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Effective Viscosity in the Screw
Influence of Rheology on Extrusion

The Rheology of an Extrusion Melt considers both the Viscous
Effects and also the Elastic Effects associated with the Melt Flow.

The Rheology has a direct influence on the Product
Characteristics via:

Control of the Bubble Growth Rate [
Control of the Degree of Expansion y
Control of the Degree of Curvature ’l.-

The Rheology has a direct influence on the Process Design via:
Control of the Die Pressure Drop

Control of the Screw Flow Dynamics

Control of the Screw Energy Consumption
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Extrusion System Volumetric Flow Components

Qnet = erag - Qpressure_ Qleakage = Qnet = KAP/:”apparent

Screw Characteristic Die Characteristic
Quetin = M/ pg Quetout = Quetyin — qus = M/py

where,
Q. = Total Melt Flow / Melt Density [ py;=f[ Recipe, wy, Ty |

ng = fIN, Screw Geometry , Recipe, COF ., |
Qpressure = FTAP B 1/ ptparent ]
Quearage = S AP, Flight Gap , 1/ ptyp0rent |
K =f[A,L,S,COFg4]

Note: Sufficient Recirculation must occur or the Product won’t be Cooked.
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How can we define the Viscosity in the Screw?

If we could look inside an Operating Extruder (in Steady-State) we
would find a Substrate (i.e. the Formulation plus all the Additives)
which is in a continual state of “flux” or “fransformation” (i.e. it’s
being Cooked!). The question most often asked is:

“Which is the most relevant “Component” of the Rheology?”

Powder Dough Transitional Melt Expanded Foam
Rheology Rheology Rheology Rheology Rheology

The answer is that “the Extruder (i.e., the Motor Drive) “sees” all of
them, at the same time!”
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Flow Components within the Extruder System

Single Screw Extruders

Co-Rotating TSE

The Flow Components (and hence the Cooking Reactions) involved
in the different types of Extruders are also very different.
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The Filled Length of the Extruder

The “balance point” between the various Flow Components,
ultimately determines the Filled Length (or the Choke Point) of
the Extruder This determines the Operating Volume and
hence, the magnitude of the Mean Residence Time, ty.

tR = Vtotal / Qnet = Lf Ax / Qnet

The magnitude of t; for the TSE is typically slightly “lower”
(and the RTD is “narrower”) than that for a SSE.
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Energy Inputs Manifestations of the Energy
= E =E. .TE. _, +E +E +E_ .
Etotal Emechanical + Econve ctive T E conductive total sensible cook pump screw radiant
. . Total Energy Temperature Ingredients Pressure Screw Flow  Energy
Total Energy Net Power Latent Energy Barrel Heat B . ) . .
= Outputs Rise Modifications Rise Dynamics Losses
Input Input Input / Removal I'ransfer
[ Typically 40 to 90% 0t030% 10 to 30% |
[ Typically only 1% to 2% of E |
where where,
E,echanical = S | Rheology, Strain o, .
mechanical = S| & I Ensipe = f [ Formulation, Tpienes Tyreconditioner, Trinats |
E onvective = S| Volatiles” Injection / Removal | (Typically Steam) Eep. = /| Formulation, Cooking Enthalpy |
E onductive = f [ Barrel Temperature | Epump = £1 Queo AP |

Note : The Energy Inputs are NOT directly interchangeable! The Energy Evadiant = S Toarea = Tambient |

Inputs determine the Product Attributes. - . - .
Note: Achieving these Process Parameters is confirmation that we have made

the “right” Product.
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Viscous Dissipation and the RTD
It can be shown (via Weighted Average Total Strain Analysis) that the ;f;,l ihlieg}l)ii’izﬁi gé:fgfé;g;fgg;’;g%rtgg ngel;vogp?éz’ is determined
Power Dissipation within the Extruder is a function of the Rheology of

the Formulation, the Residence Time and the Shear Rate developed + ki

within the Extruder Screw. ; Y Tracerlntensity

As a result of the complex Flow Dynamics developed within the * | B
various types of Extrusion systems, the Product Melt will experience + [ iy Sorew 3

a Residence Time Distribution (RTD) rather than a single value of R

Residence Time.

