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CHAPTER 12

MODELING OF CONTINUOUS MIXERS: THE COROTATING
TWIN-SCREW EXTRUDER '
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INTRODUCTION

In many operations in polymer processing, such as polymer blending, devolatilization, or incor-
poration of fillers in a polymeric matrix continuous mixers are used, e.g. corotating twin-screw ex-
truders, Buss Co-kneaders and Farrel Continuous Mixers. Theoretical analyses of these machines
tend to'emphasize the flow in complex geometries rather than generate results which can be directly
used [1-5]. In this chapter a simple model is developed for the hot melt closely intermeshing co-
rotating twin-screw extruder, analogous to the analysis of the single screw extruder [6, 7].

Twin-screw extruders may be divided into counter- and corotating types and into closely, partly
and nonintermeshing systems [8-10]. Apart from the direction of rotation of the screws they can
be subdivided according to their transport mechanism: positive displacement or drag flow. This
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division is made by investigating whether the channel is closed in the axial direction (by the flight
of the apposite screw) or in fact open [11-137]. ‘

Counterrotating extruders are constructed with small clearances. The closely intermeshing types
are, therefore, often associated with positive displacement. In practice, this does not prove to be
very realistic because apart from the typical tetraheder gap between the sides of the adherent screw
flights and the necessary clearance between barrel and screws, the so-called calender gap between
serew root and tip of the flight of the opposite screw is often rather large. This gap drags material
(with two moving walls) backward into the previous C-shaped chamber. Without this gap, plas-
tification (or gelation) of, for instance, poly(vinyl chloride) (PVC) would be impossible. PVC is often
processed with this type of extruder because of the poor transport mechanism in drag extruders
(external slip agents). The counterrotating extruder is explained in detail in [14, 15]. The final result
is that the pumping characteristic, throughput versus pressure buildup, is rather easily obtained as
the number of C-shaped chambers becoming free per unit of time multiplied by the volume of one
chamber minus the sum of all leakage flows. Even with small clearances, the backflow, because of
leakage, is in the order of half of the positive displacement (depending on the pressure at the die).

Apart from some nonintermeshing types that are sometimes used for devolatilization [16], coun-
terrotating twin-screw extruders can in principle, because of the importance of the calender gap, be
treated as a continuous two roll mill process. The analysis of the milling process can be found in
any good textbook on polymer processing [17-19].

Analogously, the Farrel Continuous Mixer can be treated as an internal mixer fed by a non-
intermeshing counterrotating twin-screw extruder. Although numerous papers have been published
on these mixers, especially with respect to rubber compounding, only a few are significant, For
example, the work by Noordermeer [20] whose emphasis is on the rubber, following the work
originally done by Tokita and White [21,22] and by Manas et al. [23] who developed the first
really interesting model on the dispersive mixing of carbon black in a tubber matrix, an analysis
that can easily be extended to other processing equipment or to the mixing of polymer blends
[24, 25]. .

In practice, corotating extruders can also be constructed with broad flights, as is sometimes done
in the feed section, to solve problems with difficult-to-transport powders. However, their tetraheder
gap is always much larger than the one in counterrotating extruders. Moreover, they are constructed
with closely intermeshing screws in order to promote the self-wiping and, as a consequence, the
flights leave a completely open 8-shaped chamber. Therefore, the transport mechanism i§drag flow.
The analysis of the corotating twin-screw extruder can be found in [4], but as in [14, 15] tod'much

effort is paid to a detailed treatment of the complex geometry and the reader becomes casily lost,
Rauwendaal [14] pays some attention to the modeling of corotating twin-screw extruders, but the ™

analysis is incomplete and, therefore, of little practical use. Of course, the more important extruder
manufacturers have developed their own computer programs to predict the performance of their
extruders dependent on screw design and to scale up the results from laboratory measurements to
production size [26]. But for reasons that are easily understood, they do not always present their
know-how to the competitors in the open literature,

Here, the corotating twin-screw extruder will be dealt with as a single-screw extruder using the
-theories developed in 1922 and 1928, This is allowed with respect to the transport characteristics
of the melt-filled sections because of the completely open channel..

SCREW GEOMETRY

Different screw elements exist. Single-, double- or triple-flighted screws with different pitch, even
with negative pitch, mixing and kneading elements. Screw configuration is extremely flexible, a
major advantage of this kind of extruder, and can be fitted to the job. At present, mostly double-
flighted screw elements are used because of the larger useful volume, Single-flighted screws are less
popular because mixing increases with the number of flights.

Although the maximum applicable torque on the screws has been recently doubled in the new
series of extruders, the maximum torque is still relativély low in comparison with single-screw ex-
truders and (conical) counterrotating twin-screw extruders. This is inherent to the flexible screw
design and self-wiping action. Moreover, a primary task of corotating twin-screw extruders is either
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Figure 1. Elementary screw geometry.

to refnovc volatiles from the melt (water, solvents, monomeys) or to add fillers (glass, chalk, Lglc;;
mica) via openings in the barrel. As a consequence, all corotating extruders must bq underfed, w lic 1
means that the throughput locally in the open barrel sections is only part of the max1m:1m tfhehoxetxca
throughput. Correct metering of the individual components is often stated to be 809, of the com-
POXI:;lnnt%ojg t\’\.'ill be focused on the hot melt extruder. In practice, it i§ used for (:levolatlh;a:tlon ocr1
is present after the melting section in each compoundinfg ext.ruder. Sol}ds conveying, transition an
melting sections are difficult to analyze because no dist.mgulshed n*{eltlng mechanls‘m can be ;ec(c;.g-
nized as in single-screw extruders [27-30]. Rather a mixture of §011ds and melt exists as in t e]t.ls-
sipative mix melting mechanism [31]. Nevertheless, incorporatlf)n.of the modlelmg of' the melting
section is important because during compounding most o‘f the !1m1tefi ‘torc.lue is used H}l, 'thxsds;lage
of the process. Sometimes even an important part of the @sperswe mixing is already achieved here
because of the high viscosity (low temperature) of this mixture [32].' t
The most elementary screw geometry is given in Figure 1. and consists qf a sequence of transfpohr
elements with positive pitch combined with an element with negative pitch. The principle of the
is will be explained using this geometry. ' '
an?rllyflll?sv:ilrlrllpﬁﬁedpscrewpart, tghree ffnctional zones are distinguished:.part a, partially ﬁllec{ hafxixlrlmdg
a degree of fill { (0 < f < 1); part b, completely filled, pressure generating; part c,.coxlnp'let; y ezi
pressure consuming. In principle, every screw (some examples are given schem_atlcal y in xgu}rle )
is thought to consist of parts “a”, “b” and “c”. (Local) pressure gradxentg (follo\ylng frgm (fll.’ll‘ollg' pu
compared with theoretically maximum throughput) and lengtps dfatermme thex.r rel'fttlve' 1mens10nsl.
The screw is thought to be stationary and the barrel rotating in the opposne.dlrectlon as usual.
Furthermore, curvatures are neglected by either looking very locally or by unrolling the screw qhani
nel. In the first approximation, the screw channel is thought to have.a rectanggla.r cross-sectiona
shape, with average height H and width W. The barrelwall moves with a velocity:

