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ABSTRACT

A PREDICTIVE MODEL FOR PRESSURE DROP IN FOOD EXTRUDER DIES

By

Murray Donald Howkins

A model based on a generalized Reynold’'s number and material
viscoelastic properties has been developed for predicting entrance
pressure drop through mulitiple hole food extruder dies. The model was
applied to data collected during twin-screw extrusion of potato dough,
defatted soy dough, and an inert food dough, and gave accurate
prediction of entrance pressure drop. This model, combined with
previous models for predicting die hole pressure drop, provides a method
for assessing total die pressure drop in an extruder for use in scale-up

and die modification applications.



ACKNOWLEDGEMENTS

The author expresses sincere gratitude to the following people for

their input on this thesis:

Dr. Ronnie G. Morgan for his invaluable professional and personal
guidance during this graduate program. His continued encouragement and
optimism were very much appreciated.

Dr. Fred W. Bakker-Arkema, Dr. Robert Y. Ofoli and Dr. Mark A.
Uebersax for their added expertise to this project as well as
encouragement and excellent advice for career plans including plans for
future overseas work.

The Food Engineering extrusion team for their assistance in data
collection and analysis. Special thanks goes to Barb Christensen, Kevin
Evans, Gary Garfield, John Keenan, D’Anne Larsen, and John Leen.

The entire Food Engineering/Agricultural Engineering Dept. at
Michigan State University for their personal friendship and advice.

Rudy Leschke of Nabisco Brands Inc. for his valuable input on the
methodoiogy of this study.

Kevin Rose and Kirk Dolan, fellow Agricultural Engineering graduate
students, who helped, encouraged, and befriended the author throughout
his graduate program.

The Author'’s parents, John and Beryl Howkins, for their continued
support, prayers, patience, and encouragement throughout the author’s

academic career.

iii



TABLE OF CONTENTS

CHAPTER

LIST OF TABLES .

LIST OF FIGURES
NOMENCLATURE .

I. INTRODUCTION

II. REVIEW OF LITERATURE

Discussion of need
Pressure drop modeling

III. THEORETICAL DEVELOPMENT .

Pressure drop equations .
Elasticity equations
Dimensional analysis

IV. EXPERIMENTAL PROCEDURES .

Experimental design . .o
Capillary rheometer procedures
Twin-screw extrusion procedures .
TSE sample preparation .
TSE extrusion techniques .
Moisture content analysis .
Data analysis .
Slip .
Generalized viscosity models .
Data analysis techniques .

V. RESULTS AND DISCUSSION

Experimental data . . .
Rheological parameters of
capillary rheometer data .
Twin screw extruder operation .
Rheological parameters of TSE data .
Elasticity . . e
Entrance pressure drop modeling .
Pi (I) term coefficients . .
Validity of I term coefficients
Entrance pressure prediction accuracy

VI. CONCLUSIONS .

iv

Page

(o) ¥S)

10

10
18
22

25

42
48
50
57
59
59
62

78



TABLE OF CONTENTS (Cont’d)

CHAPTER

RECOMMENDATIONS

APPENDICES

w >

Q@ = @m O O

CHECK OF INDEPENDENCE OF wn TERMS .

DIE DIMENSIONS .

CAPILLARY RHEOMETER CALCULATIONS .

FLOUR CALIBRATION PROGRAM

DIE SLIP ANALYSIS

SAS PROGRAM TO COMPUTE CR RHEOLOGICAL PROPERTIES

GENERAL SAS PROGRAM TO COMPUTE TSE
RHEOLOGICAL PROPERTIES .

. SPS DATA TESTED ON CAPILLARY RHEOMETER .

. SPS SHEAR STRESS VS. SHEAR RATE DATA FROM

CAPILLARY RHEOMETER

. SPS DATA COLLECTED ON TWIN SCREW EXTRUDER

. POTATO DOUGH DATA COLLECTED ON TWIN SCREW

EXTRUDER

DEFATTED SOY DOUGH DATA COLLECTED ON TWIN
SCREW EXTRUDER .

. SHEAR RATE AND SHEAR STRESS VALUES FOR

EXTRUDED SPS .

. SHEAR RATE AND SHEAR STRESS VALUES FOR

EXTRUDED POTATO DOUGH.

. SHEAR RATE AND SHEAR STRESS VALUES FOR

EXTRUDED DEFATTED SOY DOUGH

Q. ENTRANCE PRESSURE DROP DATA FROM LITERATURE

. EXPERIMENTAL DATA USED IN COMPUTING ENTRANCE

PRESSURE DROP

. SAS PROGRAM FOR COMPUTING ENTRANCE PRESSURE

. ANOVA TABLES FOR STEPWISE FORWARD REGRESSION

OF EQN. 27 .