The significantly different Extruder Geometry in the various parts of
the Extruder also results in different Shear Rates (both in terms of

magnitude and direction. S
g O i ' 1.2 3 4 5 Time

Each different Screw Design results in a
different Degree of Fill (or Filled Length,

This can result in very “different”
looking Products being prepared

from alternative Extruders, even .

. ) ’ L) and hence a different Average easreuactme O (O Ol

with the same Ingredients. Residence Time, t,.,) and a different RTD oo 10 0t
’ Tave Coefficient of Yarianee oV =010,

Two very different looking Products prepared using
the same Extruder and the same Formulation.

and different Power Dissipation.
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Shear Rates in the different Parts of the Screw Estimation of the Viscous Power Dissipation - SSE
In a given Extruder System the most important Shear Rates are: For a Single Screw Extruder (SSE), the Viscous Power

Dissipation, P, within the Extruder Screw may be estimated

The Flight Gap Shear Rate, The (Minimum) Channel Shear Rate,
via the following simple expression

J"gap =r Ds N / g = Qg N ychannel,min = Ds N / H 23
[ results in “Cooking” | [ results in “Mixing” | Py = B N'D{[zDp/ QH) ]+ [# eu,/gl} Ly
where,
The (Average) Channel Shear Rale’ P,.. = Power (W), N = Screw Speed (Hz), D = Screw Diameter (m), H = Channel Depth (m),
=~ _ = # = Flight Starts (-), g=Flight Gap (m), e = Flight Thickness (m), #. = Channel Melt
?channeLave zN (Rs + S) / (Rs S) Qc N \:iscosity (Ns m?), #, = Flight Gap Melt Viscosity, (Ns m?) and L= Serew Filled Length (m)
The Apparent Viscosity in the various parts of the Screw will be For a Screw of known Geometry this may be simplified to
proportional to ~
_ (1-n) Pnet"'lpl{[lp2:”c]+[lps.”g]}
My /,llc = Qc / Qc I where,

Y =[ANDL;|,¥,=[zD/Q2H)|and ¥y = [#e/g]

Typical Single Screw Geometry | A Process-dependent Term | Purely Geometric Terms
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Estimation of the Viscous Power Dissipation - SSE

Based upon the expression presented above, it is clear that if
we know the Screw Geometry, the Screw Speed, the Product
Rheology and the Filled Length, it is possible to determine the
Viscous Power Dissipation.

Conversely, if we know the Screw Geometry and the Screw
Speed and then if we measure the Filled Length and the
Viscous Power Dissipation, then it should possible to
determine the Product Rheology.
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Estimation of the Viscous Power Dissipation - 7SE

Due to the significantly different Geometry for a TSE, the
estimation of the Power requires an alternative approach.

The relevant Geometry is shown.

-t
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Estimation of the Viscous Power Dissipation — 7SE

Determination of the Volume and the Shear Rate TSE

Zone Volume Shear Rate
Screw Channel Vchannet = 1 72 D, D H tand® / 2 Yehamnet = 7 D N/ H
Flight Gap Vyp=nfC. 0 Yeap= TDN/0
Tip to Channel Bottom Vip=2nfC_ & Yip=2mC N/¢&
Flight Flanks Vianks =0 [(DZ=C2))|"*Ho6/2  ppu=nC.N/0C

where,

Equivalent Screw Diameter, D, = [2 D] -[0.9003 (D, H)"3 |

Circumference of Equivalent Screw, C, = 2[(n D) -(2D,H)*S| = n D,

Effective Viscosity in the Screw
Estimation of the Viscous Power Dissipation - 7SE
(1) The Power Dissipated in the Screw Channels , Zcpannel, IS given by