1
V = 7DN 1)
where N is the revolutions per second and D is the diameter over the screw channel under an angle

@, the pitch angle, and drags the liquid into the direction of the die {|cos ¢| ~ 0.95 neglected here
for the time being).
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Figure 2. Examples of screw design.

The maximum dré\g flow capacity in parts “a” is [33]

Qq =3VHW 2)
The real throughput Q is always smaller than Qq:

Q=fQ, e

with f the (local) degree of fill, (see Figure 3a). Q is half of the real throughput because only ofie
of the screws is considered here.

Parts “b” are completely filled; therefore Q, = 1VHW. They are generating pressure, consequently
(see Figure 3b)

Q=0Q4+Q, Q]
Because the throughput is constant everywhere, the pressure flow equals

Q= —(1-NQq )
Parts “c” are completely filled and consume pressure because the drag flow is in the negative trans-
port direction: Q4 = —4VHW (see Figure 3c). This must be overcompensated by a pressure flow
to yield a net transport. Because of continuity of throughput, it follows that

Q=01+1NQ, (©)

In rectangular ducts of width W and height H (the influence of side walls neglected here), the ex-
pression for pressure flow for a Newtonian fluid reads [7,33,34]
1 dp
= V3
Q 2 dz Q]
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o7

C '
i * E - E Figure 3. Transport in parts a, b and c.

By substituting in Equations 2 and 7, Equation 4 can now be written as

. 1 dp : (€
=1 S — ZHW
Q = 1VHW Dy d .

ANALYSIS OF SIMPLIFIED GEOMETRY
Provided that the leads of the forward and reverse zone are numerically equal, that the numbe

of flights in all zones is equal, and that the pressure generated in zone “b” is dissipated in zone “c
the simplified geometry can now be analyzed.

Relative Lengths

-For “a™
Q = fLVHW : ¢
dp/dz =0 (l‘
For “b™
Q = fiVHW
— IVHW — 9P pow a

mdz
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hence

dp 6uv

FPA

For “c™

Q =f}VHW

1 dp
= —{VHW - —— = 3
2 124 dz HwW

hence

dp 6uV

Pl s D47

From Equations 12 and 14 it follows that

dp
b/ dz

dp
dz

1
. 14f

12)

(13)

(14)

(15

(The minus sign is because of different signs of pressure gradients in parts “b” and “c”.) In case of

an isothermal Newtonian fluid, the pressure gradient is constant:

dp Ap
dz L

It is now possible to determine the length ratio with Equations 15 and 16;

—

+

|

oty
-

—
-

(minus sigh omitted.) Let the total length of the screw be L; then
L=L-L,-L,
With Equations 17 and 18:

2
L=L—~—"
1—fL°

If relative lengths are defined as

BN S
I I
=l

&~
I
I Fal el

(16)

(17)

(18)

(19)

20
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and £, is given, this yields

21

Example: if f = 0.3 and ¢, = 0.2, then ¢, = 043 and ¢, = 0.37.

Specific Energy

The absolute value of the shear stress (N/m?) at the wall equals

du

au (22)
dy

Ty =K

y=H

The absolute value of the shear rate at the wall reads [7, 33, 34]

du

dafl IVt o] @3)
dy

y=w H  2p dz .

So, for the three parts “a”, “b”, and “c” this yields “a”—Equations 10 plus 22 plus 23:

v
=g (24)
Ty =M ;
“b”>—Equations 12, 22 plus 23:

Ty =4 % (4 —3M) (25)

“c”—Equations 14, 22 plus 23:

Ty =4 -;-;- (4 + 3f) (26)

The force (N) acting on the wall equals the product of shear stress and surface area where the
stress is active.

F = fr,#sDL 270
“a”—Equations 21, 24 plus 27:
\Y 2
=fu— — (28)
F qunDL<1 1——f°>
“b”—Equations 21, 25 plus 27:
\Y 1+f 29
F = pﬁ—nDL(4 - 3f)——~1 _~f/c
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w9

c”—Equations 21, 26 plus 27:

v
F = o nDL{4 + 30),

(30)

The total force is the sum of these three forces:

F, =pu 'ZT nDLf<1 + 2(3ff+ 4 /c> (31)

The torque (Nm) equals the force times the radius:

T=FiD (32)

The power (Nmy/s) is torque times screw speed (rad/s).

