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Mathematical Modelling of Powder
Coating Polymer Extrusion in Self-Wiping
Co-Rotating Twin-Screw Extruder

Kennedy O. Amedu

Abstract — The objective of this research paper is to present a unified approach for modelling and quantifying the flow,
geometrical and process parameters in the local zones of the self-wiping co-rotating twin-screw extruder operated without a die as
applied in the production of powder coatings in order to aid optimisation of the process. To achieve this, the flow dynamics is modelled by
analysis of the velocity profile in the forward and reverse screw elements that are prevalent, from which the local drag and pressure flow
rate, degree of fill in the screw channel and residence time can be determined. A new modelling approach for the flow profile in kneading
disc elements is proposed. The Newtonian and non-Newtonian flow cases were considered. A model for calculating the non-Newtonian
viscosity was also proposed. With these strategies proposed, it is seen that it is possible to quantify the local geometrical and flow
parameters, which influence processing of powder coatings in the self-wiping co-rotating twin-screw extruder without recourse to

experimental data.

Index— Drag flow rate, pressure flow rate, degree of fill, mean residence time, mean time delay, feed rate, screw speed.

1. Introduction

The self-wiping co-rotating twin-screw extruder is
versatile equipment widely employed in the powder
coatings, pharmaceutical and food industries whether
for mixing or compounding purposes or just for
melting. The screw configuration is usually modular
with different types of screw elements in the local zones
of the extruder (e.g. helical screw and kneading
elements) making up the configuration.

The production of powder coatings using self-~wiping
co-rotating twin screw extruder, usually operated
without a die, involves the melt-mixing of a premix
consisting of the base polymer; usually thermosetting
resins such as epoxy, polyester acrylic or polyurethane,
with its constituents such as pigments, additives and
fillers to give the desired product and to suit customer
requirement. The primary particle size of the solid
fillers and pigments is usually small enough for further
breakdown during melt mixing in the extruder to be
unnecessary [29]. In addition, the chemical reactivity of
the thermosetting resins often imposes limitations in
terms of temperature and residence time during the
mixing process [29], [30].

Premix
(polymer+pigment+additives etc.)

Cooling process
Figure 1 — Stages in the Production of Powder Coatings
in Twin Screw Extruder (TSE) [31]
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An in-depth understanding of the processing behaviour
of powder coating premix with variations in screw
speed and feed rate enables process optimisation of a
range of formulations using the same extruder screw
configuration, hence the need for understanding the
flow dynamics in the extruder. The output from the
extruder will also be greatly influenced by the bulk
density of the formulations as low bulk density fillers
and pigments can lead to an output limited by intake
where difficulty is encountered in conveying the premix
away from the feed zone to the mixing zone consisting
of kneading elements [29].

Currently, optimisation of the extrusion process
during powder coating production is still based on
empirical approach where experimental investigation is
carried out and data fitting is done to derive a suitable
model. Apart from the cost and time constraint
involved in this approach, there is also hindrance in the
flexibility of determining the performance of the
extrusion process for other processing conditions for
instance when different materials are to be used or
input conditions are to be varied on the same extruder
configuration as
configuration. There are currently no detailed models
from first principles which shows how the behaviour
and connection of the local zones within a specific
screw configuration can be analysed to enable direct
quantification and optimisation of process parameters
or input conditions (e.g. screw speed and feed rate)
experimental data fitting,
particularly for the case of a self-wiping co-rotating
twin screw extruder without a die which is prevalent in
powder coating production. All the models currently

well as on other extruder

without recourse to
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available are based on extruders with a die. Also, no
detailed theoretical models exist for the analyses of flow
in the partially or partly full kneading disc zones such
as the forward kneading disc mostly used in powder
coating production.

It has been established from past research that
polymer processing in the extruder is influenced by
factors such as the flow dynamics, geometrical
parameters of the local zones, the operating conditions
(feed rate and screw speed) as well as the material
properties of the polymer (density and viscosity) [9],
[11], [12]. Research has also reported that the flow
dynamics is greatly controlled by the local geometrical
configuration [9; 11]. For example, the stagger angle of
the kneading disc used for melt mixing will dictate the
degree of fill as well as the pressure flow profile.
Kneading discs staggered in the forward or reverse
direction will behave like a forward or reverse screw
element respectively.

