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Summary The paper presents fiundamental kmoaledze of desiznard modeling of’ the meost s anple, rexpaisive
food extmders, which ave s 41l offtenus ed in feed and food sectors, Mass flowr teory and prooess phencenena are
given forbetter mrd erstarding acton of these exbuders ard 1ts possible applicabon
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INTRODUOCTION

Nowadaye food and feed sectoris using differe nt types of food extroders (e xtision-cookers),
which are divided to a reain drision: single screw extuders and twin serew extuders. The most
important difference beteeen those two types of machines iz the transport mechanisin. & single
screw food extuder consists of one screw rotating in a closely fitting barrel, the transport mecha-
tistn is based on fhiction be tareen the material and the walls of the charmel. If the material slips at
the barrel wall, it s easv fo ervvisage that it will rotate with the screw withoutbeing pushe d foraeard.
This makes thess types of machines strongly dependent on the frictional forces at the wall and the
properties of the processed material Therefore, in the processing of natiral polymers single screw
extruders are less suitable for extrusion of wixtures with high water or kigh fat content. Howewver,
many food processes are possible in this (inexpenstee) type of mackine. fn exceptional type of
single screw extruder is the pin extuder (known in feed sector as exparders). In this extroder the
screw has interrapted Aishts and it rotates in a barrel with stationary pins. The effect iz teofold: due
to the rotation of the screw a good mixing action can be achieved, and due o the incre ased re sistance
against slip the throughput is more stable than in ordinary sngle screw extroders. However, the
pressure built up in this type of machkine is rather poor. In sore special types the screw not only
rotates bt also oscillates in axial direc tion.

Twin screw food extruders consist of two screws, placed n an 2-shaped barel In case of
mmtermeshing extruders the flights of one screw sticks in the charnel of the other screw. Becanse of
this, the polyner cannot rotate with the screw, nespective of the rheological characteristics of the
material This indicates the most important adreantaze of intermeshing twin screw extuders: the
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transport action depends on the characteristics of the material to a wmeh lesser degree than in the
cage of a single serew extruder (Fig. 1),

The sivgle sorew extrder (a) is the most cornrmon rmackite, if no problerns in transport are ex
visiored. The working characteristics of this relatTvely inexpe neive machine are strongly depe ndant
on the material properties. Very short single screw extruders with high rotation rate are often nsed
in starch industry for gelatinization parposes. The barrel canbe equipped with grooves to increase
the friction and to prewent the material fror rotating with the screw.

Pin extruder and co-kreaders (b)) have one single screw while the barrel is equipped with
krneading ping and the screw flight is mterrapted at the pin location In co-kneaders the screw rotates
and oaeillates giving avery good rixing action. In both types of extuders different pin geomwe ties
cat provide different miving actions. The pins car also be used for ronitoring the temperature or
ag irjection points. An inportant featore iz that the pine prevent the material from rotating with
the screw and there fore ensure a rmore stable operation than can be provided in an ordinary single
screw extruder

In general it can be concluded that, becanss of the large shear forces in the clarmel

and the siraple application of miving elerments, self wiping extruders are ofter wsed in peo-
cesses where high shear is desirable. Their high shearing action is pariculaly correrde nt if in-
tensive mixing or devolatilization is requived. Wher working with therraoplastic starches, the low
averaze shear in closely itermeshing extriders is an advantage becanse degradation of the starch
results in deterioration of mechanical yroperties. Tloveower, becanse of the low shear levels the heat
gene rate d by viseous dissipation is low; allowing for good termperatire control. On the other side,
self wiping extruders generally possess abetter miving action and tigher fleonghgpnt at comparable
screw diammeters.

Fig. 1 Dnfferert types of extraders: a- single saear b - co-lmeader, e - non-irdermmeshing, niang mods,
d - non-itervesling, travsport mode, & - conmter-mtating, closely termes lnng, £ - co-rotating, closely mmter-
meshing, = - comcal conrderotaing, b - self wriping, co-rotating.
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FUNDAMENTALS OF BINGLE SCREW EXTRUDERS