Zenannet = [Have #e N1 [n 7 DS’ Detang /2H]
(2) The Power Dissipated in the Flight Gap , Zgap, is given by
Zgap = [Rave #e N 1[N ? D2 F Ce 15 ]
(3) The Power Dissipated in the Calender Gap, Z;gjenger, is given by
Zeatender = [Mave #r N1 [Bnn®C 2 f /2]
(4) The Power Dissipated in the Screw Flanks , Zganks, iS given by
Znas = [Have #e N1 [nr® CPH{D.2-C%) /(20
Similar (but more complex) arguments, as above for the SSE,

can be made for the TSE, which shows that the Power is
simply a function of Screw Speed, Geometry and Rheology.
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Equivalence of Electrical and Mechanical Energy

Many Food Processing Operations involve the use of
Mechanical / Electrical methods to input Energy e.g. Rotating
Shafis or Compression Rolls. The Mechanical Energy Input are
normally described via either Motor Load oxr Motor Current or
Torque Loading.

Due to the Inefficiencies involved with the various alternative
System Designs, the Energy Consumption under No Load must
also be allowed for.

The Specific Mechanical Energy (SME) is the parameter
typically used to report the Mechanical Energy Input.
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Equivalence of Electrical and Mechanical Energy
The Net Energy Input, P, (kW), can be estimated via
Emechanical = \/3 v [ ( ¢ n I ) - ( ¢0 Mo IO ) ] /1000  for AC Power

where,
¢ =Power Factor ( - ) n = Efficiency ( % )
V = Supply Voltage (V) I=Current ( Amps)
Subscript 0 = No Load

Motor Current Meter
E cchanical =2 T (T —Ty) N/ 60000
for DC Power
Eecnanicat = V [ (7 1) - (119 1p) 1/ 1000

where,
7=Torque (N m) N = Shaft Speed (rpm)
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AC Motor Performance Curves
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Typical Performance Data for DC Motors

Power Efficiency

(hp) (kW) 025 05 075 1

025 0.186 58.0 620 65.0 68.0
050 0373 61.0 65.0 700 720
1.00 0.746 66.0 70.0 73.0 75.0
1.50 1119 67.0 720 76.0 78.0
200 1491 68.0 720 775 81.0
3.00 2207 69.0 720 770 79.0
5.00 3.728 710 770 81.0 81.0
750 5503 730 79.0 820 83.0
1000 7.457 76.0 81.0 83.0 85.0
15.00 11185 770 815 845 86.0

For Baldor Electric Motors
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Calculating the SME

The calculation of the SME requires that the 7otal Mass Flow
(M) be determined via

MTotal = MDry Powder + MWater + MSteam + MOil + MAddtives

where,
M,y powder = Mass Flow of Dry Powder (kg / hr)
Myyaer = Mass Flow of Water (kg / hr)
Mg¢eam = Mass Flow of Steam ( kg / hr)
My;; = Mass Flow of Oil (kg /hr)
My qaitives = Mass Flow of other Additives (kg /hr)

The SME is then given by

SMEI = Pnet / M'l‘otal ( kW hr/ kg )
or
SME, =3600 SME, (kJ/kg)
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Experimental Methodology
In order to determine the Effective Viscosity, ., of the Material
within the Extruder Screw, follow these steps:

Step 1- Operate the Extruder (of known Geometry) in Steady-State, at
a given Processing Rate, M,, with a known Recipe [ D, W, wy;, Ty,
etc. |, a given Screw Speed, N,,.

Step 2 - Determine the Net Power, P, and the Specific Mechanical
Energy, SME,.

Step 3 - Measure the Average Residence Time, t,,.; and from this
determine the Filled Length, Ly.

Step 4 — Increase the Processing Rate (to M, = 1.2M,), whilst keeping
the Recipe and Screw Speed the same.

Step 5 — Repeat Steps 2 and 3 to obtain P, ,, SME,, t, ., and Ly,

Effective Viscosity in the Screw
Experimental Methodology, cont., ....

