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ABSTRACT

Mixing is one of the main functions of screw extruders. In the andyss of mixing, there are two
mixing mechanisms that need to be congdered: didributive and dispersve mixing. It is wdl known
that sngle screw extruders generdly have poor dispersve mixing capability, even when dispersve
mixing dements are incorporated into the screw desgn.  This paper will discuss the requirements for
digpersve mixing, current dispersve mixing dements used in sngle screw extruders will be andyzed,
and the lack of efficient digpersve mixing will be explaned. A new generation of dispersve mixing
elements will be introduced for use in both single and twin screw extruders and internd mixers. A two
and three dimendond flow smulation will be used to andyze the mixing performance of these new
mixes  Expeimenta work on the new mixing eements will be aso be presented;, the results
demondtrate thet it is possble to achieve dispersve mixing on single screw extruders thet is as good as
what can be achieved on twin screw extruders. The implications of these esults on the compounding
industry will be briefly discussed.

INTRODUCTION

Single screw extruders with smple conveying screws have poor mixing cgpability (1, 2). To improve
the mixing capability, mixing sections ae often incorporated in the screw design.  The most
commonly used didributive mixing dements are pin mixers, dotted flight mixers, and cavity mixers
Commonly used digpersve mixing dements are bliger rings and fluted mixing sections. Even though
vaious disperdve mixing dements have been avalable dnce the 1960s, the dispersve mixing ability
of dngle screw extruders is rather poor compared to that of twin screw compounding extruders. In
this paper, we will examine the limitations of current dispersve mixers and introduce a new
generdion of digpersve mixers that will dlow single screw extruders to match or better the dispersive
mixing ability of twin screw extruders

LIMITATIONS OF CURRENT DISPERSIVE MIXERS

Important requirements for dispersve mixing dements were formulated by Rauwendaa (1, 8); they
are:

A. The mixing section should have a high dress region, HSR, where the materid is subjected to high,
preferably elongationa, stressesto break down agglomerates and droplets.

B. The HSR should be designed such that the exposure to high shear stresses occurs only for a short
time to avoid excessve power consumption and melt temperature rise.

C. All fluid dements should experience the same high dress leve multiple times to achieve uniform
and efficient mixing.



If we andyze current dispersve mixers based on these requirements, we find that most current
dispersve mixers only meet these requirements partidly.

The most commonly used dispersve mixer in sngle screw extruders is the LeRoy mixer (3),
popularized by Maddock. There ae severd versons of the fluted mixing section (1) commercidly
available, with the hdica LeRoy being a popular mixing section because of its low pressure drop and
good dreamlining. Like the LeRoy mixer, most current dispersve mixers rey on shear stresses to
achieve breskdown of the agglomerates. However, sance dongationd flow has open streamlines and
generates higher dresses it is more effective in bresking down agglomerates and droplets (4).
Therefore, dongationd stresses are preferred in a dispersive mixer. A new dispersive mixer based on
the generation of dongationa flow was developed a the NRC in Montred, Canada (5). This
extensond flow mixer (EFM) is placed a the discharge end of an extruder and the flow through the
mixer is pressure driven.

In mogt current, shear flow, dispersve mixers the materid passes through the HSR only once; thus,
sevedy limiting the level of disperson that can be achieved. To achieve a fine levedl of disperson it
is generdly necessary for the agglomerates or droplets to be broken down severa times. Therefore, a
angle pass through a high sress region is not sufficient in most cases and multiple passes through a
high dtress region are criticd.  If the agglomerate is of the order of 1000 mm and needs to be reduced
to the 1 nm levd, it will take about 10 rupture events if we assume that each rupture event reduces the
agglomerate size by 50 percent. It should be noted that drop breakup does not aways reduce the drop
sze by 50 percent. The mogt efficient mechaniam for digpersing liquids is to deform droplets into
extended threads at high Capillarity number a let them disintegrate into smdler droplets. The droplets
that form can be much smdler than the initid droplet Sze — formation of over 10,000 droplets from a
sngle drop has been reported.

If each pass through a high sress region produces one rupture, then it becomes clear that a dispersve
mixer that exposes the polymer mdt to only one high stress exposure is not likdy to achieve a fine
level of disperson. This is an important reason why current dispersve mixers in sngle screw
extruders generdly do not work well. The lack of strong eongationa flow and multiple passes
through the HSRs explans why current dispersve mixers for dngle screw extruders have limited

dispersve mixing capability.