Single acrew extruders can be used in processes where no slip at the wall occurs and where
bigh shear during the process is not a probler. The ir working mechardsi and the modeling is well
cove red in literature and anextenstve description can be found in warousbooks [Fawwe ndaal 1986,
Tadraor and Klein, 1970]. The bass of the fuid flow in sngle screw extrude rs can alao be general-
ized to other types of e xtuders. There fore we ntroduce here a sirple analysis based on Me wtondan
behavior of the liguid. For this analysis the channel of the screwis sirmplified into a flat plane geom-
etry The single screw extuder consists of abarre] contaiming a rotating screw s a fivst stepin the
sireplification we will keep the screw stationary and let the barrel rotate. The next step is to nrwwind
the screw charmel into a straight trough. Fizure 2 shows the resulte. The rotation of the screw can
nowr be transforrned into the movement of a plate ower the chanmel. The welocity of this plate is of
course the circmrnferential welocity of the screwr and ecuals mbID, while its divec tion relative o the
channel equals the screwr angle d. M is the rotation rate of the screw and D is the screw diameter.

Fig. 2. The chamrel in a single scmr extmder

The welocity profile in the down channel divection can, under the approximation of a Hewto-
niah theology easily be caleulated and, after integration, the theonghpnt follows:

o=aN-B2E (1)
n
Where: N is the screw rotation rate, Ap is the pressure difference over the zone and # iz the
viscosity A and B are peararaeters that only depend on the screw geometry The interesting aspect
of this equation is that the rfluence of the rotation rate (the drag flow) and the influence of the
pressure (the pressure fow) are wncoupled (Fig. 33

+ =/
drag pressure flow
fllow flow profile

Fiz. 3. Superposihon of drag foar ard pressue Ao ina single serewr extmder

If the flow across the flights of the screw can be neglected (which iz generally the case for

the hymdrodymarnics in single screw extruders) the welocity profile in the dirvec tion transverse fo the
channel is given bin
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and this profile, in corbination with the down channel direction shows a helical path of the Awid
elerments through the channel.

The cross channel fow forres a civcwlatorsy flowr as sketched in Figure 4. The center of cir
culation, where v equals zero, lies at 203 of the charmel heizht. This cross channel profile moust of
course be corabined with the down chanmel profile; the cross channel e shonld be supe nmposed
on the flowin the channel direction. &g a result the polyer elements follow a helical path throngh
the charmel The center of rotation of this helical flow les at 203 of the charmel height. Particles in
this location follow a “straight”™ live through the chanrel without being interchanged with particles
at other locations. Therefore these fluid elements will never approach the wall closer than 103 of
the chanmel depth if no miving elernents are used in the screw design. This will appear tobe pax
tienlarly irnportant when considering heat transfer and the rmal hotnogerdzation in processes with
viscous dissipation.

b T A G
_________ - _-_—
—_—

Fig. 5. Zmngle-scrawr extuder, type TS 45 produced by ZMC h Matalehem Glrance, equipped with an electric
heating system and avraterar cooling sysem for the bael. (Modeicla desizn)
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FIN EXTREUDERS

L particular type of single screw extuder that can be used for feed comporents processing
is the pin extruder. This type of extroders has tao different designs, one with stationarny pins and a
siraple rotating screw and intermyptions of the flights, called the exparnder and one with a rofating
and awially oscillating screw, generally known as a co-kneader. Though discovered in 1945 and
corntnonly used in industry, its application is far ahead of theoretical understanding.

Llzo the co-kneader consists of a single screw with intermipted flights. Its working principle
1z based on the rotation and axial oscillation of the screw, cansing transportation and miving. The
mixing iz e nhaneed by statiohary pins in the barrel. Duvivg ore passage of the pivg the material is
subjec ted both to high sheatr stress and to reorie ntation. The disperstve mixing proce s iz promoted
by the local weaving action of the ping and screw flights, where the distibutiee mixing iz enhanced
by the reorientation that is introduced by the pins.

The expander extroder (Fig. 5) is a relative sirmple machine. The fune tion of the pins is teo-
fold, proiding a raore stable throughpnt and irgroving rixing . Due to the stationary pins, slip at
the wall is preverted and the material can not rotate with the screw. This provides a more stable
throughgmt. The raiwing is increased relatmely to an ordinary single screw extruder. Pin extruders
prorvide hoth distributive and disperstee raixing. The distrbative raixing is cansed by the geometry
of the screw flizhts The interuptions in the flights divide material in the serew charne] into two
steams. Lfter the following indermption of the screw flizht the streans recormbine partially and
the rnaterial is divided again. The kneading pins provide also a rearrangernent of the stream lines.
D to these two effects the distributive mixing of a pin extroder is very good and the distributiee
roixing process requires relatively low enerzy

Fiz. 5 Modemexpanderused by feed producers

B the rotating and oscillating rmoverent of the screwina co-kreader, the screw flights slide
along the pins and barrel. This results in high shear stresses and disperse mixing. It also leads to
good self-cleardns properties which is ruch less the case in expander extruders.