Page

79

81
82
86
90
93

94

95

97

101
102

105

107

108

108

109

110

113

115

117



TABLE OF CONTENTS (Cont’'d)

CHAPTER

U. ANOVA TABLES FOR LINEAR REGRESSION .

V. INDUSTRIAL APPLICATIONS OF THE DIE PRESSURE

DROP MODEL .
LIST OF REFERENCES .

VITA .

vi

Page

124

130
135
138



LIST OF TABLES

TABLE Page
1 Coefficients for Boger (1982) entrance pressure
drop model (Eqm. 1) . . . . . . . . . . . . . .. 9
2 Variables affecting entrance pressure drop in
food extruder dies . . . . . . . . . . . .. .. 17
3 Listof M Terms . . . . . . . . . . . . . .. .. 24
4 Data from published literature sources
(raw data given in appendix Q) . . . . . . . . . . 26
5 Experimental design for capillary rheometer . . . 28
6 Experimental design for twinescrew extruder . . . 29
7 Twinescrew extruder die dimensions . . . . . . . . 33
8 Screw configurations of twin-screw extruder . . . 34

9 Power law parameters for SPS determined using

a capillary rheometer . . . . . . . . . . . . .. 45
10 Rheological properties of extruded materials
determined using a capillary rheometer . . . . . . . . 45
11 Moisture content and product rate calibration

values for SPS and defatted soy dough . . .- . . . 49
12 Rheological properties of twinescrew extruder data 50

13 Coefficients for Eqn. (21) and their corresponding
model r~ (determined by stepwise forward regression) 61

14 Contribution of II terms fo model accuracy
(determined by partial r~ given by each term) . . 61

15 Coefficients fox Eqn. (28) and the correlation
coefficients (r”) for APent predicted by

Eqn. (28) vs observed APe 68

nt

vii



Figure

1 Effects of changes in die AP vs. Q
relationships on extruder operating performance.

2 Schematic of effects of die change on extrusion
parameters and extrudate quality .

3 Flow coefficient, fc, (from Michaeli, 1984) vs.
shape factor, F, for non-Newtonian flow through
irregular cross-sectioned die holes

4 Definition of die hole shape factor, F .

5 Definition of die hole spacing, s

6 Definition of die entrance angle, a, and conduit
entrance diameter, Dc

7 Primary normal stress difference (N,) vs. shear
rate data for various polymers studied by Crater
and Cuculo (1984) and White and Roman (1976)

8 Schematic of proposed method (Williams, 1977)
for determining A (at constant shear rate
and hole diameter

9 Illustration of capillary extrusion process.

10 Schematic of end effects for AP, vs I' through
dies of same diameter, differeng lengths

11 Relationship of entry length and Power law index.
(Analysis by Collins and Schowalter (1963))

12 Shear stress vs shear rate for SPS extruded with
a capillary rheometer (data points are means of
four observations)

13 Shear stress vs shear rate for SPS extruded with
a capillary rheometer (Data points are means of
four observations)

14 Power law consistency coefficient, m, vs 1/T for
SPS (50% MC) extruded with a capillary rheometer
(data points are means of four observations)

15 n vs 1/T for potato dough (33.7% MC)

LIST OF FIGURES

(Apparent viscosity adjusted to y = 100 sec'l)
(Mackey et al. 1986) e e e e e e .

viii

Page

14
15

16

16

19

21

31

37

38

43

44

46

47



LIST OF FIGURES (Cont'd)

Figure

16

17

18

19

20

21

22

23

24

25

26

27

28

Shear stress vs. shear rate for SPS (58% MC, 66.6°C)
(data points are means of four observations)

Shear stress vs shear rate for SPS (64.3% MC, 59.3°C)
Twin screw extruder data (data points are means of
four observations)

Shear stress vsoshear rate for potato dough
(MC=50%, T=54.4°C) (data points are means of
two to four observations) .o e e

Shear stress vs 3hear rate for defatted soy dough
(MC=40.0, T=46.8°C) (data points are means of
four observations) e e e e e e e

Analysis of slip for SPS TSE data (58% MC)
(data points are means of four observations)

Material time constant determined for extruded
potato flour at 50% M.C. (data points are means
of two observations) .