NEW DISPERSVE MIXERS FOR SINGL E SCREW EXTRUDERS

With the requirements formulated above, new geometries have been developed that subgtantidly
improve dispersve mixing;, a patent goplication for this new dispersve mixing technology is pending.
These mixers, cdled CRD mixers, can be incorporated along the extruder screw. As dated earlier, the
key to the enhanced mixing efficiency is the generation of eongationd flow in the high dress regions
and achieving multiple passes of dl fluid dements through the HSRs.

Elongationd flow is not eedly achieved in screw extruders. 1t is generated mogt efficiently by
modifying the leading flight flanks of a mixing section such that the space between the flank and the
barrd becomes wedge shaped. Such geometries create loba mixing and have been used in twin screw
extruders (6). This can be done by ether danting the leading flight flank or by usng a curved flight
flank geometry as shown in figure 1. Multiple passes through the HSRs can be achieved by using a



multi-flighted geometry combined with a generous flight dearance. A possble geometry is shown in
figure 2.

In order to achieve multiple passes through the HSRs, they should be designed such tha sgnificant
flow takes place through them. This issue was studied by Tadmor and Manas-Zloczower (2).
Substantia flow through the HSR can be achieved by increasing the flight cleerance.  However, this is
only pat of the story because without randomization of the polymer mdt, increesing the flight
clearance will only result in mixing of the outer recirculating region (1). Another problem with a large
flight clearance is that it leaves a thick stagnant layer of polymer mdt on the barrd surface. Using at
leest one wiping flight in addition to the mixing flights can circumvent this problem. An early verson
of the CRD mixer is shown in figure 3. Ingead of incorporating separate wiping and conveying
flights, it is possble to use one or more flights that incorporate wiping and mixing ssgments dong
ther length. A possble geometry is shown in figure 4. Complete barrd wiping can be achieved by
making sure that a least one wiping flight segment is present at every axid pogtion aong the mixer.

By intentiondly incorporaing didributive mixing in the dispersve mixer, randomization of the fluid
edements can be achieved. This gives each fluid dement equa chance to experience the dispersve
lobd mixing action. Without this only fluid dements in the outer recirculaing region (shdl) would
participate in the dispersve mixing process (1, 7). The dotted geometry shown in figures 2-4 has
proven to be quite effective for digributive mixing (8). The hdix angle of the mixing flights can be
postive, negaive, and even zero. It is possble to use dements with 90° hdix angle and stagger the
elements to achieve forward or rearward conveying, Smilar to kneading blocks in co-rotating twin
screw extruders.  The difference is that the disperdon disks can be designed to achieve maximum
disperson without the geometric condraints associated with sdlf-wiping action (1). An example of a
collection of staggered disperson disksis shown in figure 5.

The mixer should be designed such that dl fluid dements are exposed to a minimum number of passes
through the high dress region. This requires a high enough flow rate through the high dress regions
and efficent digributive mixing. Determination of the appropriate clearance of the mixing flights is
discussed in the next section.

DETERMINING THE PROPER CLEARANCE VALUE WITH RESPECT TO FLOW RATE

According to Tadmor and Manas-Zloczower (2) the passage distribution function can be written as:
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where k is the number of passes through the clearance, the dimensionless time | =¢. /¢ is the ratio

of the residence time ¢, and the mean resdence time ¢ of the controlled volume. The resdence time
for aNewtonian fluid can be agpproximated as follows:
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where z is the hdical length of the screw section considered, v, the down-channe barrd velocity, and
r the throttle ratio (pressure flow rate divided by drag flow rate). The mean resdence time is the ratio
of the controlled volume WHDz to the volumetric leskage flow rate over the flight; it can be
determined from:
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where W is the channd width, H the channel depth, d the radid flight clearance, w the cross-channd
barrel velocity, and w the flight width. The dimensonless time can be written as
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where L is the axid length corresponding to down-channd disance z.  The fraction of the fluid
experiencing zero passes through the clearance is.

Gy=¢€ I ®)

The Gp fraction should be low to ensure that most of the fluid experiences a least one or more passes
through the clerance. In dngle screw extruders with a smple conveying screw the | vaue is
typically about 0.1. This corresponds to a G fraction of around 0.9. In this case, most of the fluid
passes through the extruder without ever passng through the clearance. The passage didribution
function for this caseis shown in figure 6.

