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Summnary. The paper presents firdamertal kmowlsdze of desizn and wodelling of special type of food ectmd-
215, which can be usefil for process design ard practical apphication infeed and f5od sector. Mass o tecry
amd process plemomena am ziven o betterunderstand achon of these exbuders 1n daily produchon
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INTRODUCTION

Towin scre w food extruders (extrmsion-cookers) consist of two screws, placed inan 2-shaped
barrel. In case of infermeshing extraders the flights of one screwr sticks in the chavmel of the other
sorew. Becanse of this, the polymer cannot rotate with the screw; irrespectnee of the rheological
characteristics of the material This indicates the most mportant adsantage of intermeshing twin
screw extruders: the transport action de pends on the charac teristics of the material to a ruch lesser
degree than in the case of a single screw extuder.

There are 4 roain types of interoeshing tain screw food extraders:

= Tangential twin screw extruders are not closely inte rmeshing ;, they can be ervisagedas a

parallel conmection of tao single screwextuders with mutial inte raction. & rmodel based
on three parallel plates is often used to describe this type of tain screw extruder. This
model shows a strong resemwblance to the two parallel plates model that iz used for single
sorew extuders. This type of mackine has clear advantages ifwveryelastic materials hanee
to be extruded. The serews can be atranged in too different ways, a wiving rmode or a
trarsport mode. &11 corarnereial tangential torin serew extroders are counterrotating and
used for special products.

= The closely indermeshing twin screw extruders, both counter-rotating and co-rotating,

cab best be modeled as series of C-shaped chambers. Due to the rotation of the screws
these charbers transport the mate rial from hopper to die, while interactions betareen the
charabe rs oo our via leakage flows. In general, these leakage gaps are largerin co-rotating
machines than in connte r-wotating ones. Che to the large resistance to back flow throngh
the narvow gape, these extruders posses a stong positve corseying character and their
stability iz lamge.
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= The screws and the barre] of close Iy irdermeshing twin serew extuders can alan be cor-
cal. This has advantages for the feeding process if the material has a low balk density:
While passing fhoough the exrtuder the charabe rs gradually decrease in size and compress
the material. Morecwer, cordeal screws provide a larger space for the bearings of the
screws atd the screws can easily be reracved from the barrel

*  Depending on the exact georetsyy self-cleaning co-rofating twin screw extruders can be
described in twro ways. They canbe modeled az 3 geries of C-shaped chambers with wery
wide leakage gaye or, which is more cornor, they canbe considered to be construe ted
as continmuous channels with some flow restrictions at regular intervals. This type of
rnachinery tnposes kizh shear forces on the material and to increase shear even firther
special shearing elements are corgnon. Both serew coxfigurations with o or three lobes
ot thread starts per screw exist. Two lobe screws possess a better corre ving capacityand
provide a higher throughpnt, three lobe screws have a larger mechardcal strength and
higher shear rates in the chanmel. Ivlost rodern machine s have teeo lobe scrers.

CLOSELY INTERMEZHING TWIN ZCREW EXTRUDERS

Clozely intermeshing food extmders, both the co-rotating and counter-rotativg ores have, in
gerietal deeply out chavne 1s and rarrowr leakage gaps. Their rotational spee ds ave generallylow, due
to the large shear forces on the material in the gape. Therefore, the average shear level irmposed on
the roaterial in the charnbers is low. Self wiping extaders on the other hand, have shallow charmels
(especially iff equipped with triple fishted screws). Theyw operate with high rofational speeds and
the transport efficiency (the armourt of material fransported per revolution) is lower than in closely
interrne shing rmachines. Inthese machines the material is subjected to high average shear fores and
the wiscoms dissipation is rnch larger than in the closely indeneshing machines.

=

Fiz. . Cointerobbng torin sewer extmsion-cooker, type Valeurer, of modular corstucton
of the plastimzation wat (Falish, Datch and Svweds hdesign, malt of the European Proganone Eurela)
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Conical twin sorew food extuders hawe the acvrantage that the space provided forbearing is
large. Worecver, by moving the screws axially it is possible fo commpersate for wear of the screws.
& disadveantage of this type of machines is that screw elernents with different georne fties are not
eagily inferchangeahle.

