

Heat released by chemical reaction in a batch reactor (—AH,) (11.2-1)
Flow activation energy (3.3-24)

Pressure difference over a finite channel length or flow region
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Pressure drop through a die (9.2-6)
Adiabatic temperature rise in PED (5.9-3)

Porosity of particulate solids (4.5-2)
Separation efficiency of one stage (9.4-8)
Uniaxial elongational strain rate (3.1-1)
Planar elongational strain rate (3.1-6)
Biaxial elongational strain rate (3.1-7)

= H/H, dimensionless height between nonparallel plates (Example 2.8)
Non-Newtonian shear rate-dependent viscosity (3.1-8)

Zero shear viscosity; Ellis Model (3.3-26); Cross model (3.3-29); Carreau
model (3.3-33)

Infinite shear rate viscosity; parameter in the Carreau model (3.3-33)
Components of complex viscosity #* =1 — in” (3.1-21)

Elongational viscosity (3.1-26)

Elongational stress-growth viscosity (3.1-27)

Angle in cylindrical and spherical coordinates

Helix angle of an extruder screw (6.3-1)

Spherical and cylindrical coordinate

Helix angle of an extruder screw at the barrel surface (D = D},) and root of the
screw (D = Dy) (6.3-1)

Dimensionless temperature (E5.3-1)

Relaxation time (3.1-23)

Heat of fusion (5.7-10)

Modified heat of fusion (5.7-15)

Modified heat of fusion (5.7-39)

Viscosity of a Newtonian fluid (2.8-1)

Viscosity in the flight clearance of a screw extruder (6.3-28)

" moment of a molecular-weight distribution (7.3-3); moment generating
function (7.3-28)

Dimensionless coordinate

= Pd + 7 the total stress tensor (2.5-8)
= _TET
Stress tensor components (2.5-10)

Density
Density of solid and molten polymer (Section 5.1)
Position vector (E7.1-1)

Normal stress in particulate solids (4.1-1)
Tensile strength of an agglomerate (7.1-17)
Stefan-Boltzmann radiation constant (5.2-2)
Yield stress (4.1-2)
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Variance of binomial distribution (7.4-2)
Molecular weight distribution variance (7.3-8)

Shear stress; magnitude of the stress tensor (2.6-5)
Shear stress at wall (E3.1-4)

Yield stress (3.3-34)

Dynamic stress tensor components (2.5-10)

Parameter in the Cross model (3.3-29)

Corrected shear stress at the wall of a capillary (12.1-1)
Dynamic or deviatoric stress tensor (2.5-8)

Spherical coordinate
Solids conveying angle (4.9-1; 9.3-2)

Newtonian rate of viscous heating per unit volume

Flory-Huggins interaction parameter (8.4-3)

925

Half the angle bounding the interpenetrating region between intermeshing

screws (6.8-1 and Fig. 6.43)

Dimensionless number measuring melting rate in singles-screw extruders

(9.3-23)
Primary normal stress coefficient (3.1-10)
Secondary normal stress coefficient (3.1-11)

Vorticity tensor (2.7-8)
Angular velocity
Number of microstates (7.4-12)

Mathematical symbols

D/Dt Substantial derivative (2.3-2)

9] Dt Corotational or Jauman derivative (3.3-3)
\Y Vector operator ““del”” or “‘nabla” (Footnote 6, Chapter 2)
Abbreviations

ASA acrylonitrile styrene acrylate

BR butyl rubber

CAD computer aided design

CFM computerized fluid mechanics

CM continuous mixer

COC cyclic olefin copolymers

Co-TSE  co-rotating twin screw extruders

CPFR continuous plug flow reactor

CR-PP controlled rheology polypropylene
CSTR continuous stirred tank reactor

Ccv control volume

DMF dimethyl formamide
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DMM dissipative mix-melting
EPDM ethylene-propylene-diene

EPM ethylene-propylene monomer
EPOM engineering polymers oil modified
FAN flow analysis network

FED frictional energy dissipation
FEM finite element method

GMA glycidyl methacrylate

GRP glass reinforced polymers
HBR helical barrel rheometer
HFIP hexafluoroisopropanol

LCFR linear continuous flow reactor
LCP liquid crystal polymers

L/D length-to-diameter ratio

LDPE low density polyethylene
LLDPE linear low density polyethylene
MAH maleic anhydride

MFR melt flow rate

MOS magnesium oxysulfate

MW molecular weight

MWD molecular weight distribution
NPD number of passage distribution
OD/ID outer-to-inner diameter ratio
PA polyamide

PBT polybytylene terephthalate
PC polycarbonate

PDMS polydimethylsiloxane

PED plastic energy dissipation
PEEK polyetherether ketone

PEI polyetherimide

PEO polyethylene oxide

PES polyethersulfone

PET polyethylene terephtalate

PETG glassy PET modified with cyclohexanemethanol
PFR plug flow reactor

PI polyimide

PMMA polymethyl methacrylate
PMP polymethylpentene
POM polyoximethylene

POX peroxide

PP polypropylene

PPA polymer processing additive
PPO polyphenylene oxide
PPS polyphenylene sulfide
PTFE polytetrafluorehtylene
PS polystyrene

PUR polyurethane

PVC polyvinyl chloride



RIM
RMS
RTD
SDF
SIS
SMA
SME
SSE
SSMEE
TIM
TFR
TGIC
TSE
TSMEE
VED
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reaction injection molding
rheometrics mechanical spectrometer
residence time distribution

strain distribution function
styrene-isoprene-styrene block copolymer
styrene maleic anhydride

screw mixing elements

single screw extruder

single screw mixing element evaluator
thermoplastic injection molding
tubular flow reactor

triglycidyl isocyanurate

twin screw extruder

twin screw mixing element evaluator
viscous energy dissipation

927
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ABS
melting in single screw extruder, 478
surface temperature in capillary flow, 687
Advection, 323
chaotic, 334
Agglomerates,
breakup in dispersive mixing, 348-354
criterion for breakup, 352
hydrodynamic forces in shear flow on,
350352
strength of, 350
structure and cohesiveness, 349-350
Agglomeration of powders, 150
in compaction, 154-156
Amonton’s law, 146-147
Angle of internal friction, 151
Angle of repose, 145
Annular axial flow,
combined pressure and drag flow, 729-731
Ellis model, pressure flow, 739
Newtonian, pressure flow, 738
Power law model, pressure flow, 738
eccentric, Newtonian, pressure flow, 739
eccentric CEF model, drag flow, 139-140
Annular tangential flow
concentric, 365-366
Apparent viscosity, see Non-Newtonian
viscosity
Arching, see Hoppers
Asperites, 147-148

Batch mixers, 354-355
invention of, 2, 3
power and temperature considerations in,
452453
two-zone model for dispersive mixing in,
649-651
Back-mixed continuous flow reactor, see
Reactors, back-mixed

Bagley end correction, see Capillary flow
Bakelite, 2, 4

Bakers’ transformation, 324

Balance equations, see Equation of continuity;

Equation of energy; and Equation of motion

Banbury mixers, see Mixers, 2, 355
Barrier screws, 505-506

Batch reactors, see Reactors
Bernoulli equation, 56

Biaxial extensional flow, 83, 93

kinematics of, 81-83 see also Planar
extensional flow

in film blowing, 837-841

in parison inflation, 853—855

Bins, see Hoppers

Bingham model, 111
Binomial distribution, 383
Bipolar coordinates, 139-140

equations of continuity and motion in, 141

Bird-Carreau model, 105, 106
Birefringence, 130

application in mold filling, 772
measurement of, 130—-132

Bipolar coordinates, 140

BKZ model, 104—105, 106

Blade coating, 320

Blenders, see Mixers

Blending operations, 11 see also Mixing
Blends, see Compounding

Blow molding, 15, 824, 841855

description of, 841-847

dies, 847-849

extrusion blow molding, 842
injection blow molding, 843
parison formation, 847855
stretch blow molding, 843-847