We can use the expressons above to determine the minimum | vaue tha will yidd a Gy less than
0.01, meaning that less than one percent of the fluid will not pass through the clearance a dl. This is
achieved when the dimendonless time | >4.6. For certain values of L, H, W, r,f, wf we can then
determine how large the flight clearance d has to be to make | >4.6 or Gy<0.01. The passage
digribution function for | =4.6 is shown in figure 7. The digribution a | =4.6 is quite different from
that a | =0.1. With | =4.6, the Gy fraction is quite low and most of the fluid experiences 4 passes
through the HSR. The vadue G, is about 0.19; this means that about 19 percent of the fluid passes
through the HSR 4 times.

When L=3W, r=0, and f =17.67°, the ratio of d/H has to be about 0.8 to achieve a G<0.01. Clearly,
with such a high ratio of d/H it will be dmost impossible to create large stresses in the clearance and
to accomplish effective digpersve mixing. From equation 4 it is cler what geometric variables we
have to change to achieve a low G fraction a a smal clearance. We can do this by 1) increasing L,
the length of the mixing section, 2) increesing f, the hdix angle, 3) reducing w;, the width of the
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fligt, and 4) increesng the number of flights. Increasing the number of flights reduces the channd
width, W.

If we increase the hdix angle from 17.67 to 60 degrees with the other values being the same, the d/H
ratio has to be about 0.35 or greater for the G fraction to be less than 0.01. This vaue is 4ill rather
large, but subgtantially better than 0.8. The d/H ratio can be further reduced by increasing the length
of the mixing section or reducing the flight width or by increesing the hdix angle even more.  The
point is that this procedure dlows a fird order determination of the desgn variables  Further
refinement of the initia values can be obtained from computer smulation.

DETERMINING THE PROPER CLEARANCE VALUE WITH RESPECT TO STRESSLEVEL

Ancther important requirement for digpersve mixing is that the stresses generated in the HSR are high
enough to achieve rupture of the agglomerate or droplet. The highest shear stresses occur in the region
where the mixing flight has the smalest flight clearance. The shear rate at this point can be expressed
as.
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= 6
9= (6)
If the shear viscosity of the polymer mdt is h, the maximum shear stress can be written as.

_ph,DN
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If the criticd shear dress required for rupture is teit, the maximum flight cleerance that can achieve
dispersion can be expressed as.

d — mSDN

max t

(8)
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If the viscogity is h<=500 Pa-sec, the screw diameter D=120 mm, the screw speed N=1.5 rev/sec, and
the criticd shear dress t¢;;=140,000 Pa, then the maximum clearance of the mixing flight is dmax=2
mm.

DETERMINING THE PROPER FLIGHT FLANK GEOMETRY

As explaned ealier, for efficient disperson it is more important to achieve dongationd sresses than
shear dresses.  Elongational stresses are generated in the wedge-shaped region between the pushing
flight flank and the bard. The dongation rate in the wedge can be obtained by usng a procedure
suggested by Cogswell (9) and further developed by Tadmor (10). The average stretch rate close to
the entrance of the flight clearance can thus be written as.

. (1+r,))pONdtana
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where a is the wedge angle between the pushing flight flank and the barrd surface and g the throttle
ratio (pressure flow rate divided by drag flow rate)

The eongational stress can thus be expressed as

S » (1+ rd)ﬂ)NZChe tana (10)
H
where he isthe dongationd viscosity

If the criticdl elongationd gtress required for rupture is Sit, the following inequaity mugt be saisfied
for dispersion to occur:

(1+r,)pDNch, tana
H2 crit

(11)

From this expresson the criticd parameters for the flight flank geometry can be determined.
Unfortunately, expressons 9-11 are vdid only for smal vaues of the wedge angle a. As a reault,
these expressons have limited usefulness. If we assume that the drag flow in the channd is forced
through the flight clearance, the average stretch rate can be approximated by:

e POV A (12)
2d

With this expresson, we can determine a maximum flight clearance for digpersve mixing based on
the requirement that the eongationd stress must be greater than the critical dongationd dress. This
leads to the following expression:

g -PDNh tana 13

crit

If the diameter D=120 mm, the screw speed N=1.5 rev/sec, the dongationd viscosity he=1,500 Pa-sec,
a=30 degrees, and the critica dongationd dress s it=100,000 Pa, then the maximum flight clearance
IS dmax=2.45 mm. The expressons above can be used for a first order gpproximation of the critical
geometrica parameters of the mixer. For accurate determination, numerical techniques are necessary
to capture the complexity of actud flow.