If the charbers of a closely interrne shing twin screwr extroder are fully filled with material,
the marimal throughpnt of a zone (J, canbe written as the nraber of C-shaped chambers that is
transported per wrdt of titne, rultiplied by the wolune of one such chareder:

0, = 2V, i1

Here Mis the rotation rate of the screws, m is the nureber of thread stavs per sorewr and Fis
the wolure of a single charaber. In realify, the outpnt of & twin sorewr extinder is, of course, smaller
than the theoretical theoughypnt, because the chambers are not completely closed. Four different
kinds of leakage flows can be distinguished (zee Fig. 20

= Aleakage (Q) through the gaphetween the flights and the barre] wall. This leakage shows

clear parallels with the leakage that ocows in a single serew extruder. The gap through
which thiz leakage flows iz called the fight leak

= Aleakage (O ) betweenthe flight of one srrew and the bottora of the channel of the other

sorew: Becanse the flow through this gap resembles the flow in a calender this leak is
called the calender lealk

= A leakage (Q) through the gapbetween the sides of the fights, which is called the tetra-

hedron leak. In principle, this leak is the only leak that leads frora one screw to the other.
In closely interrne shing counter-rofating twin screw extruders, this gap is gene rall yvery
rarow In selftcleaning counter-rotating twin screw extmders flds gap is very wide and
the major part of the material passes this zap regulaly.

= A leakage (Q) through the gap between the sides of the flights, nomnal to the plane

through the two screw ates. This leak iz called the side leak. In its hehawior this leak
reszmbles the calender leak raost.

Fig. 2. Leakaze gaps in a conmeriotahng, dosely nbennes hing tarin scwewr extmider

The throughpnt through the different leakage sape partly consists of drag flow and partly of
pressure fow The pressure flow in its turm, 15 a consequence of the intermal pressure build-upin the
charnbers and of the pressure that is built up at the die, resulting in the leakagzes:

QJ,=ATN+BJ,%, o) =A,N+E‘,%, (2
LP LP

=AN+E —, =AN+E —.
0 =AN+B=T. 0=AN+5 =



DESIGH AND MOLDELLIMG OF M TERMES HING T'WIN SCEEW POCD EXTRULERS 121

here the subseripts ) 5, ¢ and tstand for flight, side, calender and side gap. The total armonnt
of leakage through a section of the extruder is the surm of the indndidual leakage flows. For a screw
with m thread starts this can be written as:

IO =20, +0+2m(0 +0) = AN+B£ (3

inwhich AP is the pressure drop be tween two consecuthve charabers, g the viscosity and N
the rotation rate of the screw. Murmerical walues for A and B and for the charaber wolune I follow
from the geometrical parameters of the screws only and are given in section 622 of this chapter
The real thronghpnt of a parmping zone ina twin screwr extuder, completely filled with polyner,
cat now be deterrnited easily

0=0,- 3= (3 - AN -B2 (4)

For Mewtordan liguids the use of dimensionless muobe rs for thronghpnt and pressure drop
leads to sitaple e lations: o

Q lreep——
P+=£.
My

Here AF is fhe pressure drop per chareber, caused by the pressure in front of the die and o
is the MNewionian viscosity. These two dimensionless groups for theoughypnt and pressare are very
powerful. When these groups are used, the characteristics for the completely filled purmping zone
of tain serew food extruders are straight lines which are independent of viscosity and speed of
tofation of the screws.

THE DIFFERENT Z0OHES

If a twin screw food extuder is stopped and opered, several zones can clearly be distin-
guished (Fiz. 3). Depending on whe ther the extruder is fed with a solid or a liguid material two
diffe rent situations oceur. Incase of a s0lid feed (which is generally the case in starch proce ssing)
the chambers near the feed hopper are more or less filled with solids. This material plasticizes, and
a zone with only partly filled chardbers canbe seen. At the end of the screw, close to the die, the
charbers are cormpletely filled with material.