Bogue-Chen model, 100, 105, 106
Boiling in devolatilization, see

Devolatilization
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Boiling phenomena see also Devolatilization,
mechanisms
bubble deformation in shear flow, 430—433
bubble growth, 416, 428-430
bubble rupture, 416
in polymeric melts, 424—427
nucleation, 416, 422423
Boundary conditions:
for heat transfer problems, 184—186
at liquid-liquid interface, 63
at liquid-solid interface, 62—63
in polymer processing, common, 6266
Bubble dynamics
in shear flow, 430
of dissolution, 432433
Building blocks for machine synthesis, see
Machine synthesis
Brinkman number, 492
Bulk convective mixing, see Distributive
mixing

Caking, see Agglomeration of powders
Calendering, 865—884
analysis by FEM, 873-884
Newtonian isothermal model, 263-270
Non-Newtonian isothermal model, 270272
normal stresses in, 870-872
power input, 268—269
pressurization in, 259-260
process of, 865-867
product nonuniformity and defects, 870
rolls separating force, 269
shaping method classification of, 15
temperature distribution in, 873
Calenders:
invention of, 1
inverted “L” type, 866
pressurization in, 259-260, 263-272
roll crossing, bending, and crown, 866867
“Z” type, 866
Capillary flow, 680705, 737 see also Tubular
flow
Bagley correction, 96, 682—683
rheometry, 86—-88, 94-96
elastic effects, 689-693
entrance and exit effect, 68 1-684
entrance flow patters and pressure losses,
693-696
extrudate swelling, 689691
melt fracture, 696706
recoverable strain, 691-693
rheometry, 86-88

SUBJECT INDEX 945

slip at the wall, 62-63
viscous heat generation in, 684—689
Capillary number, 326, 426,
criterion for droplet breakup, 344, 346-347
effect on rate of nucleation, 426427
Carbon black,
strength of agglomerate, 350, 352-254
Carreau model, 111
parameters of commercial polymers,
Appendix A
Carboxylation of unsaturated polymers,
see Reactive processing, chain
functionalization
Cavitation, see Boiling phenomena
Cauchy’s equation, see Equation of motion
CEF equation, 102, 106, 113-117
Celluloid, 2, 4
Centripetal pumping, see Normal stress
extrusion
Chaotic mixing, 326, 332-339
elliptic points in, 337
in cavity flow, 337-339
two point vortex flow, 334-335
eccentric cylinder flow, 336-337
hyperbolic points in, 337
Poincaré section in, 335
Characterization of mixing,
striation thickness, 331, 389
Characterization of mixtures, 378-391
entropic, 389391
gross uniformity, 380, 383-385
intensity of segregation, 389
local structure of, 382
scale of examination, 380
scale of segregation, 385387
scale of segregation profile, 387389
striation thickness, 389
testing samples of, 380
texture, 380-383, 385
Circular section channel flow, 740
Coat hanger die, see Dies
Coating: knife and roll, 259260, 262-263
Codeformational constitutive equations, 101,
103-105
See also Constitutive equations
Codeformational reference frame, 102
Coefficient of correlation, 385
Coefficient of friction, 146—150
definition, 146
static, 146, 148
kinematic, 148
interparticle, 146
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Cohesive energy density, 343
Compatibility of polymers, see Miscibility of
polymers
Complex viscosity, 89
Compounding, 10, 11, 635-668
additives and modifiers used in, 636-638
dispersive mixing in, 646-653
distributive mixing in, 653-655
handling of solids in, 644645
melting in, 645-646
of blends, 655-668
of particulate filled systems, 643-655
rheology of particulate filled polymer
matrices, 638—643
Compressive melting, 182. See also Melting
Compression molding, 811-816
description of, 811
reactive, 814-816
squeezing flow in, 291-294
Computer aided design (CAD)
blow molding, 850852
calendaring, 881-884
molding, 796-800
single screw extruders, 503
Compression melting, 182
Compression ratio, of extruder screws,
495
Computational analysis of mixing, see Mixing,
computational analysis
Concentric annular pressure flow, 738
Conduction melting with forced melt removal,
181-182, 183-184, 201-219
drag induced, 202-216
Newtonian fluids, 208-210
power-law model fluids, 202-208
pressure induced, 216218
Conduction melting (heating) without melt
removal, 180, 186—193
boundary conditions in, 184—185
by sintering, 199-201
constant thermophysical properties,
186188
finite differences, 193
moving heat sources, 193—199
phase transition (Stefan-Neumann problem),
190-193
semi-infinite solid, 186—193
variable physical properties, 188—190
Cone-and-plate viscometer, 96—100
Configurational emissivity factor, 185
Consistency index of power law model, 109
temperature dependence, 109

Constitutive equations,
Based on continuum mechanics, 100-111
Based on molecular theories, 122—132
Bingham model, 111
BKZ model, 104—105, 106
Bogue, Chen-Boge, Bird-Carreau, 105, 106
Carreau model, 111
comparison, 106
CEF, 102, 106, 113-117, 139
Cross model, 110
definition of, 40
Ellis model, 110
generalized Newtonian fluid (GNF), 100, 106
Goddard-Miller model, 102-103, 106
Lodge rubberlike liquid, 104, 106
LVE model, 100
Molecular models, 122—132
Doi-Edwards model, 127, 129
entanglement network theories, 124—132
McLeash-Larson pom-pom models,
128-129
reptation models, 125-129
single-molecule theories, 123-124
Maxwell model, 103
Newtonian model, 43
Oldroyd-Walters-Fredrickson, 104
Power-Law model, 108—109
Second order fluid, 102, 106
White-Metzner model, 104, 106
ZFD model, 103, 106
Contact melting, see Conduction melting
Continuity, equation of, see Equation of
continuity
Continuous mixers, 558-572, see also Twin
screw machines
Buss Ko-Kneader, 357
FCM, 3, 357, 526-529
invention of, 3, 4
melting in, 559-561
Newtonian wedge flow analysis in, 561-567
non-Newtonian wedge flow analysis in,
567-571
power and temperature considerations in,
453-454
Transfermix, 357
Continuous stirred tank
in twin non-intermeshing screw extruders,
547
NPD in, 372-378
RTD in, 362
Control volume, 26
Convected coordinates, 29



Convective mixing see Distributive mixing;
Laminar mixing; and Mixing
Coordinate transformation, 73
Corotational constitutive equations, 102—-103.
See also Constitutive equations
Corotational reference frame, 102
Co-rotating disk processor, 506516
design of, 508-510
devolatilization in, 415, 515-516
invention of, 3, 5
mixing in, 513-515
plasticating model, 516-513
non Newtonian isothermal pumping model,
278-289
synthesis of, see Synthesis of pumping
machines
Correlograms, 386
Couette flow, 76
for power law fluid, 365-368
strain distribution function in, 365-368
Crank-Nicolson method, 768
Creeping flows, definition of, 45
Criminale-Ericksen-Filbey (CEF) equation,
102, 106, 113-117
eccentric, annular axial drag flow,
139-140
torsional flow between parallel disks,
272-278
tube flow, 113—117
Critical stress for melt fracture, 5696
Cross head die, 722
Cross model, 110 see Constitutive equations
parameters of commercial polymers see
Appendix A
Crystallization temperature, of generic
commercial polymers, see Appendix A
Curl, 29. see also Del operations
Curvilinear coordinates, see Bipolar
coordinates; Cylindrical coordinates
Cylindrical coordinates:
del operations in, table, 115
equation of continuity, table, 30
equation of energy, table, 58,59
equation of motion, table, 35, 46
stress components, table, 44
unit vectors, 73
vorticity tensor, table, 116