SLOT GEOMETRY

The dots in the mixing section can be used to achieve eficent didributive mixing, Smilar to mixing
in a Saxton (11) mixing section. The dot geometry typicdly used in didributive mixers is a Sraight
dot. For dispersve mixing, however, it is better to use a tapered dot because this will create
additiond eongationd flow as materid passes through the dot. The geometry of the dot can be made



such that the flight maintains full wiping capability. The geometry of the dotted flight is shown in
figure 8.

The flight maintains complete wiping capability when the axid component of the pushing dot flank,
Ls2, isgreater than the axia dot width, Ls. Thisis the case when:

. : w,
sn*f  cotf ,+snf , cosf, £W— (14)

When the flight helix angle f /=45 degrees, the inequality smplifiesto:
cotf , +1£2w, /w, (15)

Figure 9 shows the smalest vaues of the dot flank angle for which the inequdity above is sidfied.
As figure 9 indicates, the dot flank angle must be increased as the ratio of flight width to dot width
ratio decreases. When the dot width is twice the flight width, the dot flank angle has to be 90 degrees
to mantan full wiping. As a reault, this will be the smdles vdue of the width raio tha will be
practica. The preferred range of the flight to dot width ratio isfrom 1:1 to 3:1.

COMPUTER SIMULATION

The andyticd gpproach to mixer desgn has some severe limitations because of the difficulties in
andyzing flow in a complicated mixer geometry. A better gpproach to andyze complicated mixers is
to use mathematicd modding and computer smulation. One smulaion tool that lends itsdf well to
the andyss of complicated mixer geometries is the boundary dement method (BEM). This method
alows a determination of the optimum vaue of the flight dearance, flight flank geometry, and spacing
of the dots to achieve the proper combination of dispersve and didributive mixing action. Recently, a
three dimensond BEM package was developed at the Universty of Wisconsn in Madison (12) and
commerciaized by The Madison Group (13).

To help determine the flight flank geometry and clearance, a two-dimensond BEM andyss was
initidly performed. To evduae the drength of the dongaiond flow vs. the shear flow, the flow
number (14) was andyzed. The flow number is the ratio of the magnitude of the rate of deformation
tensor g tothesumof g+w, where w isthe magnitude of the vorticity tensor.

c=-9 (16)
g+w

When ¢ =10 the flow is pure dongationd flow, c =05 smple shear flow, and c =0.0 pure rotationa
flow.

To determine the mixing cgpability of a system the forces that the mixer can apply are of extreme
importance.  In dmple shear flow, the maximum hydrodynamic force acting on a dumbbel shaped
cugter isgiven by (15):



F;'hear: %sgpz (17)

and for pure elongationa flow:
Felongation = 6rj’ieglpz (18)

where h, is shear viscosty of the carier fluid, h, the eongationd viscosty, and r, the radii of

paticles making up the cluser. Consdering that the eongationa viscosty is usudly three times the
shear viscodty, the equations above indicate that eongationa flow can generate subgtantialy higher
stresses than shear flow.

Usng the BEM smulaion, the flow number and forces at any point in the mixer can be computed.
Moreover, particles can be tracked through the mixer to determine sreamlines and detect possible
gagnant regions. Figure 10 shows the cadculated streamlines in the proposed mixing section. Here, a
every time gep, the drain rates and flow numbers are caculated. Figure 11 shows the flow number of
a paticle as it flows through the sysem. How numbers are achieved as high a 0.95, indicating that
drong dongationd flow can be generated in the new mixes.  Smilaly, figure 12 shows the
maegnitude of the rate of deformetion tensor of the particle as it flows through the sysem. As the
particle gpproaches the flight, it “feds’ an increase in the eongationad flow. While passng over the
top of the flight, the dongationd flow switches to shear flow, but a the same time the magnitude of
the rate of deformation tensor increases. This effect will increase the mixing capability of the system.