(al (b (c]

Fiz. 5. The diffeernt mores in a trin sorew extuder when f&d with solid material a) solids bassport,
bl partly exvpty 2] fally filled

If the extruder is fed with a ligmid, like in sorme candy processes, the first part not necessarily
teeds to be partly erapty Howesrer, as will be explaived later, for reasons of stabality it is acis-
dhle to create a zone where the charbers are not fully filled. Especially the fally filled zone is wery
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important for a proper finctioning of the exbuder. In this zome the pressre is built up, miving and
kreading mainlvtakes place and the major influence of viscous dissipation also ocewrs. In ordet to
explain the existence of the fully filled zone, we will have to realize that the different zones ina
twin screw food extruder carmot be viewed separately; bat are intercormected. This canbe shownby
the throughpnt. The actoal throughgnt of a twin scre w extruder is determined by the feeding zone.
What comes into the extroder here will alao have fo leawe the extruder at the other end. Becanse the
chardbers are only partly filled, no pressure canbe bt up in this zone and the leakage Sows will
be limited to the drag component ondy Under normal cireumstances, the throughpnt of this zone
iz therefore inde pendent of pressure at the die end of the extruder. In the last part of the extruder,
where the pressure thatis needed for sgueeming the processed material through the die 15 buoilt g,
the charnbers are fully filled with material, a pressure gradient iz present and considerable leakage
flowe are dependant on thiz gradient.
Lz derived, the actual throughpnt theough the corapletelyr filled zone is given by

Q= 2mhV -0, ()]
but the real throughpmt is determmined by the feeding zone:
Q=2 NV g (n

inwhich £is the degree of flling of the chambers in this zone and the index vindicates that
volurne and ruraber of thread starts of the screws relate to the geome by in this zone . Because of
contirits; the diffe rence betaree n the oretical throughgnt and real throughpat should e qual the san
of the leakaze flowrs:

IQ, = 2N{m¥ - m V_ €). (%)

Lug the degree of filling & does not de pend on the final pressure and all the other parawetersin
the right term of this equation are also e pendent of pressure, ithecomes clear that the surm of the
leakage flows in a tein acrew extroder raust be independent of pressure. However, if the equation
for the leakage flows is taken into consideration:

2,= AN+B ﬂ;l—P [y

the pressure drop per chamber is fixed and dependent on wiscosity and georetry only If
geometry and viscosity wonld not change, the pressure gradient would be constant ower the whole
corapletely filled zone. Blao a fixed pressure iz built up in the die of the extruder, which depernds
on thronghpmt, wisrosity and die geomwetrr Therefore, within reason, there will be a point in the
extruder at which the actoal pre seure becores zero. Be taeen this transiion point of partly and fully
filled charhbers and the die there exist pressure gradients, there are leakage fows and the charbers
are corapletely filled with polyraer Between this transition point and the feed hopper, there is no
diffk rence in pressure bebween consecuitve charnbers, the leakage flows are zero or only consist of
draz cormponents and the charders are only partly filled with material.

The length of the completely filled zone is an important factor and for good process contol,
knowledze of the different parameters that influence the length of the completely filled zone is
mdispe naable.

= If the extuder is filled with an iso-viscous liguid, the resistance of the die iz doubled,

the pressure in front of the die will also double, becanse the oufput rernaite constant.
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Howeewver, the leakage flow 1s not influenced by the die preasure, 2o that the pressure
gradient in the extruder rernains constant. Exgo, the completely filled length increasss,

= If the rotation speed is doubled, while keeping the specific throughymt (thronghgnt per
revolution) constant the throughpat will also dodble and consecquertly the die pressure
will do so too. As the leakage fows also double, the pressure gradient will double and
the length of the completely filled zore will rerain the sarne.

If the viscosityisz not constant, the ability to build up pressure is proportional to the viscosity
Changing consistency;, for instance by gelatimization of the starch or by mixing with polyoles hase
their influence on the local pressure gradient and therefore on the filled length. Alao the influence
of the termperatore in this scheme iz based on a change in the local wiscosity and, hecanse of that,
oh pressure drop.