P =TN2n (33)
From Equations 31, 32, and 33, it follows that

P=yu % n?D2LNF (1 + -—2(3ff+ i 4) (34
Or (with |cos ¢} ~ 1 still)

2

V = DN (33)

W = zDsin ¢

P 27;;42DFNQ <1 + 203f + 4) [>

sin @ f ¢

thth.out element§ “c” with gegative pitch, £, = 0 so the term between the brackets equals 1 and

L e; nounte;ll ez(preksswn for a single screw extruder is found [35]. With the elements “c”, the term
etween the brackets yiel ive i i i i

betneen the s yields the relative importance of the presence of elements with negative pitch,
The lower the value of f, the more important is the completely filled part (although absolutely

smaller b f CT' g L C gp g P
c ecause of de casin because of increasin ressure gradient in art “b”) relative to the
b )

. Table 1
Relative Importance of Elements with Negative Pitch: Power Consumption in a Completely
Filled Channel (%)

A 0.01 0.05 0.1 0.2 0.4
f = 0.4 264,/(1 + 26£,) 21 56
3 3 72
f=0333/(1 + 33¢) 25 62 77 g‘; gé
f=02464(1 + 462 32 70 82 90 95

(36)W =,
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Another way to illustrate the relative importance of the channel part that is completely filled
(£, + £,) by the presence of “c” elements is given by the ratio

1+f
(4—3f)1—+—f+4+3f

P 2
a . f———
4 —3f2

== G7

Thus: = (0.4; 0.3; 0.2) yields Py, /P, = (9, 13, 20).

For f = 0.3, a part with negative pitch involves the consumption of 13 times the power relative
to a partly filled channel “a” of the same length. These simple calculations illustrate the relative
importance of negative pitch parts, yet it must be kept in mind that until now, the power con-
sumption in the clearance between flight and cylinder has not been taken into account.

The specific energy (kWhy/kg) is power (kW) divided by throughput (kg/h). From Equation 36 and
as Q = (m?/s):

Qn = Q3,600p (38)

This yields

_ mpDLN <1+2(3ff+ 4) fc> (39)

- 1.8 pH? sin ¢
Again Equation 39 yields, for ¢, = 0, the identical result as derived for single-screw extruders.

Scaling

The procedure adopted so far reveals that it is well worth examining what happens during the
scaling up from a small extruder to a larger one.

Geometrical Scaling

Usually, corotating twin-screw extruders scale (up to D ~ 200 mm) geometrically; this implies
that .

H. tant
— = constan
D
L (40)
— = constant
D,
N = constant
Furthermore (locally),
¢ = constant
£, = constant (41)

f = constant
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These practical rules are based on the principles that keep the mixing constant. Shear rate:

V . zDN

’y~——~

i H 42)

Mean residence time:

_ volume f,nDLH

- throughput ~ Q @3)
f,sDLH f,2L

= = - (44)
fAVHW  faDN sin @

with f, = local degree of fill* (f is the degree of fill, e.g., underneath the hopper used only (instead
of Q) as a kind of dimensionless measure for the metered throughput (Equation 3). £, is the local

degree of fill. It is equal to one in the case of completely filled parts, but may differ from f, for
example, by a change of pitch.) Total shear:

Y=y
= f,2L 45
fH sin ¢ “3)

As is well known [36], reorientation relative to the direction of shear is extremely important for the
mixing efficiency:

1 nr .
ME. ~ <n—r y> (46)

(The working principle of static mixers is completely based on nr rather than on the total shear
y.) During each revolution of the screw, material is passed from one screw to the other and is
(assumed to be) completely reoriented. This may be written as:

nr=n-N-1 47

where  nr = the number of reorientations
n = the number of flights
N = screw revolutions per second
T = the mean residence time according to Equation 43

Hence,

. 2fzDNLH
nr=————
Q
f,L
= 2N ——— 4
. fzD sin ¢ 48)

From Equations 40 and 41, it can be seen that the degree of mixing (Equations 42, 44 and 45)
remains constant: f, L/D and #, = constant implies 4, = constant and ¢, = constant (Equation 21).
If the same material is used (i, p = constant) the specific energy, Equation 39, is also constant.

Furthermore, it follows that throughput, energy and torque all scale with the third power of the
diameter in this case. See Table 2.
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Table 2
Scaling Laws
Definitions
n Esp D [
N D . (P
Screw speed ﬁ; = <—§;> Specific energy Esps <D0>
D q
H D\* _Q_ _(P
Channel depth H—o = <B;> Throughput 2.\,
T t
L _(DY domotime Lo (2
Screw length f; = (D—o> Mean residence time T <D0
D 4
P DYy ¥ (__)
= Sh t —=
Power E = <D0> ear rate 7o D,
D 8s
M (D) A
Torque M, = (5;) Total shear " <Do)

The usual scaling laws can be derived, either from literature [45, 46, 47] or from the following

equations of this chapter.

Equations 2, 35, 36: p=3+2n+/—h

Equations 2, 35: q=2+n-+h
es=p—q=1+4+n+7—-2h

Equations 2, 31, 32 m=3+n+/-—h

Equations 1, 35, 44: t=h+1+¢/—-q=¢{—1-n

Equation 42: g=n—h+1
gs=g+t=t’;h

The scaling laws result in the following numerical values, depending on the method of scaling (see
text, Equations 40 through 60).

Geometrical Laminar Ideatty Mixed

-1 —0.667 —0.5
E ? 05 0.667 1
4 1 1 1 1.5
p 3 1.5 2 2.5
es 0 0 0 0
m 3 2.5 2.667 3
q 3 1.5 2 2.5
t 0 1 0.667 1
g 0 -0.5 ) —0.333 —0.5
gs 0 0.5 0.333 0.5
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Thermal Scaling

. Geometrical scaling is allowed only if both extruders are operating under fully adiabatic condi-
tions. As soon as heat exchange with the barrel wall is more important in the process, throughput
can only scale with the second powerof the diameter because the surface (nDL) scales with D2
Otherwse, the temperature development in small test extruders will be different from that in larger
ones, with all consequences for viscosity differences (mixing!) and thermal degradation with the more
recently developed high-melting-point polymers.

The probl.em that arises is that scaling according to the mixing rules does not provide the same
law§ as scaling according to the rules of equal thermal development. In practice, this means that
choices have to be made and that experiments and eventually changes in screw design on the larger
scale extruder will always be necessary. This is illustrated by Figure 4.

In the simplest case, the temperature development is given by

Cu@_T_AazT du\?
[4 o 5—}124“/1&; (49)

for laminar flows and by

pci dT _ <a)(T -T,) + u(dﬁ)z

& o & (50)

for ideally mixed (pipe) flows, see Figure 4.