One of the gods of this mixing section is to provide improved digtributive mixing as well as dispersve
mixing. Introducing grooves in the modified flight will increese the didributive mixing and a the
same time dlow the recirculation areas shown in figure 10 to be broken up. To caculate the splitting
of the materid (didributive mixing effect) as it flows through the mixer, a 3-dimensond BEM
andyss was peaformed. Figure 13 shows how a grouping of particles flow through a region of the
mixer. As expected, some paticles flow over the modified flight while others flow through the
groove. Again, this effect will increase the digtributive and dispergve mixing capability of the mixer.

One of the findings of the BEM gmulations was that the number of passes through the mixing
clearance reduces as the pressure gradient adong the mixer reduces. This effect was adso observed in
mixing experiments when tests were performed a low discharge pressure.  In extruson experiments
(16), it was found that the mixing qudity reduces when the discharge pressure is low, less than 5 MPa.

Obvioudy, this problem is inherent in any open mixer design. It can be avoided by adopting a closed
mixer desgn, such as the fluted mixer. Figure 14 shows the geometry of a new fluted mixer that
achieves 4 passes through the mixing clerance.  The advantage of this geometry is that dl fluid
dements will be exposed to 4 passages of the mixing clearance regardless of the discharge pressure.

The disadvantage is that the didtributive mixing capability is reduced reldive to the open mixer and
extruder output will tend to be lower.

CONCLUSIONS

The new CRD mixer technology dlows single screw extruders to achieve dispersve mixing as good as
that of intermeshing twin screw extruders this was confirmed by mixing experiments (16). This



finding contradicts traditionad thinking aout mixing in sngle screw extruders (17). The new mixer
technology will dlow single screw extruders to be used in applications where thus far only twin screw
extruders could be consdered. Thus, the use of single screw extruders can potentialy be broadened
gonificantly.  The CRD mixers can be incorporated into exising or new extruder screws, making
implementation smple and inexpensve. Mixers that are mounted downstream of extruders are more
difficult to ingtal and more expensve.

The new mixer geometries can improve mixing not only in sngle screw extruders, but dso in non
intermeshing  twin screw  extruders.  Current  tangentid  extruders have limited dispersve mixing
capability.  Using the new mixer technology may dlow these extruders to compete effectively with
intermeshing twin screw  extruders in applications where dispersve mixing is required; again,
expanding the potentia uses of these machines. Some agpects of the mixing technology can even be
aoplied to intermeshing twin screw extruders to improve dispersve mixing. Also, internd mixers can
benefit from this new mixer technology; this applies to both batch and continuous internd mixers.  In
internd mixers the empiricd sgma type mixing rotor can be replaced with a more efficient CRD type
rotor designed from sound engineering principles.

The boundary dement method is a useful tool in the development and design of mixing sections with
complex geometry. The BEM results of the new mixers indicate that strong eongationa flow can
indeed be generated by the wedge shaped geometry of the mixing flights  Also, multiple passes
through the HSRs can be achieved, provided that the mixing flight clearance is properly dimensioned.



NOMENCLATURE

Lower case Roman characters Upper case Roman characters
k = number of passes through the clearance D = diameter
r = throttle ratio (pressure flow divided by drag flow) F =force
I, = particle radius G = passage didtribution function
tr = resdencetime H = channel depth
Vi = down-channd barrel velocity L = axid length of the screw
w; = flight width N = screw rotational speed
Z = down-channd distance adong the screw W = width of the screw channdl
Greek characters
a = taper angle h = viscosty
d =flight dlearance g = rate of deformation tensor
€ =rate of eongation t = shear stress
| =dimengonlesstime s =dongationd stress
f =flight hdix angle w = vorticity tensor
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Figure 1, Flight geometries to create eongationd flow; the arrows indicate the movement of the
screw flight relative to the barre

curved flight flank to slots in the flights to
generate stretching flow generate distributive mixing

Figure 2, A hdicd, multi-flighted, dispersve/distributive mixer; the curved arrow indicates the
direction of rotation of the mixing dement
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Figure 10, Predicted streamlinesin mixer shown in figure 3

Flow number vs. time for V4 configuration of points traveling through the nip
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Figure 11, Flow number versustime for a point traveling through the nip region of the mixer
shownin figure 3
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