The terperatire can be controlled by the thermostated barrel and screw. The large areal
volurne ratio as well as the radial wixing contribute o good heat transfer capacities. These charac-
teristics make pin extruders well smited for proce sses, where good dispersnee mwixing is regquired, a
disachrantage iz that the relathee high shear can easily give nise to degradation of the starch. Dhie to
the large intermptions of the flights it is not possible to use this mackine for pressare building-up. If
at the end of the line pressure iz needed, a noral single screw extuder iz zenerally placed behind
the pinextruder. The miving mechanizen in the co-kreader is rather complex,
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THE MATHEMATICE OF SINGLE SCREW EXTRUZION

For food extroders wery sophisticated nurnerical models exist and nowadaye cornputational
fmid dyrearnics playe animportant role in extruder raodelling . Meverthe less, the single screw extind
ers canalso be described with relativel sy sitaple models. Extenstve description of these models can
be found rainly in the literature for extrusion of smthetc polyners (Fawsendaal, 1986, Tadmor
and Klein, 1970). Newvertheless, many features of these theories can also be used for food process-
g (Twlozeicld at al, 2007, and therefore some simple matheraatical models with general walidity
are presented here.

Lecording to the well-known theory, the rotation of the screw can be transformed into the
raovervent of a plate over a flat charmel The weloeity of this plate is of course the cireurafe rential
velocity of the screwr and equals abiD, while its direction relatmee to the charmel equals the screw
angle 4. M iz the rotation rate of the screwr and Dis the sorew diarneter.

The movernent of the plate has a component in the down charre] direction and a corporent
in the cross channel direction, both drag the liguid along and introduce Sow profiles with corapo-
nents paralle] and perpe ndicular to the direction of the channel

U =maND cosg
{3)

U =xMND sing
The fowr in the down charnel divection canbe calenlated from a force balance:
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where: dPidz denotes the pressure gradient in the down-charmel direction. & closer look at this
ecjua tion reveals that the right hand side consists of two terzns. The fivst part (apart from geome trical
pararneters) only depends on the rotational speed and the second part iz 4 onigue fonction of the
pressure; a0 the effects of screw rotation and pressure canbe separated. This iz shown in Figure 3.
The actual lower profile is a superposition of the (livear) drag Ao and the (pardbolic) pressure fow.
Howewver, stric fly speaking this s paration is ondy walid for Mewtondan Ligquids.

From the welocity profile in the down charmel direction the theoughgt of the purap zone of
a single screw extruder canbe obtained by integration:

HY dP
124 dz
Llso i this equation the effects of drag flow and pressure Howr can be seyparated; the drag
flowr 1z proportioral to the rotational speed of the screws and the pressure flow iz proporional to
the ratio of pressure gradient and viscosity
That ecuation is oftern written as:

{2)

A
Q= W_[l{z}dy =?JTI'JDCDS¢ -
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B is the flightangle and a is the throtfle coefficient that signifies the ratio betaeen the pressure fow
and the drag flow:

HAPtang

2 =D)L o
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In the aralyses showee the width of the flight is neglected and it canbe showr that this sim-
plification has no significant irnfluerce on the fival outeore .

For the transserse divection of the chanmel too, an analogons caleulation can be set up and, if
the fow across the flights of the screw can be neglected (which is gererally the case for the hyrdro-
dymarnics in single screw extruders) the welocity profile in the direction transwerse to the charnel
can easily be caleulated:

v =30 ?—*[E-l] ()

and thiz peofile, in corbination with the dowr chanrel direction shows a helical path of the flmid
elements through the channel.