The geometry of the self-wiping co-rotating twin
screw extruder was studied in detail by Booy in [22]
who stated that the self-wiping co-rotating twin screw
extruder behaves much like a single screw extruder. It
was shown how the screw diameter, centerline distance,
pitch and number of tips influence design, net volumes
and surface areas. Kneading blocks were approximated
by a screw of “equivalent pitch” in the work by Potent
et al. [12]. Similar work was also carried out by Zagal et
al. [11] in which the equivalent pitch, width and height
of the channel of the kneading disk were determined.

In the modelling of the flow dynamics, Tadmor et al.
[21] elaborated that the mathematical model of
isothermal flow of a Newtonian fluid in shallow-screw
channels results in a simple design equation, giving
enormous understanding of the flow mechanism that is
very useful for first order calculations. This model
represents the standard classic pumping model for
single screw extrusion. Similar work was also done by
Booy [24], Meijer and Elemans [10] in which a
mathematical model of isothermal flow of viscous
liquids in
developed. Kneading blocks were approximated by a
screw of “equivalent pitch” in the work by Potent et al.
[12], making allowance for the leakage flow across the
flights from one channel to the adjacent channel. A
complex systematic design only for
implementation via software; for the determination of
the filling level profiles, the pressure profiles, the
melting profiles, the residence time distributions, the
temperature profiles, the shear stress profiles, and the
power consumption in modular tightly intermeshing
co-rotating twin screw extruders was presented

Vergnes et al. [5] proposed a simple global
computational flow model for self-wiping co-rotating

co-rotating twin-screw extruder was

suitable
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twin-screw extruders considering the local zones. The
flow in the screw zone was modelled using cylindrical
coordinates in which the channel section is considered
perpendicular to the screw flights, with special interest
on flow in the peripheral #-direction. No attempt was
made to model the flow in the intermeshing zone
between the kneading disc pair.

The goal of this research work is to present a detailed
modelling from first principles of powder coating
extrusion in a co-rotating twin-screw extruder operated
without a die. A unified logical approach for modelling,
quantifying and analyzing the flow profile and
geometrical parameters in the local zones of the
extruder for the forward and reverse kneading discs,
showing how the velocity profile evolves with the local
parameters and the subsequent
among the local zones to aid
understanding and optimization of processing in the

geometrical
connectivity

extruder equipment is presented. Special attention is
given to the forward kneading disc elements showing
how the degree of filling in the local zones can be
modelled since much attention has been particularly
given to fully filled reverse kneading elements in past
research. Newtonian as well as Non-Newtonian flow
modelling was done. A new model for analyzing the
non-Newtonian viscosity behavior was proposed.
Analysis of the flow in the channels of the kneading
disc was carried out and a new modelling approach
was proposed.

2. MATERIALS AND METHODS

QUANTIFYING THE FLOW AND GEOMETRICAL PARAMETERS

Processing with the self-wiping co-rotating twin screw
extruder whether for mixing or just for melting purpose,
is usually influenced by the flow dynamics and the
screw configuration available in the local zones. Thus for
the purpose of understanding and optimization, it is
necessary to quantify these parameters. The flow
dynamics will be influenced by the screw geometry as
well as the rheological parameters such as the viscosity
of the polymer material. The screw elements such as the
kneading disc can either be forward (e.g. 30 and 60-
degree forward kneading disc) or reverse conveying
(e.g. 30 and 60-degree reverse kneading disc). Also
based on the rheology, polymer materials can either be
Newtonian or non-Newtonian. The nature of the flow
profile will be treated in this section. The modelling will
be limited to the isothermal case.