Damkohler number, 619

Deborah number, 90

Del operation,
definition of, 29

SUBJECT INDEX 947

Deformation melting, 182-183, 219-226
Delay zone, in single screw extrusion,
489-490
Density of generic commercial polymers, see
Appendix A
of particulate solids, effect of pressure,
156
Devolatilization, 409—446
boiling and foaming mechanism of,
414, 422430, see also Boiling
phenomena
coefficient of diffusion, 420-421
degree of superheat in, 418419
diffusion controlled, 414415
elementary step of, definition, 11
equipment, 411413
in co-rotating disk processor, S15-516
in single screw extruders, 415-416
in counterrotating twin screw extruders,
545-546
mechanisms, 413416
scanning electron microscopy in, 433-440
superheat in, 418-419
ultrasonically enhanced, 427
vacuum staging in, 419-420
Die characteristics curves, 451
Die forming, 15, 677-746 see also Capillary
flow
definition of, 15, 16
design equation, 680, 706—720
extrudate melt fracture, see capillary flow
fiber spinning, 825-836
multilayer sheet forming, 711-719
non-uniformities in, 677680
parisons, 722
profiles, 731-735
tubes, pipes, and tubular (blown) films,
720-727
sheets and film casting, 705-720
weld lines, 720-721
wire coating, 727-731
Dielectric heating, 179 See also Melting of
polymers
Die swell, see Extrudate swell
Dies, 677-680, see also Blow molding dies
blown film, 722
coat hanger, 706711
cross head, 722
parison forming, 731-735
profile, 731735
spiral mandrel, 723
wire coating, 727-728
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Diffusion in mixing, bulk, “eddy”, molecular,
323
Diffusivity,
in polymeric systems, 420-421
Dilatancy of powders, see Particulate solids
Dilatational viscosity, 43
Discrete element method, (DEM)
in particulate solids, 152, 165—170
Disk processor, see Synthesis of pumping
machines
Diskpack 3, 5 see co-rotating disk processor
Dispersive mixing,
definition, 324
of solid agglomerates, 348-354
in compounding 646653
two-zone model in batch mixers,
649-651
Dispersion of agglomerates, see Dispersive
mixing, Agglomerates
Dissipative-mix-melting, 18, 183
Distribution functions, 357-378 see Molecular
weight distribution; Passage
distribution functions, Residence
time distribution, and Strain
distribution functions
Distributive mixing, 323 see also mixing
in motionless mixers, 324,356-357,
393-395
ordered, 323
random, 323
striation thickness in, 331, 389
Drag flow rate, 49
between parallel plate flow, 49
in rectangular channel, 255
in screw extruders, 255, 450
Drag induced flow 236
between concentric cylinders, 52-54
of particulate solids, 159-165
of viscous liquids, 239-247
Drag-induced melt-removal, see Conduction
melting with drag removal
Droplet and filament breakup, 342-348
deformation in shear flow, 346347
Rayleigh instability, 344-346
Dynamic pressurization: See pressurization
and pumping

Eccentric annular flow, see Annular flow
Elastic liquid, see Non-Newtonian fluids
Elementary steps:
analysis of polymer processing in terms of,
1419

analysis of single screw extrusion in terms of,
448-506
definition of, 16
devolatilization, 409-446
handling of particulate solids, 144—177
in non-intermeshing counterrotating screw
extruders, 553-557
melting, 178-234
mixing, 322408
modeling processing machines with, 447
pressurization and pumping, 235-321
Ellis model, 116
circular tube flow, 737
concentric annular flow, 738739
parallel plate flow, 736
Elliptical channel flow, 740
Elongational flows, 90-93
breakup of agglomerates in, 352
in advancing melt fronts, 771777
in blow molding, 853-855
in fiber spinning, 829-830
film blowing, 838841
in mixing, 324, 332, 344-348, 352
kinematics of, 80-84
Elongational strain, 80—84
Elongational stress growth, 90-93
Elongational viscosity, 83, 90-93
in capillary entrance flow, 694—695
in melt spinning, 835-836
End effects, in capillary (tube) flow,
681-684
Enthalpy, balance in continuous systems, 453
of mixing, 342
Entrance pressure loss, see Capillary flow
Entropy,
of mixing, 342
Equation of continuity,
derivation of, 28-30
for binary mixtures, 60
in bipolar coordinates, table, 141
in various coordinate systems, table, 30
incompressible fluids, 30
Equation of energy,
derivation of, 54-57
in several coordinate systems, tables,
58, 59
macroscopic, 54-55
with a homogeneous energy source, 179
Equation of motion, derivation of, 32-35
in bipolar coordinates, 141
Navier-Stokes equation, table, 46
in various coordinate systems, table, 35



Equations of change see Equation of continuity;
Equation of energy; and Equation of
motion

Equivalent Newtonian viscosity, 138—139

Error function, 187

Euler equation, 45

Extensional flows, see Elongational flows

Extensional viscosity, see Elongational
viscosity

Extensive mixing, see Distributive mixing;
Laminar mixing

Extrudate roughness, see Capillary flow,
Melt fracture

Extrudate swell, see also Capillary flow

macroscopic momentum balance for, 36
in profile extrusion, 733—735

Extruders, see Ram extruders; Single
screw extruders; and Twin screw
extruders

Extrusion: see Single screw extrusion;

Twin screw extrusion, and Die
forming;

Extrusion blow molding, see Stretch forming

FAN, see Flow analysis network
FCM, see Continuous mixers
FEM, see Finite elements
Fiber spinning, 824-836, See also Die
forming
critical draw ratio, 833
draw resonance, 831-836
dry spinning, 825
melt spinning, 825-836
simulation of, 829-836
spinnability, 831
structuring in, 825-836
wet spinning, 825
Fibers, 824-825
tenacity of, 825
Fick’s law for diffusion, 40
Fillers, see Compounding additives and
modifiers
Film blowing, 824, 836841, See also Die
forming
simulation of, 837-841
Film forming, see Film blowing; Sheet and flat
film forming
Filmtruder (Luwa) see Devolatilization,
equipment
Finishing operations see postreactor finishing
operations
Finite Differences 193
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Finite elements, 873-879
analysis of calendering with, 873-884
flow in narrow gap with variable thickness,
876879
First normal stress difference, see Primary
normal stress difference
First order statistics, 381, see also Gross
uniformity; Texture of mixtures
Flory-Huggins interaction parameter, 343,
416417, 634
Flow analysis network, 879-880
in injection molding, 790-791
relationship to FEM, 879-88C
Flow curve, see Non-Newtonian viscosity
Foaming devolatilization, see Devolatilization
Foam injection molding, see Reaction injection
molding
Fountain flow, 765
in mold filling, 765-766
in reaction injection molding, 807
Fourier’s law for heat conduction, 188
Free energy of mixing, 342
Free volume in polymers, 420
Friction, 147150
Frictional energy dissipation (FED), 182—183,
219-226
Friction coefficient, see Coefficient of friction