The cross chanmel flow forres a civewlatory flowr as sketched in Figure 4. The center of cix
culation, where v ecquals zero, lies at 23 of the charmel height. This cross channel profile must of
course be corbined with the down channel profile; the cross chanmel flowr should be supe rimposed
on the flowin the channel direction. &5 a result the polyraer elernents follow a helical path through
the chanmel The center of rotation of this helical Sow lies at 205 of the charmel height. Particles in
thiz location follow a “straight” line fhrough the channel without being mterchanged with particles
at other locations. Therefore these fimid eleme nts will never approach the wall closer than 13 of the
channel depthif no mixing elernents are nsedin the sorew design. Thiz will appear to be partioularly
important when considering heat transfer and therrnal homogenization for reactions where a lavze
aronnt of reaction heat is released.

Correction factors

Strictly speaking, equations 2 and 3 are onlyvalid for straight extruder channels of indirndte
width. To account for the curvature of the channel and the firate width, comrection factors can be
nsed and equation 3 can be writter as:

H*WEI.
120 de ¥
The comection factors follow from an analytical solufion of a two diree nsioral stress balance
e = 1 inH
=— —tanh| —— 10
e ;ﬁH,Z i (zw} (o
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For practical parposes (HIW = 0.6) these factors can comvenientlybe approxirmated by (113

H
fo=1-0512

H
f, =1-0625
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Basically these correction factors canbe used not ondy for single serewr extruders bt for all
types of extusion processes.

CONCLUZIVE REMARES

Dnring food extrusion processing the consistency of the material changes from solids to a
highly viscons dough with soree polyole added. This requires good parmping ahilities, preferably
mmde perident of viscosity and slip. If the slip is linated single screw extruders can do a good job,
especiallyif the barre] wall is equipped with grocwes o imereasze fiiction and prevent slip. Generalls
a miote stable process canbe obtained in (kore expensive) twin serew extruders.

L gpecial type of single serew extruder s the pin extruder (expander). This type of extuderis
provided with mixing pins through the barrel wall and the fights of the scre w are interrupted. This
extruder provides a versy good maving action, good transporting charac teristics but poor abilities
to build up pressure. Especially when extensive micro-taixing is recuired this extuder is a good
alternative, although care has to be taken that no significant degradation occurs.

Symbol List

apex angle -
angle -
degree of charnber or channel filling -
flight gap width m
pressure correction factor for the interrneshing zone -
calender zap width m
pressure factor for kneading elements -
screw angle -
tetrahedron width at the chanmnel bottomm m
viscosity Pas
presaure difference Pa
total of leakage flows m¥s
geome ty pararneter I
charnber width m
geome tical parateter T
I
I

O

distance between screw axes

sorew diamneter

drag flow correction factor single screw extruder -

pressure Hoow correction factor single screw extruder -

drag flow correction factor self wiping extruder -

pressure Sow correction factor self wiping extroder -

drag flow correction factor non intermeshing extroder -

pressure Sow correction factor non interreshing extroder -

gravitational acceleration s’
I
m
m

charme] depth

maxirmm channe]l depth

Jeffreys nuraber

filled length in axial divection
mumber of thread starts of one screw

IO e 0 D R EE M Sam g oA M2

—
o

-

g



144 L.FPE.M. JTarssen, L. Mofcicld

rotation rate of the screws iz
presmire Pa
ditee nsionless pre ssure -
diree nsiordess throug byt -
leakage flow thoough the flight gap, calender gap,

tetrahedron gap and side gap ms
leakaze flow s
sorew radiug

pitch of the screw

wall velocityin the cross channel divection
wall welocityin the down charme]l divec tion
local welocity

volurne of a C-shaped charober

width of the channel

beight coordinate in the screw channel
down chanme] coordinate

length of the extruder charrel
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PROJEETOWANIE [ MODELOWANIE EKSTRUDEROW JEDHNOSLIMAKOWYCH

Stresrezenie. W artdmle preedstasriono podstarowrs wisdze w zaloesie projektoranma 1 modelosr aria naj-
prostszyeh, medrogich elstuderar, ktdre 53 jesmoze stosowane pees preamysl rolno-sposyerczy. Podana
tectia preephasny masy 1 dobora gecoetnl shimakdar ulaterl lepsze momnnerie d=atarna tyeh wzadzen 1ich
wykoezys tataw codmerms) produkal.

Showra hwrowe: clstud ey jedncslnmaloere, elstroma, korstakeja shimakner, prmaphesr masy