Predicted vs. observed L3 for all published and
experimental data C e e e e e

Predicted vs. observed AP en for all published and
experimental data (solid points are plastic polymers
and open points are food doughs) e

Predicted vs. observed AP for published
ent
polymer data e e e e e e

Predicted vs. observed AP for published
defatted soy data e e e e e

Predicted vs. observed APen for twin screw
extruder data (data points &dre means of
four observations)

Predicted vs observed APe for extruded potato
dough data (data points &P€ means of two to four
observations)

Predicted vs observed AP for extruded

defatted soy dough data ?Bata points are means
of four observations) e e e e

ix

Page

51

52

53

54

56

58

66

67

71

72

73

74

75



LIST OF FIGURES (Cont'd)
Figure Page

29 Predicted vs observed AP n for extruded SPS data
(data points are means of four observations) . . . 76

30 Boger (1982) model predicted vs observed APen

for all data . . . . . . . . . ... ... . 77
A. Schematic of capillary rheometer extensions . . . 87
B. Schematic of chart plots . . . . . . . . . . . . . 88



ent

< - 18

MC

AP 4

APdhole
AP

e
APent

AP
ex

APobs

Empirical constant
Moisture content adjustment for genralized viscosity

Empirical exponent for n, term

i

Diameter of barrel conduit (m)

Die Diameter (m)

Activation energy (cal/g mol)

Shape Factor

Coefficient in eqn 24

Constant used in equating N1 (eqn 18) (Pa)

Die length (m)

Die end length (equivalent length added to die hole
length accounting for end pressure drop (m)

Entry length region before fully developed flow (m)

Power law consistency coefficient (Pa-secn)

Mass rate (kg/hr)

Moisture content (percent wet basis)

Reference moisture content (percent wet basis)

Power law flow behavior index

Number of die holes

Primary normal stress differecne (Pa)

Exponent used in equating N1 (Eqn. 17)

Total pressure adjusted for temperature (Pa)

Die hole pressure drop (Pa)

End pressure drop (Pa)

Entrance pressure drop (Pa)

Exit pressure drop (Pa)

Total die pressure drop at observed temperature (Pa)

xi



AP Total predicted pressure drop (Pa)

Q Volumetric flow rate (m3/s)

LN Hydraulic radius of die hole (m)

R Die radius (m)

Regen Generalized reynold’s number

R Universal gas constant (1.987 cal/gmol-oK)
s Die hole center spacing (m)

T Temperature (°K)

TR Reference temperature (OK)

v Average velocity in die (m/s)

a coefficient in eqn 24.

a Die entrance angle (deg)

B Jet swell ratio (extrudate dia./die dia.)
ﬂ2 coefficient used in eqn 24.

B’ slip coefficient

¥ True shear rate (s'l)

r Apparent shear rate (s'l)

A Time constant (s)

Aa Proposed alternative time constant (s)

n Viscosity (Pa s)

LI Independent dimensionless term (Table 2)
P Density of material at the die (kg/m3)
T, Shear stress at the wall (Pa)

¥ Temperature-time history (°C-s)

® Shear history

xii



CHAPTER I.

INTRODUCTION

The uniqueness and efficiency of extrusion has led to its wide
acceptance for manufacturing several different types of food products.
Single screw extrusion originated in the mid 1930's with development of
the Collet extruder for producing puffed corn curls (Harper, 1981).
Then, in the mid 1950’s, single screw cooking extrusion grew rapidly as
an efficient means of producing expanded pet foods. 1In the late 1970's
twin-screw extrusion began to receive moderate attention in the food
industry as an improved extrusion technology for specific applications.
Today, twin-screw extrusion technologies are growing at significant
rates and are used to manufacture a host of various food products.
Among these products are breakfast cereals, snack foods, pet food,
beverage powders and bread dough.

Use of extruders in the food industry is constrained due to lack of
adequate knowledge about how process conditions affect machine
performance and product quality. This lack of knowledge restricts
engineering scale-up of the processes. Typical scale-up is still an
art, relying on personal expertise and experience. This is largely due
to geometric complexity, irreversible physicochemical reactions and non-
Newtonian behavior of foods.

One critical phenomenon in extrusion scale-up involves the pressure
drop versus flow rate (AP vs. Q) relationship through the die assembly.
Changes in this relationship directly affect extruder performance by
changing residence time, percent screw fill, and power requirements.
These in turn alter shear history, thermal history, and thus viscosity.

These parameters directly affect extrudate quality, especially in starch

1



or protein products where starch gelatinization and/or protein
denaturation significantly alter the product properties.

A common need is to alter extrudate size and/or shape without
affecting process history within the extruder. Therefore, one needs to
change die assemblies without altering its overall AP vs Q relationship.
A major problem in achieving this goal is the lack of reliable methods
for predicting die entrance pressure drop for non-Newtonian food
materials flowing through multiple non-circular holes. Hence the
objectives for this investigation are:

1. To develop an engineering analysis technique for predicting entrance
pressure loss in food extruder dies as a function of die geometry,
material rheology, and process conditions.

2. To use experimental data for plastic polymers and biological
materials to verify the proposed technique.

Although total AP vs. Q is the primary die design factor affecting
extruder performance, practitioners should note that parameters such as
maximum shear rate and die roughness may also impact product quality
(Harper,1986). The present study only emphasizes the assessment of

pressure drop phenomenon of extruder dies, not product quality.