Step 6 — Solve the Power Equation for the two unknowns p_, and pu, ,
(at Screw Speed, N ).

Step 7 — Increase the Screw Speed (to Ny = 1.2 N,), then repeat Steps
2to 6.

Step 8 — Increase the Screw Speed (to N = 1.2 Ny), then repeat Steps
2to 6.

Step 9 - By repeating this procedure over a range of Screw Speeds, it
will be possible to gather sufficient Data to make a Plot of In[ g |
vs. In[ N |, which will be a Straight Line. The Slope of the Line will be
equal to the value (n — 1), where n is the Flow Behaviour Index.

Step 10 — Determine the magnitude of the Consistency Index, m.

Note: The Product Quality generated (i.e., the Shape, Size, Density,
etc.) is of no consequence during this study.
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A Worked Example — Extruder and Die Geometry

Extruder Data

Screw Diameter, D, 1300 mm
Total Screw Length, L,  2080.0 mm LD, 1800
i o 120 e S

Number of Flight Starts, #; 2 :

Inlet Channel Depth, Bin 350  mm
Inlet Length, L, 900.0  mm
Transition Length, L, 580.0  mm
Mstering Channel Depth. B, 250 mm
Inlet Length, L, 6000 mm
Channel Width, W 500  mm
Flight Angle. & 120  deg

Barrel
Diameter

Flow Area for Product, A, 9.239E-03 m
Geometric Constant 2, wy  7.0013
Gaometric Constant 3, wy 16,0000

Die Data

DieRagus. R 150 mm Dy 300 mm
LandLength Ly 600 wm L/D 200
Number of Dies, # 120 holes
Die Hols Conductance, ky, 03313 mm® par Hole
Total Conductance. Ky 39.761 mm’ 2576E08 m’

Dis Open Avea. Aq 8 482E-04
Dis Assermbly Volume, Vo 2 500E-04 m*
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A Worked Example — Motor Performance Data

Instalied Powsr, P 1040 KW
Power Supply Votabge, V415 Vs

Motor Load Efficiency Power Factor
o = X
6w 0 s30 o
0o 1 640 021
200 38 no 040
no 5 70 0%
w7 820 (54
500 s B850 075
wo 1 680 081
no 12 910 08
80.0 150 930 089
leax 1000 188 950 082
aa 200
No Load Current, lo B Amps NoLoad Power, P, 12202 KW i 0
5 % v =
@0 o T
i ]
[ s ¥
0o a0
no a
w0 a0
as ax

% W0 ™ W0 L WS We W WO W Wew
Motortind | - |

—e—trtoensy —amFower Facot
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A Worked Example —