Gate, in injection molds, 755—757

Gauss divergence theorem, 29

Gear pumps, 2, 289, 296-298, 526

Generalized linear viscoelastic, fluid (GNF), see
Constitutive equations

Generalized Newtonian fluid, definition of,
100. See also Constitutive
equations;

Generating functions, 375

Glass transition temperature: definition of,
185

for generic commercial polymers, see

Appendix A

Goddard expansion, see Corotational reference
frame

Goddard-Miller model, see Constitutive
equations

Goodness of mixing, see Characterization of
mixing

Graetz number, 688

Gradient, 29. See also Del operations

Grid melters, 182, 216-219

Gross (composition) uniformity, see
Characterization of mixtures
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Hagen-Poiseuille law, 113
Handling and transporting of polymer
particulate solids: 144—177 see also
Solids conveying
definition, elementary step of, 16
Heat conduction,
boundary conditions in, 184—185
approximate solutions, 188—190
in slabs, spheres and cylinders,
194-196
moving heat sources, 193—-199
semi-infinite solid, 186—193
sintering, 199-201
with phase transition (Stefan-Neumann),
190-193
with uniform heat source, 231
Heat of fusion, of generic commercial polymers
see Appendix A
Heat transfer, see Heat conduction
Heating of polymers, see Heat conduction;
Helix angle, 249
Henry’s law, 418
Hollow cylinder pump, see Synthesis of
pumping machines
Homogenization, 324
Hoppers:
arching or doming in, 153
flow instabilities in, 152-154
funnel flow in, 152
gravitational flow in, 152—154
mass flow in, 152
piping in, 153
pressure distribution in, 150—152
Hot runners, in injection molds, 756
Hydroxilation of saturated polymers, see
Reactive processing, chain
functionalization

Identity tensor, 33
Impact molding, 237
Incompressible fluid, assumption of, 30
definition of pressure in, 33
Infinite shear rate viscosity, see Constitutive
equation Carreau model
Information entropy, see Characterization of
mixtures, entropic.
Injection blow’ molding, see a Blow
molding
Injection molding, 2, 15, 753800 see also
Mold filling
computer simulation, 796-800
cooling of molded parts in, 791-793

cycle, 755
flow in runner system, 758—-759
fountain flow in, 765-766
gas assisted, 784—790
jetting in, /66
molecular orientation in, 770-778
mold filling, 761-766
moldability, 761-762
of reacting systems, 800—811
packing in, 759
pressure profiles in, 760—761
reactive (RIM), see Reactive injection
molding
short shots, 756. 766, 770, 780, 790
simulation of mold filling, 766—800
sink marks, 761
skin formation, 761, 767, 810
structuring in, 754, 793-796
weld lines in, 763, 764, 794, 796, 800
Injection molding cycle, 755
Injection molding machines:
description of, 753—755
invention of, 2, 4, 5
reciprocating, 2
reciprocating screw, invention of, 3
Injection molds, 755—757
gate, 755—757
runner, 755-757
sprue, 755-757
Intensity of segregation, see Characterization of
mixtures
Intensive mixing, see Dispersive mixing
Interfacial area in mixing, 326-331
distribution in shear flow, 402
for homogeneous flows, 331
orientation of, 331-332
of randomly distributed elements, 330-331
relation to strain in simple shear flow,
326-330
in motionless mixers, 357
with random initial orientation of,
330-333
Internal energy, 56
Internal mixers, see Batch mixers
Invariants, of rate of strain tensor, 42
Invention of machines, see Synthesis of
pumping machines
Inverse screw extruder, see Synthesis of
pumping machines

Janssen equation, 150
Jaumann derivative, 102



Jet swell, see Extrudate swell
Journal-bearing problem, 6872

Kenics static mixer, see Motionless mixers
Kinematics, of viscometric shear flows,
80-81
of elongational flows, 80-84
Kinetics of polymerization in reaction injector
molding, 606-607, 626
Knetwolf, 3
Knife coating, see Coating
Ko-Kneader, 3

Lagrange-Euler equation, 876
Lagrangian frame, 30
Lagrangian turbulence, see Chaotic mixing
Laminar mixing, 323, 326332
chaotic, see Chaotic mixing
characterization of, see Characterization of
mixing, Striation thickness
effect of viscosity ratio, 339-341
interfacial area, as a criterion for
327-332
mean strain in, 365, 368
in Couette flow, 365-368
in homogeneous liquids, 326-332
in motionless (static) mixers, 393-395
in non-homogeneous liquids, 339-341
role of shearing strain in, 326-332
in single screw extruders, 463—470
strain distribution functions in, 364-372
strain in, 324
Laplacian, 45, See also Del operations
Leakage flow, in screw extruders,
257-258
Leibnitz formula for differentiating an integral,
95
Linear viscoelastic flow:
elongational, 91-93
relaxation time, 89
small amplitude oscillatory, 105-107
Linear viscoelasticity, 100
Boltzman superposition principle, 142
time-temperature superposition in, 111
WLF equation, 111
Lodge rubber like liquids, 104, 106
Lubrication, 64
Lubrication approximation, 25, 64—66
in journal-bearing, 68—72
in melting with drag removal, 204
in non-parallel plate flow, 66—68
Lubricants, 637
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Macromolecular engineering, 18-23
Macromolecules, see Polymers
Macroscopic balances
energy, 54-57
linear momentum, 32-35
mass, 28-30
Maddock fluted screw section, 506
Molecular and supramolecular engineering,
22
Magnitude:
of rate of strain tensor, 42
of stress tensor, 39
Maillefer screw, 505
Manifold in sheeting dies, see Dies, coat hanger
Mathematical modeling,
principles of, 60—62
of processing machines with elementary steps,
447
Mathematical operators,
del or nabla, definition, 29
Laplacian, 45
Maxwell model, see constitutive equations
Mean strain, 365
in batch mixers, 365
in concentric cylinder mixer, 367
in continuous mixers, 368
in parallel plate drag flow, 370, 373
in parallel plate pressure flow, 405
relationship to mean shear rate, 403—404
in single screw extruders, 471
in tubular flow, 373
Melt conveying,
in single screw extruders, 450—461, 502-504
in co- and counterotatring intermeshing twin
screw extruders, 533-545
in counterrotating non-intermeshing twin
screw extruders, 554-558
in twin screw extruders, 304-310
in the wedge of a CM, 561-567
Melt extrusion, see Die forming; Single screw
extrusion; and Twin screw extrusion
Melt fracture, 696—706
gross distortion, 698
sharkskin, 697
of HDPE, 697698
of LDPE, 697
of LLDPE, 698-705
Melt pool, in screw extrusion, 475
Melting, 178-234
classification of methods of, 179, 183—184
conduction with forced melt removal,
181-182, 201-219
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Melting (continued)
conduction without melt removal, 180
compression, 182
deformation, 182-183, 219-226
dielectric heating, 179
dissipative-mix-melting (DMM) 18, 183,
219-226
elementary step of, 16, 178-234
in co-rotating disk processor, 510513
in co-rotating tintermeshing twin screw
extruders, 576584
in co- and counterrotating intermeshing twin
screw extruders, 533-545
in non-intermeshing counterrotating twin
screw extruders, 553-554
in single screw extruders, 473482, 485-502
of particulate filled systems in compounding,
645-646
mechanism in screw extruders, 477
sintering, 199-201
thermal energy requirements of, 178—179
with moving heat source, 193-199
Melting point,
of generic commercial polymers, see
Appendix A
Melting zone, in single screw extruders, 481,
489-502
Metering screw, 504
Milling, see Roll-mills
Miscibility of polymers, 342344
Mixers:
Banbury, 2, 355, 526-528
batch, see Batch mixers
SDF in, 364-372
classification of, 354-355
concentric cylinder, 365-368
continuous, see Continuous mixers
internal, high intensity, 2, 355
motionless, see Motionless mixers
power and temperature consideration in
batch and continuous systems,
452454
single screw extruders as, see Single screw
extruders
static see Motionless mixers
Mixing, 322-408
advection in, 323
basic concepts and mixing mechanisms, 322
bulk convective, 323
chaotic, see Chaotic Mixing
characterization of see Characterization of
mixing