The dimensionless form of these equations yields the requirements for equal temperature
development. For laminar flows:

aT*  92T* du*\?
Gz u* =—— —
Zu ox*  gy*? + Br(dy*> (633

AL
f e

Gz = Graetz number =

and

2

. v
Br = Brink ber = £
nkman number TAT (53)

mpgT

< L

Figure 4. Heat balance for an ideally mixed system.
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If Gz- and Br-numbers are constant, solution of Equation 50 always gives the same result. Provided
that the same material is used (4, p, ¢, and p are constant), the same wall temperature (T,) is
employed, and (as usual) L/D = a constant, then these conditions yield (Equation 53)

V = constant; consequently N ~ D! (54)
And from Equations 52 and 54 it follows that
H ~ D3 (55)

These very severe demands result in Q ~ D5,

The conditions £ = 1, n = —1,h = 0.5 and q = 1.5 (Table 2) are met in practice only when heat
exchange with the walls is extremely important, for instance in the melting section of a single-screw
extruder with a grooved feed zone [37].

For ideally mixed (annular) flows (Appendix 1), which may be assumed for the radially well mixed
flow in corotating twin-screw extruders:

Pt % et B((&) (56)

VH
P-number = % T
_ Péclet
"~ Nusselt

67

woV?
B-number = ——
numoer <0(> HAT

Brinkman

= 58
Nusselt e

adL,

where  Nusselt = SLX-Z——

VH
Péclet = %——

L
As = —
H

Constant temperature developments in this case require constant P- and B-numbers; therefore,
using the same material {p, ¢, s, A constant), the same heat transfer coefficient (a), wall temperature
(T,) and when L/D is constant, V ~ H*® and VH/D = constant. Hence,

V~ DI
and therefore N~ D™%3 ) . (59)
and H ~ D?3

For the throughput, this implies, as expected, Q ~ D2
Consequently: £ = 1, n = ~2/3, h = 2/3, and q = 2 (Table 2). The scaling law for channel depth
(Equation 59) is often found in practice for many extruders [37], of course, because channel depths
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can be determined only once. Screw speeds and throughputs can be changed easily at any moment.
If the restriction of L/D = ¢ is dropped, and H ~ D is introduced (as is practice in corotating twin-
screw extruders), then the requirement of constant P- and B-numbers yields V ~ D3 and VD/L = a
‘constant, 50 N ~ D795, L ~ D!'5 and H ~ D. Therefore, ‘

Q~ D25 . (60)

and £ =15h=1n= —05 g =25 (Table 2).

The conclusions drawn from this look at the scaling laws are that geometrical scaling yields maxi-
mum throughput and meets the requirements of constant mixing, but results in a different tem-
perature development as soon as the extruders do not operate in a completely adiabatic mode.
Consequently, mixing is not the same anymore because viscosities are temperature dependent.

In the case of equal temperature development, screw speed (absolutely) and throughput (relatively)
are lower, with as a consequence decreased mixing, energy consumption, and torque. Large ex-

truders (D > 200 mm) do not allow geometrical scaling because the circumferential speed and wear
it causes become too high.

IMPROVEMENTS OF THE ANALYSIS

Until now the analysis was relatively naive and only qualitative. Nevertheless, some under-

standing of the basic working principles has been raised. Some improvements will now be incor-
porated in the model.

Leakage Flows

In corotating twin-screw extruders, leakage flows are important because they are relatively large
in comparison with single-screw extruders with respect to the throughput that is only a part (f) of
the maximum theoretical throughput by drag flow. Moreover, the screw speed is absolutely higher
than that of single-screw extruders because of its significant contribution to the mixing process.
Additionally, in counterrotating twin-screw extruders, leakage flows are relatively important, espe-
cially in the rather large calender gap, as was emphasized in the introduction.

So far we have not considered the influence of the flights because we have tried to simplify*the
treatment as much as possible. Improvements, however, can and will be easily incorporated. ’

To compensate for the area occupied by flights (double flighted screws in most cases), the channel
width should be reduced and replaced in all equations by

W = 2D sin ¢(1 — ne) : 61)
where ¢ is the relative width of the flights and is given by
e = Wy/aD sin ¢ v (62)

where W, is the flight width measured perpendicular to the flight and n is the number of flights.
A typical value of ¢ is 0.1. (For the analysis here in double- or triple-flighted screws, all flights can
be added; mixing, which indeed is dependent on the absolute number of flights, is not being analyzed
here.)

This corrected value of the channel width must be introduced into all the equations derived so
far; among others, this correction directly influences the value of f, the degree of fill, in Equations
2 and 3.

Because of backflow through clearances (simple drag flow is enough to estimate its value because,
in general, pressure flows are negligible in narrow channels). the local throughput that must be

transported to the die is larger than the metered throughput Q,,. Therefore, Q,, should be replaced
by -

Q=Qn+Q : (63)
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Dcos

Figure 5. Unrolled screw

channel.

with
Q. = $VénD sin ¢ cos ¢(1 — ne) (64)

See Figure 5. fis influenced once more by this correction. Having corrected for f, the cos ¢ that was
neglected $o far can also be brought in, starting with Equation 1.

Energy Consumption Above the Flights

Above the flights energy is consumed. The shear stress equals
v (©5)
TR

with g the viscosity above the flight and & the flight clearance. The surface area A equals
A = nenDL (66)

Therefore, force, torque, and power are, respectively,

Fi = yg % nerDL ©67)
Ty = dpg % nenD?L ©3)

P — u%nenznzm (69)
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A . .
comparison of the power consumed above the flights relative to that in the channels can now

be made if Equation 34 is ¢ i ;
of cos ¢: orrected according to Equations 61, 63, and 64 and by the incorporation

_ v 203 + 4
Po= o nZDzLNf<1 + T) 4)(1 ~ ne)

(70)
and
f=— 2
3V cos p HW*
_ Qu +3VéaD sin ¢ cos (1 — ne)
$VHzD sin ¢ cos o(I — ne) ' 1)
Therefore,
fmr Q8
37*D*HN cos ¢ sin o(I — ne) TH 72
yielding
P wH ne
Pe pe 6 (1—ne) (1 + 203f + 4)¢) (73)