2.1 Newtonian Flow in Forward Conveying Elements:

For the isothermal incompressible Newtonian flow, a
fluid particle starting at the feed zone will advance in
the down channel direction (z axis) in the screw channel.
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Thus the volumetric flow rate Q, is obtained by
integrating the z-component of the fluid velocity vector
over the cross-section of the channel perpendicular to
the z-axis. Mathematically, this is given as:

Qu = I Iy vedxdy M
The continuity equation of the rectangular coordinate in
the z-axis or the z component of the momentum
equation for steady isothermal flow of an incompressible
Newtonian fluid [21; 23], can be reduced to:

1 (0P d?v,

LG = @
With boundary conditions given as:

v,(0) = 0 v,(h) = V, ©)

Thus the solution to equation 2 above satisfying the
boundary conditions can be written as:

o= () -222(2) 0

The volumetric flow rate from the simplified flow
theory reduces to;
h
Q =w [, v,dy &)
The volumetric flow rate after introducing equation (4)
into equation (5) and integrating gives;
Vz;wh wh3 dP

Q= Fa*‘a(—E)Fp Q)
Where the first term is the drag flow rate and the

second term is the pressure flow rate. This can be
written as;

Qu = Qd - Qp (7)
Where;

Qa="2"F, ®)
0 =2 ()5 9)

Where Q, is the volumetric flow rate from the hopper,
Qq is the drag flow rate, Q,, is the pressure flow rate, F
and F, are shape factors for the drag and pressure flow
respectively, V, is the maximum down channel velocity,
w and h are the width and height of the channel
respectively, p is the viscosity of the polymer material
and Z—Pz’ is the down channel pressure gradient. The
pressure flow, which can occur as a result of local filling
particularly in the kneading disc channel, is negative,
signifying positive pressure gradient or pressure rise in
the direction of flow [21]. There is no backflow resulting
in back pressure since there is no die.

If we divide equation (7) by Qg , it becomes;

D_1_& (10)
Qd Qad
If we make a = % and B = Z—p, then;
d
r=1-p (1)
Q4
Where 8 can be written as;
Q W—h3(d—P) h? dp
_ ~p __ 12p\dz) __ ar
B= Q4 VZTWh ~ euv,dz (12)

Bringing a and § into equation (4) above, the velocity
profile in the down channel direction can then be
written as;
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Z=a(l-3B+3ap) (13)

Equation (13) above describes the velocity profile in the
forward conveying screw elements. A plot of a against ;—Z

z

at various f§ values for the forward conveying elements
such as forward screw and kneading disc can be done to
determine the variation and shape of the velocity profile
in the down channel direction. This is shown in figure 2
below.

el
v,

Figure 2 — Velocity profiles in forward conveying screw
elements.

22 Newtonian Flow in the Reverse Conveying
Elements:

For the case of the reverse screw elements, the reverse is
the case in comparison to forward screw elements. Thus
using the same approach for the forward conveying
elements, the sign in the flow equation is changed or
becomes the opposite [5], [12], [26]. Chandrasekaran and
Karwe [26] carried out an experimental investigation of
the velocity profile in both the forward and reverse
kneading disc elements which clearly showed this
assumption to be true. Thus, changing the sign of the
down channel velocity in equations (4) and (7) above
give the following;

(h—y) (0P v,
. =252(5) v (%) (14)
Qv = Qp - Qd (15)

&_%_4q (16)

Qa Qa

L_p_1 17)

Qa

As done earlier, putting a and f in equation 14 results
to;

%::a(3ﬁ——3aﬁ——1) (18)
Since the flow in the reverse kneading disc is the
opposite of the forward kneading disc case, it can be
assumed that the pressure flow @, is positive, signifying
negative pressure gradient and a drop in pressure in the
direction of flow. Backflow in this case occurs as a result
of the reverse drag flow.
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A plot of a against % at various f values for the reverse
4

conveying kneading disc elements can be done to
determine the variation and shape of the velocity profile
in the down channel direction shown in figure 3 below.
12
o B=1
—-B=2/3
—~—B=1/3
- B=0

-1.2

v

Figure 3 — Velocity profiles in reverse conveying screw
elements.