computational analysis, 391-395
convection and convective flow in, 323
definition of, 322
dispersive, see Dispersive Mixing
distributive, 323, 653-655
eddy motion in, 323
effect of the viscosity ratio on, 339-342
elementary step of, definition, 16
homogeneous liquids, see Laminar mixing
kneading paddles, 529-532
immiscible liquids, see Droplet and filament
breakup
in reactive processing, 623—632
intensive, see Dispersive mixing
interfacial area in, 323
laminar, see Laminar mixing
mechanisms of, 322-326
molecular diffusion in, 323
protocol of, 324
residence time distribution (RTD), 360-364
static, see Motionless mixing
in co-rotating disk processor, 513-515
in intermeshing twin screw extruders,
533-545
in non-intermeshing twin screw extruders, 555
in single screw extruders, 463473
scraped surface heat exchanger, 522
strain distribution functions (SDF), 364-372
thermodynamics of, 342-344
temperature effects and power considerations
in, 452455
Mixing indices, 384385
Mixtures,
characterization see Characterization of
mixtures
definition of, 322
Modeling, see Mathematical modeling
Mold coating, 15
Mold filling, 761-800
computer simulation, 796—800
cooling of molded parts in, 791-793
chemical reaction in, 800-810
cycle, 755
flow in runner system, 758—759
front instabilities, 778—780
front region, 770-778
fully developed region, 766—770
fountain flow, 765-766
gas assisted, 784—790
jetting in, 766
molecular orientation in, 770-778
multicomponent systems, 7/80—783



overall flow pattern, 790-791
packing in, 759
pressure profiles in, 760-761
short shots, 756, 766, 770, 78C, 790
skin formation in, 761, 767, 810
simulation of, 766-800
sink marks, 761
structuring in, 754, 793-796
weld lines, 763, 764, 794, 796, 800
Molding, see Injection molding;
coinjection, 783—784
Molds, injection, 755—757
Molecular orientation:
in injection molding, 770775, 790
in spun fibers, 827-829
of parisons, 843
Molecular weight distribution (MWD),
357-359
averages, 359
control by viscracking of PP,
607-611
controlled long chain branching, 611
dispersion index, 359
effect on die swell, 690
mole fraction and weight fraction
distribution, 358
moments of, 359
skewness, 359
standard deviation, 359
Molecular weight averages, 359
Molecular weight distribution, 357-359
by viscracking, 607-611
dispersion index for, 359
Motion, equation of, see Equation of
motion
Motionless mixers, 324, 356357
Kenics static, 324, 356, 393-395
Ross ISG, 324, 356-357
Sultzer, 324

Navier-Stokes equation, 45
in various coordinate systems, table, 46
see also Equation of motion
Newton’s law of viscosity, see Constitutive
equations; Newtonian fluids
Newtonian flow problems:
axial annular flow, 738
axial annular drag flow, 52-54
axial annular combined pressure an drag
flow, 729-731
calenders and roll-mill, 263-272
circular section channel, 740
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circular tube, 113, 737

conical channel, 741

elliptical channel, 740

eccentric annular, 739

film blowing, 837-841

journal-bearing flow, 68-72

non-parallel plate flow, 66-68,
561-565

non-parallel plate flow with variable gap,
876-879

parallel plate flow, 47-52

non-isothermal, 57-60

positive displacement flow, plunger-cylinder,
290-291

rectangular channel pressure flow,
250-259, 741

rectangular channel combined drag and
pressure flow, 250-259

semi circular channel, 740

single screw pump, extruder, 250-259,
450457

triangular channel, 742

twin screw extruder, intermeshing
counterrotating, 304-310

wire and cable coating die, 729-731

Newtonian fluids: of commercial polymers

see Appendix A
constitutive equation for, 43
in various coordinate systems, table, 44
viscosity of, 43, 48,

Non-Newtonian flow problems in:

axial annular flow, 738739

blow molding, 847-855

calenders and roll-mills, 270-272,
870-873

circular tube flow, Power Law model,
111113,

CEF fluid, 113-117

cone and plate viscometer, 96—100

Couette flow, 365-368

fiber spinning, 829-830

non-parallel plate wedge flow of Carreau
model, 566-568

parallel disks, torsional flow of CEF fluid,
272-278

parallel plate flow Power law model,
117122

single screw extruders, 457461

squeezing flow in, 291-294

Wire coating die, 139-140

Non-Newtonian fluids see also Constitutive
equations
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Non-Newtonian flow (continued)
definition of, 79
empirical models for, see Constitutive
equations
normal stresses in shear flow of, 85-86
shear rate dependence of, 84
stress overshoot 106
stress relaxation, 125, 141
stress overshoot of, 106
Non-Newtonian viscosity, 84-86
empirical models for, 108111
flow curves of commercial polymers, see
Appendix A
measurement of, 84-85, 94-99
Non-parallel plate flow, 66-68, 260262
Normal stress differences,
convention for indices, 85
measurement of,
in calendaring, 870-872
in cone-and-plate, 96-100
in shear flow, 85-86
see also Primary normal stress coefficient;
Secondary normal stress coefficient
Normal stress extruder (pump),
272-278
invention of, 3, 5
Numerical methods:
finite differences, 193
finite elements (FEM), 873-879
flow analysis network (FAN), 879-880
Number of passage distribution (NPD), see
Passage distribution functions
Nylon:
melting in screw extruders, 477
pre-processing drying, 145
temperature distribution in spun fibers, 832

Oldroyd-Walters-Fredrickson model, see
constitutive equations

Operating point of screw extruders, 451

Orientation, see Molecular orientation

Osdwald-de Waele model, see Power law model

Packing, in injection molding, 759
Parallel disks, radial flow, 767770
squeezing flow, 291-294
torsional flow, 272-278
Parallel disk plastometer, 291
Parallel plate flow:
both plates moving, 278-279
dynamic viscous pressurization by, 236247
Ellis model, 736

multilayer, 711-720
Newtonian fluids, isothermal, 47-52, 736
nonisothermal, 57-60
optimum plate separation, 50
of particulate solids, 159162
Power Law model, isothermal, 117-122, 736
nonisothermal, 57-60
strain distribution functions in, 369-372, 373
Parison formation, see Blow molding
cooling, 844, 855
die design for, 847-849
inflation, 853-855
programming, 843
sagging, 848
simulation, 850-855
Particulate solids:
agglomeration of, 150
angle of internal friction, 151
coefficient of cohesion at the wall, 151
compaction of, 154156
conveying of, in screw extruders, 482489
dilatancy of, 146
discrete element method in, 152, 165-170
effect on melting in compounding, 645-646
handling of, 144—173, in compounding,
644-645
flow in closed conduits, 157165, in straight
channel, 162—-165
gravitational flow in bins and hoppers,
152-154
mechanical displacement flow, 157-159,
aided by drag, 159-165
pelleting, tableting 154
porosity of, 156
pressure distribution in bins and hoppers,
150-152
properties of, 145—146
size distribution in batch dispersive mixer,
649-651
Passage distribution function (NPD),
372-378
batch mixer, 375, 377-378
continuous mixers, 375
generating function, 375
in single screw extruders, 470—473
moments of, 375
relationship between internal and external
functions, 376
theory of recirculation systems, 376-377
Z-transform, 375
Pathlines, 334
Pelleting, see Particulate solids, compaction of