1 . .
. ;egg:?;g)v?:f; ;g;gﬁig;ln?isind' tEquémon }713, fftf }zlmd He are introduced to allow us to choose a
/ 0sity above the flights, caused by prono d sh inni
temperature rise due to local dissipati ith typi s 0 m g o g and
°r _ : pation here. With typical data Ho =40 n=2¢=01;
He/p, = 0.15. A.s is clearly illustrated in Table 3, power consumption betwet’m thhe’ secr’t;v(v).}i,igal?tcs1

Mixing Elements

So far we have only dealt witt i inati
h the simplest combination of scr i iti
far w ew elements with posit
?Seﬁ:mve pltchl. Moreover, only one screw hag been analyzed. The geometry of two comlI:inelcll Zirand
ore complex and many other elements exist, as is illustrated in Figure 6. o

. . . i ws h i
Investigated simultaneously, preferably in the unrolled state [1, 4, 5, 14]. Thi: y;;’gsto be visually

2n —
Q=2Q,+Q 21
o (74)
o . Tabie 3
ower Consumption Above Flights in Comparison with Channels (P,/P )
£, = 0.01 0.05 0.1 0.2 0.4
{ : g;l gg 1.6 1.0 0.6 0.33
o 5.2 1.9 1.2 0.66 0.36
. 2.3 1.3 0.74 0.39
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Figure 6. Various mixing and kneading elements.

the total metered throughput corrected for leakage flow over the flights.

2n—1 (75)

W= 7D sin @(1 — ne)

Second, for the mixing elements, a main pitch angle ¢, positive (e.g., 45°), neutral (0°) or “negative”
(e.g., 135°) must be recognized. Finally, we must sum up the number of holes in the flight leaving
room for positive or negative drag- and pressure flows. If the length of the sum of the remaining
screw flight is defined as being a factor r of the total screw flight length (L; = rrD/cos ¢), the sum
of the holes equals the factor (1 — ).

" Because of the holes, a leakage by drag flow back into the previous channel exists. Therefore,
the throughput should be increased to compensate for this leakage flow:

21 Qo (76

Q=2Q,+Q,

with

Qup = $VHz#D sin ¢ cos ¢(1 — r)FyFp an
where Fy = (2n — 1)/(n)(1 — ne). Fy, is a correction factor, like Fp, that could be used to compensate
for the influence of the side walls (the flights) on the drag flow in this case [6, 34, 38], if the ratio
of channel depth to channel width is not negligible anymore.

Not only is the throughput influenced because of the holes’ presence, but also the pressure gra-
dient in axial direction dominates the one in down-channel direction. We must consider the parallel
combination of two resistances, represented by their characteristic cross-sections: The rectangular
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screw channel and the passage through the holes. This is reflected in Equations 78 and 79:

Q=Qd+Qp

k
=Qq~—Ap
P (78)
The factor k can be calculated by
k= —1—H371Dsi2 F\FF, L
57 0 ¢ FyFeFye + — H%D(1 ~ r)F;FPc] (19

In a neutral kneading element, for instance, neither fli
(r=0),s0 the‘leakage flow (Equation 76) comp!
all the corrections as indicated. In this case, axi

o El: i(i]v:ll ;;lj rtl}gle inter{rtxeshigg reg:')on, though not discussed so far, results in an extra contribution
Capacity and can be treated using the description given by B
> con : x 00 .
contribution, Q,, per N revolutions to the drag flow is given by s g Y [3]- The average

Q, =2 DN tan gk,
4 (80)

with k, a tabulated function [5].
Table 4

Expressions for Drag and Pressure Flow in Screw Elements
(Based on the total metered throughput, Q.)

Deﬁnition: Qchanncl = Qd + Qa + Qp
Qchannel = Qm + QL + QLD
—Qy=(Qs+Q.— QL —Qp) ~ Qum

with
Pressure flow: K
: Q= ——Ap
n
Drag flow: Qq = 4V cos ¢ HaD sin ¢ FyFpFpe
Flow in the intermeshing region; Q, = g D3N tan ¢ k
Leakage flow (over flights): Q. =4V cos ¢ ér 7D sin @ F\FpFpe
Leakage flow (through flights): Qup =4V cos ¢ H(1 — r)zD sin ¢ F\FpFp.
L 2n — 1

V = aDN; r=—— = ;

nD/cos ¢’ NT T (1~ ne)

ko, Fp, Fp, Foe, Fpe [5, 14, 17]

1 1
— 3 N
k= [12/ HERD sin® @ FFyFrc + 127 DA = DFF PC]
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Q.1E8 (m3/s)

20

pos. transport
15 - phi = 17.68°
10

pos. kneading dlsc |
phl = 45

600
1/ .dp/dx.10E-3 {1/m.8)

neg. kneadlng dlsc
phl = -45

neg. transport
phi = -17.68°

Figure 7. Pressure versus throughput characteristic for transport elements and kneading discs
having positive and negative pitch (corotating twin-screw extruder, D = 25 mm). Parameter:
screw speed. )

In the equations used so far, this term can be brought in:

Q=Q¢+ Q. +Q,

The analysis is summarized in Table 4, which yields the expressions for the pressure gradients
and volume flows with all corrections brought in so far. Figure 7 shows the throughput versus
pressure characteristic for the various screw elements previously mentioned.

All kinds of screw geometries can be modeled now, including screws where no negative pitch
elements are present and those screws that consist of any combination of transport, mixing or
kneading elements. Before dealing with that; we have to analyze in more detail what happens if
several different screw elements are combined sequentially.

Sequence of Screw Elements

In the Newtonian isothermal case with constant viscosity, a combination of different screw ele-
ments can be investigated independently of the preceding and following elements. To be more
precise: all elements of the same kind can eventually be packed together in order to calculate power
and specific energy.

A complete screw like the one in Figure 8 can be dealt with as a pure a, b, d, ¢ screw with a
sequence of partly filled parts “a” (with total length equal to the sum of the individual parts “a”),
completely filled pressure-generating parts “b”, completely filled pressure-generating or pressure-
consuming parts “d” (mixing elements), and completely filled pressure-consuming parts “c” (all with
total length equal to the sum of their individual components),
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--> g

Q>>
Q<
* a b dc a b d¢ a b

Figure 8. Pressure profiles and filled lengths; parameter: throughput.