The f value is a flow characteristic property which
defines the behavior of each zone based on the
geometrical configuration. Thus, the local zones will be
analyzed individually to understand its behavior and
how important local parameters can be quantified based
on the velocity flow profile.

2.3 Solid Conveying Zone

The solid conveying or intake zone usually consists of
helical screws with the sole function of conveying the
polymer material away to the kneading disc zones in the
solid state. As such, the barrel segment of the zone is
usually kept at room temperature.

///
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Figure 4 — Self-wiping forward helical screws

The polymer material in this zone is conveyed
without any pressure development as a result of the
partial filling in the zone. The boundary conditions for
the flow are given in figure 5 below.

p=0

z =) | b

VZCS

VZ cs

N

X

Figure 5 — Flow profile in the solid conveying zone.
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The maximum velocity occurs at the surface of the
rotating screw and the velocity profile is linear since

there is no pressure development [18]. The exact
solution of the velocity is given as;
Ve @) = Vs @) (19)

If the helical screw with diameter Dy and a pitch angle of
0.5 is rotating with speed N, the maximum velocity in
the direction of flow is given as;

Vzes = mDgNcosO, (20)
The maximum drag flow rate can be given as;
QDCS = mnDchosgcchshcsfdcs (21)

Since there is no pressure flow (Q, = 0), the flow profile
is linear, the mean velocity will be thus half of the
maximum velocity (18). The mean flow rate is given as;

chs = Qdcs (22)
In practical operation, Q,cs # Qgcs [21], hence the degree
of fill is determined from the ratio between Q,., and

Qdcs'

The mean drag flow rate is thus given as:

Qucs = %nDchosecchshcsfdcs (23)
Where;

m=2n;—1 (24)
0,; = tan™? 7‘1’7 (25)
Wes = pcscosecs

hes = R,(1 + cosf,s) — V(CZ — RZsin?6,) (26)

Where m is the number of parallel channels, w s and h
are the width and height of the channel respectively, n;
is the number of screw tips, p. is the screw pitch in the
solid conveying zone, R, is the barrel radius, C; is the
centre line distance and f;., the drag flow shape factor.
The drag flow shape factor f; is a correction factor
which accounts for the curvature of the channel not
taken into account in the rectangular channel. The
shape factor is usually determined from the analytical
solution of a two—dimensional stress balance [21] given
as;

16 h
fa =523, 557 tanh (=) @)

For practlcal purposes (h/ w < 0.6), the correction factor
can be expressed (in this case for the solid conveying
helical screw zone) as;

facs =1— 0572 (28)
The mean res1dence time in the zone is given as:

e VCS

tcs = QVCS (29)
Ques = _b (30)
Ves = AgLes (31)

Ar = Ay — A 32)

A, = 2(m — )R + C R, siny (33)

As =n;(YCE — C,Rysimp) = ~m; o [RZ = (C, — R,)?] (34)

Where ¢, is the mean residence time, V, is the free
volume, Q,. is the volumetric flow rate from the
hopper, p;, is the bulk density of the polymer material,
Ay is the free area, A, is the barrel area, A; is the screw
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area, Y is the angle bounding the interpenetration
region and L is the length in the solid conveying zone
respectively. If f is the degree of fill, then the degree of
fill in the solid conveying zone f is given as:

— Ques
fcs - Qdcs (35)

The mean time delay can be determined from the
unfilled portion of the screw once the degree of fill has
been calculated [3, 27]. Let t,,. be the effective mean
residence time of the polymer material in the zone.
Thus:

tnes = fcszcs (36)
Where;

Ecs = tmcs + tdcs (37)

Thus;

tacs = tes — fcszcs (38)

taes = (1 - fcs)zcs (39)

The modeling approach can also be applied in the melt
conveying zones and is described below.