CO-ROTATING VERSUS COUNTER-ROTATING CLOZELY INTERMESHING
FOOD EETRUDERS

Both co-rotating and counter-rotating twin screw extruders can be modeled by means of a
C-shaped charaber model. Hoowener, there are some differences. Becanss of reasons of construe ion
ithe serews st fit into each other) the tetrahedron gap in co-rotating machives is generallyhigger
than in connter-rotating machives. Idorecrer, the drag low in the tetrahedron gap is in co-rotating
extruders parallel to the direction of this gap. Where in counter-rotating extuders the divection of
internal pressure generation favors the floar theough the calender gap, in co-rotating machines this
pressure generation favors the tetrahedron flowr (Fig. 4. Since the tetrabie dron leakage is the only
leakage connecting the charabers on one screw with the charabers on the other screw the mixving
between materials on the different screws is better in co-rofating machines. In counte rrotating ex-
trude rshioth drag flowr and internal pre ssure generation favor the calender leak. Simee in the calender
gap the material is elongated and kneaded it canbe concluded that counter-rotating extruders famor
a good kneading action.

QP Co

Fiz. 4. [ntemal presme gerershon ina coamerwotating a) and a co-potating b)) barmn serear food extmder

THE MATHEMATICE OF EXTRUSION

For differe nt types of e xtmders very sophisticated nurerical rmode s exist and cornpatational
fuid dyramics plays nowadaye an irmportant role in extruder odelling. Newertheless, the differ
ent extruders can alan be described with relatively sinple models. Extenstve description of these
models carbe found mainly in the literatwe on extrusion of symthe ic polymers (rawwendaal tadraor,
janssen). Mewertheless, maney features of these theories can also be used for food processing, and
therefore sorme simple watheratical raodels with general walidity ave presented here.
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The ecuations for the different leakaze gape are mathe matically sivaple [Janssen, 1972]. The
varigbles are defired in Figure 5.

For the tetrahedron gap it a counter-rofating twin screw extroder the following ernpirical
euation exists:

g =n.nn54[%]m[w+z[f+f;ﬂwﬂ *‘“; R (10)
Fy
AL =~
fH[wl

Fig. 5 Cioss secton thioagh the scmwrs

The derrration of the flizht leakaze 15 sivnilar to that for the fight leakage in a single serewextruder:

Mg | & [EHE[E—B]+EP:”. (1)

= (Ir-m|R
p = @r-a)Ry—— e Y|

The ecuation for the calender leakage follows the classical dervation for the theonghput of & two-
roll calender, with the only difference, that the welocities of the two calender srfaces are different
because of the different radii:

_4& dmiFe?
| 6 ma(2R - H)Z2
For the side leak a setai empitical ecquation is used:
mP[H—cr:lliE+u'tanW:|?msrf .
126Rsin

5
{1 - n.azn"’;'frﬂms* w+n.052["’?ﬂms* W] }

+ Nor(2R-Hler . (12)

O =aN(2R- F[H-o)(f+o tanw) 4 13

From the ecuations above it can simaply be deduced that every leakage flow has too coraponents,
one drag corponent, proporional to the rotational speed and one pressure component, proportional
to the pressure difference between two consecutive charibers and ireee rsely projportional o the vi-
scosity. The proportionality factors are ordy depe ndent on geotnetrical parameters. The onlyexcep-
tion is the tetrahedron gap that only depends on pressare differences. The total amount of leaka-

ge can now be written as:

T g =av+iE

s 14
i
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in which, as can be zeen from the equations, A and B are constants that ovdy depend on the geo-
toe try of the screws.

Lz the wolurne of 4 C-ghaped charber can easily be determmined by straight forsard calen-
lations. Therefore we subtract the wolure of the screw over the length of one pitch frorn the free
volurne of the barrel over the sarne length. The volurne of the barrel follows from Figare 5

&y H r H“I
[JT—E]R +[.R—E] RH—T . )]

V= WR-HY § (16)

IIr’|=

The walume of the screw rootis

and the volurae of the fight is:

¥, = T By 2y dr. (17

k=5

For a serew with straizht sided flights wields:

bir) = B + AR - 1) tan s, (18]

and the integral canbe written as:
Ht 2

F,=2r RH—T + RH?_EH tar ;. (1%
The total walure of one chamber can now be caloulated frorn:

V=M_ (209

m
CONCLUIIONS

Towin scre w food extruders canbe divided into different classes: non-inte rmeshing {counter
rotating), closely intermeshing (counter- or co-rotating) and self wiping extruders (co-rotating).
Especially the last two types have good pamping capabilities. Specific for twin screw extuders
iz the ocomrence of a fully filled zone and a zone where the screws are ordy partially filled with
tnaterial. The closely intermeshing food extuders are predicted for processing of “difficalt”™ raw
tnaterials | e.g. fiber rich, which needs high shear ard long residence fime conditions. Properly
used process pararne ters toge ther with required screw configuration and plasticization urdt alloar to
achieve complicated tarzets both in feed and food sectors.

Sxarbol list:

i apex angle -
k3 angle -
3 degree of charaber or channel filling -
g flight gap width T
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pressure correcion factor for the infermeshing zone -

x
) calerder gap width tn
£ pressure factor for kreading elements -
t screw angle -
3 tetrahedron width at the charrel bottor m
H wiscosity Pas
&P pressure difference Pa
0, total of leakage Aows o'l
L georetry pararmeter 1o
B charaber width n
B genraetrical paravae ter m
c distance between screw axes m
D screw diameter m
f, drag flow correction factor single screw extuder -
f pressure fow correction factor single screw extruder -
f:, drag flow correction factor self wiping extruder -
£ pressure fow corection factor self wiping extuder -
fﬂ. drag flowr correction factor non intermeshing extuder -
f pressure flow correction factor non interrneshing exrtuder -
g
z gravitational acceleration rofs’
H channel depith tn
H, maxirourn ©hannel depth I
Je Jeffreys nurober -
L, filled length in axial direction I
m mareher of thread starts of one sorew -
N rotation rate of the screws lis
P Fressure Fa
p* ditnensionle sz pressure -
o ditnensionle sz throng byt -
Q, 0.0 0 leakage How through the fight gap, calender gap,

tetrabe dron gap and side gap 'l
Q leakage fowr iz
R sorevw radius m
3 pitch of the screw tn
u. wall welocityin the cross charmel divection nfs
U, wall welocity in the down chanmel divection fs
W local welocity s
v volurae of & C-shaped charaber 1o’
W width of the channel m
¥ height coordinate in the screw channel I
z down channel coordinate m
& length of the extruder channel I

REFERENCES

Franz P, 1985 Polywerreakfioren und reactives Aufhereiten in kontivoierlichen Iachiver, in:
Funstetofftec hadk, VDT Verlag, Tusseldor



DESIGH AND MOLDELLIMG OF M TERMES HING T'WIN SCEEW POCD EXTRULERS 127

Jangsen L PRIV, 1978 Tain aorewr extinsion, Elsevier, Amsterdam
Dlogricki L, IWlitrus I, Wejtowicz &, 2007 Technika eketruzji w przerysle rolno- spofinee oy,
PWERiL, Warszawa.
Rawwendaal ©., 1986, Polymer Extrusion, Carl Hanser Verlag, Dlunchen
Tadror Z. and Klein I, 1970, Engineering Principles of Plasticating Fxtrusion, Wan MNostrant
Reinhold, Mew Vork

PROJEKTOWANIE [ MODELOWANIE EKSTRUDEROW DWUSLIMAKOWYCH
Z ZACHODZACYM M A SIERIE TEWOIENIELI

Streszemnde, W oartdmle preedstavrionn podstawroarywriedze w zakmesie projektoerarial modelosr ania special-
regorodzmm ekstraderdor, ktdra mose by prmpd ana do projektowr ata process produke virez o otas prakiyezne-
g0 wrkorzystaria w czasie produke)l paszi smparncdel. Podana teona presphpan masy 1 dobdr Shimaldar ulatan
lepsme mronnerme d=iatama trch wremd=e e dmerme) produlei.

Siowra lhwerowe: elstud ery dwnaslimakoare, ekstrga, modekoranie shimakder, wyphmer wrsteceny