If, however, more detailed information is required than only (specific) energy—for instance, if we
want to know where the screw is pattly filled or where the viscosity changes during extrusion (the
non-isothermal, non-Newtonian case)—then only a repetition of the same calculations for the
individual sequential components and combinations can give the answers. In all cases, the influence
of one element (pressure-consuming) can be noticeable in the preceding sections (in a complex way,
because many leakage flows are introduced).

For instance, if a combination (a, b, d, ¢, a, b, d, c) is used (Figure 8),
throughput, Q, the length of the second partly filled part “a™
that the pressure buildup capacity of the second part “b”
pressure consumption in parts “d” and “c”. As a conse
the first part “c” has a positive value, the first part
pressure and the first part “a” decreases in length.

If even the length of the first part “a” is negative, the screw is no longer able to transport this
throughput with this screw design: The critical screw speed has been reached.

then with increasing
might become negative. This" means
is not enough to compensate for the
quence, the absolute pressure at the end of
“b” increases in length to generate this extra

Non-Isothermal Power Law Calculations

The isothermal Newtonian treatment of the flow
mentioned is very successful in providing qualitati
consequences of different screw design in the melt s
the most simple model. However, quantitative ans
temperature and shear rate on the viscosity (and
capacity) must be included.

It is beyond the scope of this chapter to give a detailed analysis of the non
modeling, but some general remarks can be made,
ogous to the Newtonian modeling,

in corotating twin-screw extruders previously
ve information about working principles and
ection. The best understanding originates from
wers cannot be given because the influence of
as a consequence, on local pressure-generating

-isothermal power law
In principle, the treatment is completely anal-
but incremental steps over the length of the extruder must be
incorporated in order to define a local viscosity depending on local shear rates, local temperature
and, in the case of solvent containing melts, local concentrations.

The viscosity of a power law fluid depends on the temperature and on the second invariant of
the rate of strain tensor, The components thereof are calculated from the individual drag and
pressure flows. The influences of the main drag component V/H = nDN/H in the channel and
V/6 = DN/ in the clearance between flight and barrel are dominant, at first sight.
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With the local viscosity, the local velocity, the velocity graflient, and the pressure graddlent arit:
computed. Given the local throughput (Q) and the conservation laws of momentum and mass,
follows that

d_4d i e""T‘T°)<g—li>n> ®1)
dz  dy\'° dy

' 82
Q =Wf:udy ! (52

These equations finally result in a set of two implicit equations forh the two unknowr}s (the I{)Ires:ure
gradient and an integration constant). Successful solution of ;hl; sys;em (ef:gt.t,l wtlth i nk:al\(,)vwolils
first estimate of the values of the two .
Raphson procedure) strongly depends upon the . : . : 1 ‘
A rIt)luch n?ore convenient way to solve the problem is to write Equation 81 in a different way:

.dg = i U e“b(T—To)<d_u>“—1 92) ®3)
dz - dy\""’ dy/ dy _
which means
d 84
dz dy dy

The tri-diagonal matrix resulting from this expression combined with a l.ast row comp.letelgzﬁlrc(f
with the digits 1, 4 and 2, résulting from the discretization of mass corithulty \;Equfatlton r)sion
i img ike i i Its in a straightforward solution. Very fast recu
cording to a Simpson-like integration rule, resu a st : ey last recursion

i iti i { tri-diagonal matrices [40], while the las (
formulas exist for the composition and solution o : ¢ ile | .
the matrix can be brushed simultaneously already during the formation gf t}.le tl‘l-dlagtol;ll matrix
Besides, an extension to the three dimensional flow field can now be easily incorporated:

op 0 . %) 85)
| P 5;(#(2, y) 3y

p_ 2 9V_) | (86)

—3; = 2y (,LI.(Z, y) dy

NI ACEN G AN 87
Wz, y) = Hoe_b(T T°’(<—g’~) +- <E) )

Foi‘ this (coupled) system the same tri-diagonal matrix must be solved for both x- and z-directions;
the only difference being the boundary condition at the barrel:

V,=Vcos ¢ (88)

V,=Vsing

Coupling of the equations via the viscosity is not only due to the shear rate dependency but also
ia the temperature (Equation 87). . .
! The nextpstep, therefore, is calculating the local temperature, This can be performed rglatlveli
simply because the flow in the channel is considered to be perfectly mixed (one screw takmlgiove
the material from the other while completely reorientating i.t). Therefore, a local he;at balan;:e t(h 1gc111ir:
9) dictates that the heat stored in the local volume (resulting in a temperatun:e rise) equlzlt s eitive
sipative heat generated by the velocity gradients plus the heat exchanged with the walls (pos
negative). . o )
Ongf last )term is calculated with an average heat transfer coefficient <'oc> multxplled_ by .the t<;.m
perature difference. This engineering <o) is not known a priori, and experiments must yield its value.
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thCPTin—> D% __>mpcp T out
dx

1

<a>(:I'--T)
w

Figure 9. Heat balance for an in-
cremental step.

After the new temperature (T, in Figure 9) has been calculated, the average value of the viscosity
is adapted to the average temperature in the volume and calculation of pressure gradients and
average temperature is repeated. If the results are not improved anymore (only a few iterations are
needed), the next incremental step is taken. See Table 5.

It is recommended not to make the incremental ste
of the diameter) as the elements are cou;
because of the inflow of material
channels.

M‘(‘)rgover, when the calculation is started only analytical estimations of the lengths of parts “a’;
and b. are known. Therefore, testing at parts where absolute (atmospheric) pressures are known
(degassing houses; feed parts; in the worst case at the end of the die) is necessary to check whether
the calculated pressure equals the known pressure. If not, a new guess of the length of element “a”
and “b” must be made and the calculations repeated.

Provided that we do not want to look at the fourth decimal place,

. for one simulation of a com-
pl(;ftie screw only 15 seconds of CPU time on an IBM 370 (with mathematical coprocessor 438 1) will
suffice.