2.4 Melt Conveying Zone
The forward kneading discs such as those with 30 and
60-degree stagger angles are forward conveying

elements which behave in similar fashion to right
handed screw element. As such, an equivalent pitch and
pitch angle can be calculated for the kneading disc [11],
[12], [21], [24]. Experimental investigation has also
shown that the stagger angle will influence the degree of
fill with 60-degree stagger angle having a higher degree
of fill (15) than the 30-degree stagger angle kneading
disc. A good degree of fill is necessary for pressure
development to occur. Thus it could be assumed that the
kneading disc with a 60-degree forward stagger will
have higher pressure development, so long as there is no
backflow to cause pressure drop. The flow profile in the
kneading disc zone is complex and strongly controlled
by the geometry. As stated by Booy [22], an indepth
knowledge of the geometry of twin screw extruder is
essential for analyzing fluid flow profile. A number of
channels are open through which flow can occur as
shown in figure 6 below.

Channel 3 - Intermeshing zone

Channel 2
Channel 1

Figure 6 — Flow regions in a Kneading disc pair.
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Generally, the number of channels in the kneading disc
zone can be calculated based on the groove model [24].

m=m;+m (40)
m,=2n;—1 41)
my == (42)

Where m, is the number of channels representing
channels 1, 2 and 3 while my is the channels due to the
gap between the flight and the barrel surface and «a is
the flight tip angle. Channel 3 above represents the
intermeshing zone. There is usually leakage flow in the
gap between the flight of the kneading disc and the
barrel. Some authors have stated that the leakage flow is
negligible [24], while some have stated that substantial
flow occur in these channels [10]. It could be argued or
assumed that some of this leakage flow rejoins the
intermeshing channel zone 3 and the other channels 1
and 2 due to pressure development within the gap or
perhaps due to the rotation of the kneading discs wiping
the material off the surface of the barrel, thereby making
it basically three main channels in the zone as
determined using equation 41 above. As given by past
authors [21; 24], the flow in the kneading disc
represented by m, number of channels can be given as;

Qum = Mc(Qara — Qpka) (43)
Where;
1 )
Qacka = ;”Dchosgkdsmgdekd hyafaka (44)
Wighiy (dP
Qkad = %#kd (E) Fpkd (45)

For the forward kneading disc, an equivalent pitch
angle 6,4, channel width wy,, channel height hy; and
shape factor f;.4 can be determined [11; 12] and are

given as;

Oa = tan™! (1) (46)
Wia = pkdcmﬂ — €ka (47)
Pra =~y (48)
hiea = Ry {1+ cos (%)} = /(C7 — Rsin? () (49)
fara = 22852 L tanh (2242) (50)

Where 6,, is the equivalent pitch angle and py, is the
equivalent pitch, ey, is the thickness of the kneading
disc, a4 is the stagger angle for the forward kneading
disc, R, is the radius of the barrel and f;;4 is the drag
flow shape factor in kneading disc zone. The shape
factor is controlled by the ratio between the depth and
width of the channel %/,,. A graphical guide for
estimating the drag flow (as well as the pressure flow)
shape factor once the h w ratio is known was given by
Tadmor and Gogos [21]and is shown in figure 7 below.
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Figure 7 - Shape factors for drag and pressure flow [21].

Taking a critical look at figure 6 above, it can be seen
that channel 3 cannot be same area with channels 1 and
2, suggesting the possibility of an over-estimation.
Another way the modelling can be approached is by
taking the intermeshing region to be two complete
channels like channels 1 and 2 and subtracting the area
of the cut off portion of the barrel which makes it an 8-
shape from the total area. This implies that there will be
four channels minus the cut off area. This is illustrated
below;

ChanneS Channel 4

Channel 1

\

Channel 2

Figure 8 — Complete channels in a pair of kneading disc

€

Figure 9 — Geometrical parameters of the kneading disc
intermeshing zone (illustrating the cut-off area).
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The resultant flow can be calculated thus;
Qum = 4(Qd(]kd - Qkad) — 2(Qainka — Qpinkd) (51)
1 .