s Cimsary e o e 1, TP

it Vi o P Bt s e ] 3, 350

M bacingy e e

Trial Summary & Data Analysis

Effective Viscosity in the Screw
A Worked Example — Process Data

Effective Viscosity in the Screw
A Worked Example — Data Analysis

The Net Power is determined The Pumping Power is determined

The Recipe is kept the - - — as outlined above. via P = Qua AP
same throughout the Trial. The Processing Rate is
from M, to M, = 1.2M,. -rew Speed is adjus Mator Cumrt, | L4 @ 7 il % " L]
1 2 1 The Screw Spu({ is adjusted to iy o T 530 am @ P4 as
a number of different Settings. f— s | The Apparent Viscosity is determined o
[ra— o | e 2o
via wn = K AP /Q,,
Process Daa e ot NetPower, Puy 0% 150 Happ ! Qe 2558
' Pumpng Power Py w4 1185 oers 15 o 1108 am 108
DyFesdRan D i \ 180005 Seron P Pueee ¥ 6319 wes w0 w@s ssw o wss
Water Addtion Rate. W 1500 g, o ‘Spaciic Mechsncal Eneryy, SME wiowig' 000336 000605 000622 00OT% 00070 000846 000905
Sean Addn RS N e b iy e 28 2 1 A w5 28
1
. Apparent Mot Viscosity g War' 2446 20 N . N 181 1510
Otaddianfan O ' 2N zmio / R ame s The Average Residence Time is determined [wxrs  1s08ss
WekFouRae M ww' W T Maimum Resilence Tioe. s & 10 2 via tae = (tmin F by ) /2 50 20
[N W v M Rasidencs Tevt o+ 310 20 %% %T 7o e £ e 26 10
forrage Residence Time loe  + Mo ®s s £ M n -1 ns n ws
SuewSpeed N n 20
SundutOemons . 150 115 1% 15 1 1 12 i 15 12
Figh Gop Shear Rate. 7 ¥ s e s s e e [ 2 st s B b G 1 ok i P A P 0 o0 o Shia o
Dt B riCy, ¢ - g el =, e - L cic ol Lok Filed Voloma of Extnoder. Ve 145TEQ2 1BEER T40IER AMIED 1335602 1660602 1.2T0E-02 18MELR2 1 4BEQ2 1589E-02
OpsstigProssue, 4P w270 A av =0 20 e 8o e " a Calculated Filsd Length L~ =m 15879 1954 15167 139 a4 s 19742 LT 1604 17114
Metor Cumeet, | ampa L1} L B & @ 2 M % ™ L]
The Filled Length is determined
The Process Response (i.e., Motor via Li = Quet tave / Ax
Load, AP and t,,,) is noted.
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A Worked Example — Data Analysis cont. .... A Worked Example — Formulation Rheology
An estimate of the magnitude of the The Process Constant is determined
Flow Behaviour Index, n, is made via Y =[N D L]
Effective Rhoalogy in the Screw Melt Rhealogy In the Die
Cakulsled Filed Lengih L o 7 19964 1367 18539 “asa e 1ITez 176B4 13504 714 - -
Process Constant 1, W, =¥’ 12010 REINE 17837 21026 28616 30602 31884 40062 0886 51815 it
i
Estmaled Ve ofthe Fiow Benaviur index (n e Screw) , 050 g Gap Shear Consiant 0, 27227 i
(TR ) Chanel Shear Constant @ 10.47 Bl
sae
Apparent Fignil Gap Viscosiy wy fas’ 1079 %5 a1 814 751
Apparent Channel Viscosty. e e 8500 w020 4400 a0 80 i
* L] L = 500 b o bl B :\((m: oo ume. w0 w0, woon T
ESOMaed POREr. Pus, 0 6703 B428 8948 10968 n210 13996 13 430 17263 16124 20435 Sy iime. 0¥ S S Wit [ 4 |
wror % 808% 573% sa1% 656% L 1o 1978 omn ogz% o3 Avwrage Consistancy knde fin the Scrow], my 37544 Na® mi® Aveiage MeX Consistency Index. my 121231 N&" m*
Estimatnd Vlus ofthe Flow Behasoue s the Scraw) my 050 Aisragn Ul Flow Behmecr dox. b 042
Cakisaed Consisienty NGEK My, 1o’ 37576 3758 3569 a7 ar4es

Average Conssionty mgex (n e Screw) m, 376440 NS’

The Consistency Index, m is then
determined via m = pu/y0"

An estimate of the magnitude of the
Apparent Channel Viscosity, u, is made,
the Apparent Gap Viscosity, p,, follows
and then the Power, P, is calculated
to minimize the error.
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Summary

The numerous Physical & Chemical Transformations of the
Formulation, which occur within the Extruder Screw, will
ultimately result in the formation of the Melt.

These changes are solely dependent upon the interaction of the
Screw  Geometry, the Rotational Speed and the Effective
Formulation Rheology (which is continuously changing along the
Length of the Screw) thereby determining the Strain (or Work
Input) for the Process.

A (“simple”) Methodology for estimating the Effective Viscosity
(or the Global Rheological Properties) has been presented herein.

An Understanding (and the Control) of the Rheological Properties
of the Formulation Ingredients (i.e., the Ingredient Quality) is
therefore of paramount importance to ensure optimal Process
Control for any Extrusion Operation.
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