. ps too small (a good compromise is one third
‘ pled via leakage flows. The calculation must be repeated
(with another mean temperature) from leakage gaps and following

Results

Asa de.monstfre}tiorll, only a limited number of results will be presented here. In the first instance
a comparison of simple isothermal Newtonian calculations with those for the -i :
law case will be made. nowtiothermal power

Table 5 ]
Nonisothermal Power Law Calculations

Numerical Scheme

. Newtonian analysis

. Estimation of lengths

Step dz

- Determination of local pressure gradients

. Determination of local mean temperature, Figure 9

. Analysig of leakage flow, average temperature and power consumption

. Corrections on t_hroughput and mean temperature in the channel because of leakage flow(s)
- Return to 4, until no changes in mean temperature and pressure gradients occur anymore
. Return to 3, until checkpoint on absolute pressure is reached

. If not correct: improved estimation of lengths, return to 2

. If correct, next screw section or end

U
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In Figure 10 the specific energy for a hot melt extruder is plotted as a function of throughput with
parameter the screw speed and/or degree of fill. Figure 11 shows the same plot for the non-isothermal
power law calculations. The conclusion of this comparison is that the Newtonian model provides
qualitatively the right information: minimum specific energy only at maximum degree of fill. Quan-
titative predictions, however, can only be made with the more complicated calculations shown in
Figure 11. Especially when the influence of a screw modification is to be predicted, only the non-
isothermal calculations are important (as experienced in practice) because changes in viscosity
through local heat dissipation in one part of the screw have a great influence on the heat dissipation
in the following parts.

As a second example, a (local) combination of transport and mixing elements has been investi-
gated: a positive, neutral and negative mixing element as is shown in Figure 12. The difference in
pressure gradient in the mixing elements is clearly demonstrated by drawing horizontal lines of zero
pressure from the end of the mixing element towards the left; the filled length can be determined
graphically. The difference in pressure gradient between positive and neutral mixing elements is not
very large. However, because of the positive transport, screws with positive kneading elements re-
main almost empty. This is why those kneading blocks are, in practice, always followed by a screw
element or kneading block with a negative pitch. Neutral kneading elements only fill themselves,
while a negative pitch is of much greater importance because the local negative pressure gradient
causes the extruder to be completely filled over a considerable length.

The third example refers again to devolatilization extruders and reveals the end temperature and
specific energy in dependence of processing conditions and materials, Table 6.

From these and many other simulations, it can be stated that the more exact predictions about
extrusion behavior can only be obtained when a temperature (great influence) and screw speed
(smaller influence) dependent heat transfer coefficient {a) is used. It is only the heat transfer co-
efficient on the polymer side that is responsible for this dependency because a thicker isolating

polymer layer is formed with lower wall temperatures, screw speeds, and with greater leakage gaps
[41, 42].

Parameter 1: screw speed [Tpm]
Parameter 2: filling ratio [ -]

Spec. energy [kWh/kg]

>

T U T T T T T 1 1
0 2000 4000 6000 8000 10000
----- > Output (kg/hr]

Figure 10. Specific energy as a function of throughput; parameter: screw speed, degree of fill
(isothermal, Newtonian model).



396 Polymer Flow Engineering

@
-
~
£
E 5- ;arameter1:§cyew speed [rpm]
E | arameter 2: filling ratio [-]
g 4
o
G J
a .3
7
A i
|

2

.14

0

0 L 1 T L] 1 T 1 T

2000 4000 ~ 6000 ' 8000 ' 10000

- --» Output [kg/hr]

Figure 11. Specific energy as a function of throughput;

(Nomisothonoey power 1o modo parameter: screw speed, degree of fill

. Comparison of theoretical predictions and the
tion. However, we have to r
dependency of the viscosity,
energy is present.

The fourth exam
fin oil) in a Plexigla

practical values show a remarkabl
pre . | y good correla-
calize that an automatic feedback exists. Because of the temperature

a more or less limiting value for the melt temperature and the (specific)

ple, therefore, concerns much more direct i i
: X _ experiments with mode! liquids -
s-walled laboratory extruder, With the setup shown in Figure 13, the c?oniﬁigfzftzzfl

Diameter: 40 mm

? 50, Screw speed: 150 rom -
) Throughput: 40 kg/hr iti
3 Positive pitch
g 40 | -+ "
=
o
g. 30 o /Z_: < .
H Neutral element
20 1 Negative pitch
36.50
10 Transuon soms s =~
ransport section _I(nagcl-iﬁ g section
0 Pitch angle: 27.40 9 section
P "
Length (mm)----> 50 0 ength mm)—- 40

Figure 12, Pressure gradient in 3 combination of a transport section and kneading sections
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Table 6
Comparison between Final Results from Model Calculations and those from Measurements
for a Melt Extruder under Several Processing Conditions.

Measured values Calculated values
Viscosity Power law
at 'Y =1 index TEnd Espec. TEnd Espec.
(Pa-s) =) (°C) (kWh kg™?) (°C) (kWhkg™")
12,500 0.43 296 0.17 297 0.18
11,300 043 292 0.15 294 0.156.
10,500 0.43 284 0.137 280 0.148
9,000 0.43 . 294, 0.126 293 0.13
6,250 043 286 0.123 287 0.125
485 0.82 228 0.052 224 0.05

of a part ¢ (transport elements having negative pitch or kneading blocks that are neutral or with
positive or negative pitch) with transport elements can be investigated directly, compare with the
second example. To measure the length of the channel that is completely filled preceding a part ¢
at different screw speeds, a high speed camera was used. Figure 14 shows one image of the film.
Figure 15 shows the comparison of calculated and measured filled length for the combination of a
transport element having positive pitch with various parts c. Note the large difference in filled length
between kneading blocks and transport elements having negative pitch.