Qainka = > DN cosOyqSinbigWinkahinkafainka (52)
in h?n ar

Qpinka = %ukd (E) Fpinka (53)
, N2

Winka = 2 Rz% - (;l) (54)

, 2
Rinka = Ry — | RE — (2242) (55)

It can also be seen that in the models presented by Booy
[24], the clearance between the kneading disc flight tip
and barrel through which leakage due to pressure flow
can occur has been neglected. There will be four flight
tip channels in the kneading disc as seen in figure 10, as
such, the pressure flow equation will be multiplied by
four and the equivalent pitch angle for the kneading disc
replaced with the flight tip angle. This can be
approximated as follows;

Channel 1 Channel 2

Channel 3

Channel 4

Figure 10 — Channels between the kneading disc
flight tip and barrel.
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Figure 11 — Kneading disc showing the flight tip angle a.

h3.q (dP
Qria = WL%MLM (E) pLkd (56)
Wika = 2Ry sin (%) (57)
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hixa = Rp — RIZJ - (%)2

(58)
Ara = g_ 2Ypq (59)
Thus with the inclusion of the leakage flow, the total
flow in the kneading disc can then be given as;

Qum = 4(Qdckd - Qkad) - Z(Qdinkd - Qpinkd) = Qrka
(60)

Equation 60 can be rewritten thus;

Qum = Qaka — kad (61)
Where;

Qara = 2(2Qaka — Qainka) (62)
Qpka = Z(ZQkad - Qpinkd) + Qrka (63)

2.5 Flow Profile in the Forward Kneading Disc

As stated earlier, the forward kneading disc behaves
more like the right handed screw element in which
material is conveyed in the down channel direction
without any backflow in the axial direction [21]. The
conveying capability is dependent on the stagger angle
[11], [12], [25], thus the drag flow capacity will differ for
different stagger angles. The resultant flow profile is the
linear superposition of the drag and pressure flow. In
this case the pressure and drag flow has velocity fields
(using the analytical approach) acting in the forward
direction as shown in figure 12 below:

Vde

1
B =3 S
y Vzkd
z —) h
Vzkd
X

Figure 12 — Flow profile in the forward conveying
kneading disc zone.
It can be observed in figure 12 above that the flow

profile is a combination of drag and pressure flow. The
drag flow occurs as a result of the rotation of the screws
while the pressure flow results due to pressure
developed as a result of the smearing action between the
barrel and kneading disc resulting from the local filling
of the zone with the polymer material.

For the case of the forward kneading disc, pressure
increases in the direction of flow ie. the pressure
gradient is positive and thus, the pressure flow term @,
is negative (Q, < Qg).

From figure 12 above, it can be deduced that an
approximate mean pressure flow rate for the forward

kneading disc Q4 is given as;
_ Opka

Qpea = 22 (64)

The mean drag flow rate in the down channel Qg 4 is
given as:
Q

dkd = [;kd (65)

It can be easily deduced from equations 61, 64 and 65
that the net flow rate is given as;
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Qun = 25t — 51t = (66
Similarly, as analyzed for the solid conveying

Qpkd . . .
zone, Qyy, * DTM in practical operation as the extruder is

run from a metered hopper, hence the degree of fill in
the melt conveying forward kneading disc can then be
determined from the ratio between Q,,,,, and %.

Applying a similar approach used in the solid conveying

zone, the mean residence time equations are derived
thus [27];

fa = g2 (67)
Qum == (68)
E_mkd =_fkdfkd_ (69)
tra = tmra t taka (70)
fu = o
_de = ilkad _ (72)
taka = tka — fratka (73)

Here, Q,, is the volumetric flow rate, t,4, tmrq and Eaxq
are the total, effective mean residence time and the mean
time delay respectively, Vi, is the free volume, fi4; the
degree of fill and p,, is the melt density at the average
fluid temperature of the polymer material, all in the
kneading disc zone.

2.6 Flow Profile in the Reverse Kneading Disc

In the case of the reverse kneading disc, the two
dominating flow, i.e., the drag and pressure flow change
directions. The presence of back flow in this case is due
to drag while the pressure flow is the forward flow as
shown in figure 3 above. The degree of fill is greater
than unity. The flow profile is basically the reverse of the
forward kneading disc elements. Analysis of the flow
profile shows that, for there to be flow advancement in

the forward direction of the down channel as can be
Qpkd
Qdkd
> 1/3) but less than or equal to

seen from figure 3, it can be assumed that must be

Cpkd
Qaka
2/3 (% < 2/3) on average, since at § =1, the drag

dkd
and pressure flow are equal which can stall the flow and

possibly not obtainable in this case of an extruder
without a die.

greater than 1/3 (

B =2/3

7€

z ; L () h
E zkd
x

Figure 13 — Flow profile in the reverse conveying
kneading disc zone.