Pelletizing,
melt fracture in, 705
Pickle, 1
Pipe extrusion, see Die forming, tubes
Pipe flow, see Tubular flow
Planar elongational flow:
kinematics of, 81-83
Plastic energy dissipation (PED), 16, 182—183,
219-226
Plasticating single screw extrusion, 473-506
delay zone, 489-490
melt conveying, 502-504
melting, 489
polymer journey in, 474—482
solids conveying, 482489
Plasticizers, see Compounding additives and
modifiers Plug convective mixing, see
Distributive mixing
Plug flow reactor, see Reactors, linear
continuous flow reactors
Plunger-cylinder flow, 290-291
Poisseuille flow, see Tube, flow
Poisson ratio, in particulate solids, 156
Polyethylene,
cohesive failure at capillary exit, 700
entrance and exit pressure losses in
capillaries, 694
entrance flow in capillaries, 693-694
fiber spinning of HDPE, 827
extrudate melt fracture (HDPE, LDPE,
LLDPE) 697-705
extrudate swell of (HDPE), 692
fiber spinning of, (HDPE), 827
melt fracture of, 697—705
in screw extruders (LDPE), 479, 480
mixing in Banbury of (LDPE), 342
rheological properties see Appendix A
thermophysical properties of, see Appendix A
swelling, 692
Polymer melts: constitutive equations for, see
Constitutive equations
Polymer,
additives and modifiers in compounding, see
Compounding additives and modifiers
Polymer processing:
analysis in terms of elementary steps, 9, 14-18
as part of the industrial revolution, 3
current practices, 7—14
definition of, 11
historical notes on, 1-5
in-line, 13-14
post-reactor, 9-10, 144
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reactive, 10-11
structural breakdown, 17-18
Polymer manufacturing in USA, 7.
Polymerization reactors
particulate products of, 144
Polymers:
additives for, see Compounding additives and
modifiers
chronology of discovery, 12
compatibility of, 342-344
miscibility see Polymers compatibility of
structuring, 13
viscracking, 11
Polypropylene (PP)
entrance flow in capillaries, 697
entrance and exit pressure losses in
capillaries, 694
fiber spinning, 826
melt fracture, 697
melting in screw extruders, 476
Polystyrene (PS),
coefficient of diffusion in, 421
devolatilization in vented extruder, 415416
entrance and exit pressure losses in
capillaries, 694
entrance flow in capillaries, 695
extrudate swell, 690
injection molding of, 766—761
melt fracture, 697
orientation in injection molding, 771-775
recoverable strain, 693
swelling, 690
Polyvinyl chloride,
melting in single screw extruders, 475,
481
calendering of, 868
flow in capillary, 687
thermal degradation of, 181
viscosity, temperature dependence, 18C—181
Poincaré section, see Chaotic mixing
Positive displacement flow
in gear pumps, 296—298
of particulate solids, 157—159
plunger-cylinder, 290-291
pressurization (pumping) by, 236
squeezing, 291-294
in twin screw extruders, 298-314
Postreactor polymer processing operations, 9—10
Powders, see Particulate solids
Power
in batch and continuous systems, 452-454
in single screw extrusion, 454, 485-486



956 SUBJECT INDEX
Power law model, 108—109 see also Constitutive
equations
axial annular flow, 738-739
calenders and roll mills, 270-272
circular tube, 111-114
coat hanger die, 706710
concentric annular flow, 738
conical channel, 741
Couette flow (SDF), 365-368
error in pressure flows, 136
parallel disk flow, radial, 767—770
parameters, 109
parameters of commercial polymers see
Appendix A
parallel plate flow, 117-122, 736 single screw
melt extrusion, 457461
squeezing flow in, 291-294
temperature dependence of parameters, 109
tubular dies, 724-726
Pressure, 33
in incompressible fluid, 33
Pressured-induced melt removals see
Conduction melting with forced melt
removal
Pressure flow rate in screw extruders, 255
Pressurization and pumping, 235-321
classification of methods of, 236-237
drag-induced, 236
dynamic normal stress, 272-278
dynamic viscous, 236
elementary step of, 16
of particulate solids, 157-165
positive displacement, 285-298
static mechanical, 236
Primary normal stress coefficient:
definition of, 85
described by CEF equation, 106, 113-117,
139
from viscosity data, 99
measurement of, 96-100
prediction by various constitutive equations,
98-99
shear rate dependence of, 85
Primary normal stress difference
as pressurization source, 272277
in capillary flow, 696
definition of, 85-86
in torsional flow, 272-277
in tubular flow, 113117
measurement of, 96-100
see also Normal stress difference; Primary
normal stress coefficient

Principal elongational ratios, 331
Product fabrication, 13
Profile extrusion, 731-735, see also Die forming
Pseudoplastic fluids, see non-Newtonian fluids,
shear thinning

Pseudo-steady state approximation, 63
Pumping see Pressurization and pumping
Pure shear flow, see Planar elongational flow
Purging:

purging of a tubular die, 404

role of RTD in, 360

Rabinowitsch equation, 96
with slip at the wall, 137
Radial flow between parallel disks, 767-769
Radiation boundary condition, 185
Radius of curvature, 840
Ram extruders, 1
flow in front of ram in, 290-291
force requirements for solids, 158—159
Raoult’s law, 416
Rate-of-deformation tensor, see Rate-of-strain
tensor
Rate of strain tensor, 40-43
invariants of, 104, 108
magnitude of, 42, 43, 108,
Reactive injection molding (RIM), 753,
800-810
description of, 800—804
mold filling in, 804-810
thermoplastic (foam) injection molding
(TIM), 801, 810
Reactive processing, 546-550, 603-673
batch reactors, 612-616
chain functionalization, 604-607
chain modification, 607-611
chain modification reactions, 603-611,
625-628
compression molding, 814816
controlled long chain branching, 611
interfacial cross-linking in, 628-631
mixing consideration in, 623-632
modeling in counterrotating twin screw
extruders, 546550
multicomponent immiscible and
compatibilized systems, 632635
viscracking of PP with peroxides, 607-611
Reactors,
back-mixed continuous flow reactors,
620-623
batch reactor analysis, 612616
linear continuous flow reactors, 619



post reactor processing, 144
classification of, 611-623
Reciprocating screw injection molding
machines, see Injection molding
Recirculating systems, see Passage distribution
functions
Rectangular channel flow, 250-259
see also Single screw extrusion
Reinforcing agents, see additives and modifiers
used in, 636-638
Relaxation modulus, 103
Repetitive mixing, see Distributive mixing
Residence time distribution (RTD) functions,
360-364
cumulative, 360
in single melt extruders, 463-467
external, 360
in continuous stirred tank, 362-363
in single screw extruders, 463—467
internal, 360
mean residence time, 360
relationship among RTD functions,
360-362
in pipe flow, 363-364
Reynolds equation, see Lubrication
approximation
Reynolds Transport Theorem, 26
Rheological equations of state, see Constitutive
equations
Rheological flows,
capillary, 94-96
cone-and-plate, 96—-100
dynamic sinusoidally varying, 80
elongational, extensional, 80—84, 90-93
simple shear flow, 80
viscometric, 81
Rheological Material Functions, see
Constitutive equations
Rheological properties of commercial polymers
see Appendix A
Rheometry, see also viscometry, 86
capillary flow, 86-88
cone-and-plate flow, 96100
Sinusoidally varying shear flow, 86-90
RIM, see Reaction injection molding
Roll-mills, see Calendering
invention of, 1, 4
Roll pump, see Synthesis of pumping
machines
Ross mixer see Motionless mixers
Rotating flight extruder, see Synthesis of
pumping machines
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Rubber and plastics century, 7.
Runners, see Injection molds