The fifth and last example deals with scaling concepts for the glass-fiber reinforcement of a de-
gradation sensitive polymer. Processing should be performed as close as possible to the high melting
point (T,,) and, consequently, the scale up rules for equal temperature development should be ful-
filled (Table 2). In experiments on two corotating twin-screw extruders with different sizes, the
scaling exponents for screw speed and throughput were evaluated. They proved to be dependent,
of course, on the requirements that were put on the average temperature of the outcoming melt

Figure 13. Setup of Plexiglas-walled corotating twin-screw extruder (D = 25 mm) with high
speed camera.
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Figure 14. Image of the filled length at a screw speed of 200 rpm

1000 ~
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_8 . measured
2 200-] ® Q=100 gr/min.
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Figure 15. Comparison of calcyl
ated and measured filled i
$f1t53ar$i)'$rtt elements having positive pitch (p = 17.66°, thj%%e' ’l:en=gt8 S;)Ffor iomblnations
F. ) 1102 ’!ansport element§_ having negative pitch (¢ = 180° Z 17P.66° . F, =D8; 1F-02, e
FPDc_—-O 5-2 F PC =01é185);':kneaglgg discs having negative pitch (¢ = 180° — 215°Dr = O ,23 Plg - 0655,
oo Ppe = U886, Fpe = 0.98); neutral k i = (° _ 052, Fuo 2 0.75
L (axial, <28 e o5 neading dises (p=0°r=0, Fp = 0.52, Fec = 0.75).

(Table 7). Via simulations of th

: ¢ last part of the extruder
berature at the inlet (the end of the melting section), and aj
on bqth extruders, T,, + 25 in this case, theoretical value.
éxperimental ones were found (Table 7).

(melt!), assuming an average melt em-
ming for the same melt end-temperature
s for the scaling exponents close to the
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Table 7
Experimental (a, b) and Theoretical (c) Values for the Scaling Exponents for Screw Speed
and Throughput

Average Scaling Exponents
Melt
Temperature n q
a Tw + 15 —1 2.3
b Tn + 35 —0.6 2.5
c T, + 25 —04 2.4
DISCUSSION

It has been shown that a simplified model for a corotating twin-serew extruder is able to predict
the correct power consumption, specific energy, and temperature rise, not only over the extruder
as a whole, but aiso locally during the processing (depending on local screw geometry, processing
conditions, and material properties). This is of great practical importance in polymer processing
because an understanding of the process is within reach and gives a perspective for solving problems

in scale up.
The first attempts to visualize the results of the Newtonian calculations have been so far successful.

In order to check the non-isothermal, non-Newtonian modeling, experiments to determine critical
screw speeds will be performed on a laboratory corotating twin-screw extruder.
Small improvements of the model can be brought in easily, such as:

1. Improvement of the screw geometry used (Equation 10-7 in [13]. See also [1, 4, 14, 43])
. D 1 172
H(6) =5 (1 + cos 0) — <L§ ~2 D? sin? 0) (89)

2. A local wall and screw temperature dependent leakage gap (important in large extruders)

An independent determination of the scale-up rules for the heat transfer coefficient is necessary,
but most useful will be an incorporation in the modeling of the pressure-generating capacity of the
feed section combined with a model of the melting section. Only if these conditions are fulfilled
may a complete model exist which, in its turn, could be combined with the existing theory of the
dispersion process (for example, [44]) in order to predict the compounding performance for the
blending operation.

i
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APPENDIX
Heat balance (for length dx):

dT - dia\?
poli - dxaDH = (a)(T — T.JaD dx + u<d—“> #DH dx
y

dy

_dT ()T -T,) du\?
T H . My
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In order to make these equations dimensionless, let

poary S5 AT (OT*AT | pv? (dﬁ*>2

w T H  Tw\y

poVHIY AT _ g,V (dury:
{ade  dx* {a) ATH? \ dy*

P~ﬁ*.(”_*=T*+B<gﬁ_*>z

dx* dy*
with
P number = Lo —V—H~
{a) L
_ Peéclet e
"~ Nusselt
2
B number = L v
(o> HAT
_ Brinkman
Nusselt =~ °
Nusselt = ol
A
Péclet = 22V H
L
A =—
H
NOTATION
A surface, m? Gz
B coefficient in Equation 56, H
Br  Brinkman number, L
D diameter, m T
P power, W N
F  force, N P
F,  correction factors (F,, F,, F;, Fy) Q

Graetz number,

channel depth, m

length, m

torque, Nm

screw speed, s *
coefficient in Equation 56
throughput, m3-s~!
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temperature, °C
circumferential speed, m's ™!
channel width, m
temperature coefficient of viscosity,
K— i
specific heat, J-kg~1-K~?
relative flight width,
degree of fill,
geometrical factor, m3
tabulated function, Equation 80
(relative) length,
number of flights,
power law index, -
nr  number of reorientations,
p pressure, Pa
r relative flight length,
t  (average) residence time, s
u,v velocity, m-s™*
%, 9,2z coordinates, m
{a) -~ average heat transfer coefficient,
W-m 2K
y  shear rate, s~
y  total shear,
¢  (flight) clearance, m
6  dircumferential angle (Equation 89),
rad
A heat conduction coefficient,
Jm LK
viscosity, Pa-s
density, kg-m™
shear stress, N-m ™2
pitch angle,

ocE<r

DB NAER -0 O

1

3

S ad™E

Subscripts .

a average, Q,, k,

a,b,c partab,c L, 7,
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channel, P, u,
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INTRODUCTION

The mechanodegradation of polymers in melts has been analyzed iq tem:s of /{rfj nr;cii;c;iéhg;
i i t the chain propagation step. i
cesses. Changes in molecular weight only occur a '
accounts for the following characteristics: smooth depender_xce of moleculgr welgh‘td 01111 t?rtr}llpi;aotl\;rce-
in model conditions and a sinusoidal dependence in processnrtl)g, a decreas:’ in the \zlcrtosc;ﬁnkes molec-
i istributi i titative correlation between ruptures an :
ular weight distribution function, a quan 1 . ssinks o the
i tion on the other, and an increase in long
hand, and change in double bond concentxia ) > 1
g?:nching due to the reaction of chain-side radicals. The effects of processing conditions (oxygen,
inhibitor, fillers, type of equipment, etc.) are shown. . )
N The mechani;mygf the chemical reactions that occur during the processing of pol‘yrrllers };:as ?ic:)e;)
of intense interest because of the practical importance of the problem. Prior to practical application,