Thus;

2Q
kad = :kd (74)
Qum = _Qszd Zngd - % (75)
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It will also be expected for the reverse kneading disc
element to behave in the reverse way in terms of the
conveying capacity. Thus the 30 and 60-degree reverse
kneading disc becomes -60 and -30 degree kneading disc
respectively. This implies that the -60 degree kneading
disc can be assumed to have more backflow, hence less
conveying capability than the -30 degree kneading disc.

ta = o2 (76)

tinka = tra(1 + fra) (77)
_ Qum

fia = Qpka/6 (78)

Looking at equations 76 — 78, it has been assumed that
degree of filling will be greater than unity because of the
backflow caused by the reverse drag flow. This is shown
in equation 77 with the degree of fill f;; assumed to be
the extra fill beyond unity similar to that of the forward
conveying kneading disc.

2.7 The 90 degree kneading disc and the metering zone

The 90 degree kneading disc has zero conveying
capacity as polymer material in this zone is usually
transported away by the preceding conveying kneading
discs [21]. It is assumed to be always fully filled because
it is non-conveying (5; 8; 13) no matter the feed rate and
screw speed as fluid material must accumulate and fill
up the length of the zone before there can be transport
away from the zone by the preceding forward
conveying zones. Also, the metering zone which is
without a die in this work, preceded by the 90 degree
kneading disc zone in this investigation is fully filled
Newtonian flow model has to be modified to account for
the changing viscosity. There are several visocity
equations for non-Newtonian fluids such as the Power
law, Carreua, Reiner-Philipoff and the Ellis model [21],
to mention just a few. The Power law model is
frequently used and can describe the shear-thinning
behavior of polymers with good accuracy. The Power
law model for isothermal non-Newtonian flow is given
as;

=Ky 81)
Where K and n are the consistency and flow index
respectively for a specific polymer material while y is
the shear rate. For shear thinning fluids, n < 1. When
the flow index n is unity, the power law reduces to the

Newtonian law. The shear rate y is given as;

. dv,
y =2z (52)

Equation 82 can thus be solved by differentiating the
down channel velocity equation in equation 4 above.
This gives;

ly=nh

vy _ d [Vg _ ((vh+y?))ap

dy - dy [h ( 2u ) dz] (83)
dvy _ Yz _ (h+2h\aP

Ely:h - h ( 2u )dz (84)
. Vy h dp

V=t us (85)
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(basically with a shorter length than the preceding 90
degree kneading disc zone) to be able to generate the
pumping pressure at the exit of the extruder [8], [13].
Aside this, the screw pitch in the metering zone is
usually smaller than that of the feed zone (solid
conveying zone) to enable it generate pressure. Note that
if the metering zone is not preceded by a 90-degree
kneading disc but by forward kneading discs for
instance, then the degree of filling could be influenced
by the operating conditions of screw speed and feed rate
and thus the approach used for the melt conveying
forward kneading disc will apply. In this case of a fully
filled condition, the mean residence time is given as:

b = L (79)
Vip = Arlyy (80)

Where fff is the mean residence time, V;; is the volume,
L¢f is the length of the fully filled zones and Q,, is the
volumetric flow rate.

Experimental investigation can be carried out for
validation purposes to determine if the process
variables in the model such as the mean residence time
and mean time delay quantified theoretically has been
properly done.