flow in, see Injection molding

Scale of examination, 380
profile of, 387-389
Scale of segregation, see Characterization of
mixtures
Scale-up by mathematical modeling, 60—62
Scott equation, 294, 813
Screw characteristics, 258-259
Screw
barrier type, 505-506
geometry of, 248-249
channel width, 249
helix angle, 249
designs, 504-506
metering, 504
mixing sections, 505
Screw pumps see also Single screw extruders;
Single screw extrusion
flow path in, 255-257
flow rate of, 253-254
geometry of, 248-249
leakage flow in, 257-258
modeling of, 250-259
Newtonian isothermal model in, 250-259
Non-Newtonina models, 259
optimum channel depth, 50
power input in, 453-454
shape factors in, 254-255
synthesis of, 242244
velocity profiles, 250-253
Screwless extruder, 262
Second normal stress difference, see Secondary
normal stress difference
Secondary normal stress coefficient:
in CEF equation, 102, 113-117
definition of, 85-86
measurement of, 96—100
prediction by various constitutive equations,
106
shear rate dependence, 86
Secondary normal stress difference:
definition of, 85-86
measurement of, 96—100
in tubular flow, 113-117
in wire coating, 139
see also Normal stress difference; Secondary
normal stress coefficient
Second-order statistics, 381-382. See also
Scale of segregation; Texture of mixtures
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Semicircular channel flow, 740
Shape factors (in screw extrusion), 254-255
Shaping methods (steps), 15,16
calendering, 1, 865-884
compression molding, 811-816
definition of, 15-16
die forming, 677-746
molding, 753-816
stretch shaping, 824-855, see also Fiber
spinning and Blow molding
Sharkskin see Melt fracture
Shear free flow, see Elongational flows
Shear rate, definition of, 42, See also Rate of
strain tensor, magnitude of
Shear strain:
recoverable, 691
role in mixing, 327-332
in simple shear flow, 43
in single screw extruders, 468—470
Shear thinning, 84. See also Non-Newtonian
fluids; Pseudoplastic fluids
Sheet (free) blowing, 863
Sheet and flat film forming, 15, 705-720, see
also Die forming
coextrusion of, 711720
Short shots in injection molding, 763765
Shrinkage:
measurement of orientation in injection
molding by, 771772
Similarity transformation, 186
Simple elongational flow, 90
breakup of agglomerates in, 352
response of nonlinear constitutive equations
in, 91-93
Simple fluid, See constitutive equations
Simple mixing, see Distributive mixing
Simple shear flow, 43, 80
breakup of agglomerates in, 350-354
dynamic sinusoidal varying, 80
invariants in,
normal stresses in, 85, 90
rheological response in, 84
Simplifying assumptions:
common in polymer processing, 62—64
constant thermophysical properties,
63-64
incompressibility, 63-64
lubrication approximation, 64—66
no-slip at the wall, 62-63
steady state approximation, 63
Simulation, mathematical modeling, 60—62
Single rotor machines, 447-522

Single screw extruders: see also Screw pumps;
Single screw melt-extrusion and Single
screw plasticating extrusion

development from parallel plate geometry,
247-259
design of HDPE pelletizing extruder, 455-457
geometry of, 248-249
invention of, 2, 4
mixing element evaluator, (SSMEE), 657
surging in, 476
vented two stage, 17
synthesis of, 242244
Single screw melt extrusion, 448—473
characteristic curves of, 258
devolatilization in, 415416
dispersive mixing in, 470-473, 651-653
flow path in, 255-257
leakage flow in, 257-258
lumped-parameter model, 461463
melt conveying (pumping), 250-259
isothermal Newtonian model of, 250-259,
450457
isothermal non-Newtonian model, 259
mixing in, 463473, 653-655
non Newtonian non-isothermal model,
457461
optimum channel depth, 50,451
power consumption, 453-454
residence time distribution in, 463-467
screw characteristic curves, 450451
shape factors, 254-255
strain distribution in, 468—470
velocity profiles, 250253
Single screw plasticating extrusion, 473-506
cooling experiments, 474-482
delay zone in, 480, 489-490
journey of polymer particle, 474—482
melt conveying zone, 482, 502-504
melt pool, 475
melting, 489-502
melting zone, 481
modeling, 482-498
pushing flight and trailing flight, 474
solid bed, 475
solids conveying zone, 479, 482489
screw designs, 504-506
surging in, 476
Sintering, 199-201
Slider pad extruder, 261-262
invention of, 3, 5

Slip agents, see Compounding additives and

modifiers



Slip at the wall, see Simplifying assumptions,
common in polymer processing
Slip-stick, 62-63
role in flow instabilities, 698699
Solid bed, in single screw extrusion, 478
profile, 482, 495-502
Solids conveying, see also Particulate solids;
Single screw plasticating extrusion
in co-rotating twin screw extruders, 575-576
in rectangular channels, 162—-165
in screw extruders, 482-489
Solubility parameter, 342343
Specific heat,
of generic commercial polymers see
Appendix A
Spinnability, 831
Spinnerette, 825
Spiral pump, 319
Spiral mandrel die, 723
Sprue, 755, 756
Square pitched screw, 249
Squeezing flow:
in compression molding, 811-813
between parallel disks, 291-294
Stabilizers, see Compounding additives and
modifiers
Static mechanical pressurization, 236
Static mixers, see Motionless mixers
Stefan-Boltzman radiation constant, 185
Stefan condition, 191
Stefan-Neumann problem, 190—193
Strain in laminar mixing see Laminar mixing
Strain distribution function (SDF), 364-372
in batch mixers, 365
in concentric cylinder mixer, 365-368
in continuous mixers, 368—372
in single screw melt extruders, 468—470
mean strain, 365, 368
in parallel plate mixer, 369—372
relation to RTD in continuous mixers, 373
in single screw extruders, 468—470
Strain recovery,
In capillary flow, 691-693
Strain tensor
principal axes of, 331
Streaklines, 334
Streamlines, 334
Streamline mixing, see Laminar mixing
Stream function, 334
Stress growth:
in elongational flow, 90-91
Stress optical coefficient, 130
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Stress overshoot, 106
In co-rotating disk pumps, 285
in squeezing flow, 293
Stress relaxation, 125
Stress tensor, 33, 37-39
deviatoric, dynamic, 33
invariants of, 39
magnitude of, 39
sign convention, 38
total, 33
Stretch blow molding, see Blow molding
Stretch shaping, 824-855
blow molding, 841-855
fiber spinning, 824-836
film blowing, 836841
Striation thickness, 331, 389
definition, 331
in concentric cylinder mixer, 366
in laminar mixing, 331
in parallel plate mixer, 370
relation to total strain, 331
Stripping, see Devolatilization
Structuring,
definition of, 13
in fiber spinning, 8§25-836
in injection molding, 793—-796
Substantial derivative, 29
Superconcentrate, 342
Superheat, see devolatilization
Superposition of drag and pressure flows, 255,
520
error for non-Newtonian fluids, 520
Sultzer mixer, see Motionless mixers
Surface renewal, see Devolatilization,
mechanisms
Surface tension,
boundary condition between two liquids,
63
role in mixing, 326, 344-345, 347
Surging in screw extruders, 476
Synthesis of pumping machines, 237-247
building blocks for, 237-238
co-rotating disc processor, 246—247
disk processors, 244245
hollow cylinder, 242
inverse screw pump, 241-242
machine elements for, 238
roll pumps, 239241
rotating cup, 245
rotating flight, 246
screw extruder, 242-244
systematic invention, 239-247
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T die, 706
Tapered channel flow, 66-68, 260-263 see also
Lubrication approximation
Testing samples for mixtures, 380
Texture of mixtures, see Characterization of
mixtures
granularity of, 381
recognition by visual perception, 380
Thermal conductivity: of generic commercial
polymers, see Appendix A
Thermal degradation,
rate as function of temperature, 180—181
role of residence time distribution in,
360
Thermal diffusivity, of generic commercial
polymers, see Appendix A
Thermal energy equation, 57
with homogeneous energy source, 179, 183
with PED and FED, 182
Thermal penetration depth, 189, 231
Thermodynamics,
in devolatilization, 416418
of mixing, 342-344
Thermodynamic system, 26
Thermoforming, 824
Thermophysical properties of commercial
polymers, See Appendix A
Thin film evaporator, see Devolatilization
equipment
Torsional flow between parallel disks,
372-376
Total strain in mixing, see Laminar mixing
Transfermix,
invention of, 5
Transport phenomena, 25
Triangular channel pressure flow, 740, 742
Tribology, 147
Trouton viscosity, 91
Tube and pipe forming, 720727
Tubular flow, see also Capillary flow
CEF equation, 113-117
Ellis model, 737
Newtonian, 113, 737
reactors, see Reactors, linear continuous flow
reactors
RTD in, 363-364
SDF in, 373
power law model, 11-113, 684689, 737
Twin rotor machines
continuous mixers (CM), 526-529
internal Banbury type mixer, 526-528
types of, 525-532