2.8 Non-Newtonian Flow

In the Newtonian flow model presented above, the
viscosity is independent of the shear rate. Most molten
polymer materials are shear thinning or pseudoplastic in
nature, i.e., its viscosity decreases with increasing shear
rate or shear stress. Thus the viscosity parameter in the

Rearranging equation 85 for the pressure gradient gives:
P (y_E)2

dz (y h) h (86)
Also rearranging equation 4 above for the pressure
gradient results in;

P _ (Vzwh 12p
dz ( 2 fa Q”) Wh3F, (87)
Equating equation 86 and 87 gives;
. Vz\ 2u _ (Vzwh _ 12p
(=)= (rr o), )

Neglecting the shape factors for now, equation 88
simplifies to;

. 2 3Qy
y =2 (2, - &) (89)
Thus, equation 81 can now be rewritten as;
2K 30,\" 1
U= T(ZVZ - E) (90)

Thus, the viscosity changes according to equation 90 and
replaces the viscosity in equation 4 above to characterize
the non-Newtonian behavior of the fluid.

3. RESULTS AND DISCUSSION
Analysis of the Flow Profile:
Figure 2 above shows the velocity profile in the down
channel direction for the forward conveying elements. In
the y — z plane, the shear pattern is greatly dependent
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on the value . This is quite an important parameter to
consider since transport or fluid advancement occurs
mainly in the down channel direction (z-direction) as
flow in the x-direction is a circulatory flow with no flow
advancement. Though flow in the z-direction (down
Note that velocity vectors in the down channel direction
(z — plane) for the forward kneading disc has all positive
values only for f < 1/3 whereas for f > 1/3, it has both
positive and negative values. This implies that the
optimum filling level for there to be no backflow occurs
at f = 1/3. Further increase in the value of 8 will result
in backflow, thereby slowing down the advancement of
the fluid towards the discharge port. This also indicates
that at B =1/3, the local forward kneading block
reaches its inherent throughput, further increase which
will result in backflow. This case occurs when the
forward kneading block is (increase in
throughput or feed rate at a given screw speed is larger

overrun

than the amount of fluid material the local zone can
accommodate) for example by a preceding or previous
zone with a higher pumping capacity. This phenomenon
of the occurrence of backflow or the local kneading
block exceeding its inherent throughput thus leads to
pressure drop (positive and negative pressure values
with a resultant reduction in net pressure rise). In this
case, the local forward kneading block must now feed
more per revolution than the maximum possible
throughput during the pressure-free conveying [9], [12].

For the flow in the reverse conveying elements as shown
in figure 3, the drag flow is in the reverse direction while
the pressure flow is in the forward direction. There must
be considerable increase in the pressure flow for there to
be effective advancement of fluid downstream since the
drag component of flow conveys the fluid in the
upstream direction, making the pressure flow dominant.
In a sense, the pressure flow must exceed the drag flow
of the reverse kneading disc for there to be forward
movement of the fluid, thus implying that forward flow
occurs by pressure drop [28]. This implies that the local
screw element must be fully filled beyond unity for this
to occur, hence the dominance of pressure flow over
drag flow in the reverse kneading disc. As such, f must
always be greater than % (B > 1/3) as can be seen in

figure 3 above. The reverse kneading disc acts like a flow
obstacle in similar fashion as a die which generates a
drop in pressure. Thus f# must have an average value of
2/3 for there to be effective flow advancement. Again
for the case of § = 1, for which there is equal drag and
pressure flow, there will be no flow advancement in the
axial direction as the fluid particle simply advances and
retreats in the channel. This case will not be obtainable
for the extruder run without a die.
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channel) is also a circulatory or rotational flow but
makes a flow advancement in the axial direction
equivalent to the pitch length for each turn of screw [12],
[22], [24].

4. CONCLUSION
Following a unified logical approach in modelling,
quantifying and analyzing the flow and geometrical
parameters in the local zones of a self-wiping co-rotating
twin-screw extruder, gives a clearer understanding of
the interrelationship among these parameters thereby
aiding optimization of powder
processing in the extruder equipment. It is possible to

coating polymer

analyze and quantify from first principles the flow and
geometrical parameters and relate these to the operating
conditions for a self-wiping co-rotating twin screw
extruder to aid the process operator in making decisions
and maximizing output from the extruder.
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