Twin shaft machines, see Twin rotor
machines
Twin screw extruders, 523-594, 572-594
co-rotating fully intermeshing, 572-594
co-rotating twin screw mixing elements
(TSMEE), 657
flow in co- and counterrotating, 533-545
kneading paddles, 529-532
intermeshing co-rotating, 300-304,
525-533
intermeshing counterrotating, 295-296,
304-310, 525-533
invention of, 2, 4, §
kneading blocks in, 2
melting in co-rotating, 576584
mixing in co- and counterrotating,
533-545
pumps, 298-314
reactive processing in, 546-550
self-wiping, 525
tangential non-intermeshing, 550558
tangential non-intermeshing as back-mixed
flow reactors, 620-623
types of, 525-532
ZSK in, 572-575
Twin screw extrusion,
devolatilization in counterrotating, 545-546
feeding and transport of particulates in
co-rotating, 575-576
flow in intermeshing co- and counterrotating,
533-545
intermeshing co-rotating, 3006-304, 584-594
flow and pressurization in co-rotating
intermeshing, 584-594
geometry in, 300-303
intermeshing counterrotating, 295-296
mixing in co- and counterrotating, 533-545,
653-655
Newtonian isothermal model, 304-31C
non-intermeshing tangential, 310-314,
550-558
Newtonian isothermal plate-and-frame model
for, 311-314
of blends, 655-668
reactive, 546-550

Ultimate particle in mixing, 382
Ultrasonic heating, 183, see also Melting
Unit tensor, identity tensor, 33
Unit vectors, 29
Units, SI, 914-915

conversion table, 915-917



Vacuum forming, see Thermoforming
Vacuum staging in devolatilization, see
Devolatilization
Variance of,
binomial distribution, 384
molecular weight disributions, 359
completely segregated mixtures,
385
Variational method:
in FEM, 876-879
Lagrange-Euler equation, 876
Vectors:
unit, 29
unit normal, 26, 27
Velocity gradient tensor, 42
Viscoelasticity, see Linear
viscoelasticity
Viscometry
capillary, 86-88, 94-96
cone-and-plate, 96-100
parallel disks, torsional flow, 372-376
squeezing flow, 291-294
Viscometric flow,
configurations, 81
definition of, 79
Viscosity:
elongational, 91-94
measurement of, 94-99
non-Newtonian, 84-86
pressure dependence of, 683
temperature dependence of, 109
of various polymers, Appendix A
Viscous dynamic seal, 508, 520
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Viscous energy dissipation (VED) 16, 182183,
219-226
in capillary flow, 684—689
Vorticity tensor, 42
in various coordinate systems, table, 116

Wear, 147
Weld lines, 763-764, 793, 800
Weight average molecular weight, 359
Weissenberg
effect, 85-86
rheogoniometer, 98
Weissenberg-Rabinowitsch equation, see
Rabinowitsch equation
‘White-Metzner model, 104, 106
Williams-Landel-Ferry (WLF) equation, 111
Wine glass effect, 694. See also Capillary
viscometer entrance region
Wire coating, 727-731
coating thickness in, 52-54
melt fracture in, 729731
secondary normal stress difference in,
139-146
stabilizing forces in, 139—140

Yield stress, in Bingham fluid, 111

Z-transform, 375

Zero shear rate viscosity, 110

ZFD model, 103, 106

ZSK, see also Twin screw extruders
invention of, 2, 5
geometrical classification, 573-575
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THOROUGHLY REVISED
EDITION OF THE CLASSIC TEXT
ON POLYMER PROCESSING

The Second Edition brings the classic text on polymer processing thoroughly up to date with the latest
fundamental developments in polymer processing, while retaining the critically acclaimed approach
of the First Edition. Readers are provided with the complete panorama of polymer processing, starting
with fundamental concepts through the latest current industry practices and future directions. All
the chapters have been revised and updated, and four new chapters have been added to introduce
the latest developments.

Readers familiar with the First Edition will discover a host of new material, including:
Blend and alloy microstructuring

Twin screw-based melting and chaotic mixing mechanisms

Reactive processing

Devolatilization—theory, mechanisms, and industrial practice
Compounding—theory and industrial practice

The increasingly important role of computational fluid mechanics

A systematic approach to machine configuration design

The Second Edition expands on the unique approach that distinguishes it from comparative texts.
Rather than focus on specific processing methods, the authors assert that polymers have a similar
experience in any processing machine and that these experiences can be described by a set of
elementary processing steps that prepare the polymer for any of the shaping methods. On the other
hand, the authors do emphasize the unique features of particular polymer processing methods and
machines, including the particular elementary step and shaping mechanisms and geometrical solutions.

Replete with problem sets and a solutions manual for instructors, this textbook is recommended for
undergraduate and graduate students in chemical engineering and polymer and materials engineering
and science. It will also prove invaluable for industry professionals as a fundamental polymer
processing analysis and synthesis reference.

ZEHEV TADMOR, DSc, is Distinguished Professor of Chemical Engineering and President Emeritus
of Technion—israel Institute of Technology. He is member of the Israeli Academy of Science and
Humanities, a foreign member of the National Academy of Engineering (U.S.A.). and the Chairman of
the Samuel Neaman Institute for Advanced Studies in Science and Technology, Technion.

COSTAS G. GOGOS, PuD, is Distinguished Research Professor in the Otto York Chemical Engineering
Department, New Jersey Institute of Technology, and Chemical Engineering Professor Emeritus,
Stevens Institute of Technology. He is also Chairman of the Board and President Emeritus of the
Polymer Processing Institute.
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