CHAPTER 1II.

REVIEW OF LITERATURE

DISCUSSION OF NEED

An extruder'’s total output is directly affected by the pressure
drop-flow rate relationship of the screw and die. In a screw extruder,
net flow is equal to the drag flow caused by the forward thrust of the
screws, minus the back flow caused by the die pressure (Harper, 1981).
The point at which net flow is equal to the die flow for a given product
rate is known as the extruder operating point. Figure 1 depicts how a
change in die AP vs. Q changes the extruder’s operating point. Changing
from die #1 to die #2 (Figure 1) causes a change in the die AP vs. Q,
thus shifting the operating point.

Shifting the extruder operating point changes process parameters
such as residence time, power input and percent screw fill. These
parameters in turn affect process kinetics. Figure 2 schematically
illustrates how die AP vs. Q characteristics can affect extruder
performance and extrudate quality. Note that quality is application
specific and denotes the desired physical and physicochemical properties
such as texture, puffing, percent gelatinization or denaturation.

Change in die geometry affects the extruder power requirement.

While extruding a nonreactive non-Newtonian dough, the author observed a
40 to 50 percent increase in power input when changing die L/D from one
to eight on a twin-screw extruder. Harper (1981) shows that total power

of a single-screw extruder is a function of extruder die pressure.
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Figure 1. Effects of changes in die AP vs.Q relationships
on extruder operating performance.
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Change in residence time directly affects process kinetics. Bigg
and Middleman (1974) and Bruin et al. (1978) showed significant effects
of die pressure drop on residence time for a single-screw extruder.
Changes in residence time and power input change the temperature-time
history, ¥, and strain history, ®. Changes in ¥ and ® alter process

kinetics, which change extrudate quality (Morgan, 1979; Dolan, 1986).
PRESSURE DROP MODELING

Pressure loss across extruder die assemblies can be separated into
three components: entrance pressure drop, capillary (die hole) pressure
drop, and exit pressure drop. Entrance pressure drop (APent) consists
of momentum losses due to changes in fluid velocity and flow direction,
and energy required to overcome elastic forces. Exit pressure losses
are due to the relaxation of elastic forces created during material
contractions at the die entrance. Crater and Cuculo (1984) showed that
APex is less than 20% of APent for high molecular weight polymers at
shear rates of 100-2000 s'l. Han and Kim (1971) showed APex to be one
to six percent of APent for polyethylene in a shear rate range of 100-
6003.1 with varying cone entry to capillary diameter contraction ratios.

APex's of 10-30 percent of APen were reported for high and low

t
molecular weight polymers in a shear rate range of 100-1000 s°1 over
various ranges of die entrance angles (Han, 1973). Assuming that elastic
effects of food materials are orders of magnitude less than those for
polymers, the author assumed APex << APent for food extrusion dies and

therefore can be neglected.



Entrance pressure drop cannot be neglected when assessing total
pressure drop across most food extruder dies. Morgan (1979)
demonstrated that APent for soy dough represented 50 to 70 percent of
total AP for capillary extrusion with the die L/D ranging from two to
eight. APent for soy dough ranged from 20 to 50 percent of total AP in
a capillary extruder having L/D ratios of 20 to 80 (Remsen and Clark,
1978). Pena et al. (1981) showed APent to be 83 percent of total AP for
several polymers. From the above data it is concluded that entrance
pressure drop is often the largest single component of total pressure
drop. Die hole pressure drop was and assumed to account for the
remainder of the total pressure drop.

Research has been conducted using finite element analysis to study
capillary entrance pressure loss of polymers through single circular
holes (Kim-E, 1983; Keunings and Crochet, 1984; Boger, 1982; Tanner et
al., 1975; Mitsoulos et al., 1985). These models are limited to fixed
contraction ratios and do not apply to multiple die holes. Other
research has involved experimental data analysis of die entrance
pressure loss through singular die holes (Crater and Cuculo, 1984;
Jasberg et al., 1981; Ballenger et al., 1971; Jao and Chen, 1978;
Morgan, 1979; Han et al., 1969; Han et al., 1970; Han and Kim, 1971;
Han, 1973). These researchers did not develop a generalized model to
relate entrance pressure to flow rate, material rheology and die
geometry.

Boger (1982) developed the following model for predicting entrance
loss through circular die geometries using non-elastic, non-Newtonian

power law polymers:

Re' .,
APent - 2rw [ 32 (C' +1) + n, ] (1)



where Re’ is the generalized Reynold’s number given as

Re’ = _p DMV ™ )
8n'1m[§g¢l]n
4n
and C' and n'c are coefficients based on the flow behavior index and are
given in Table 1.

This model does not account for elasticity and has not been tested
for food materials. However, it is the only model that the author found
that could possibly be adapted to predict entrance pressure drop of food
materials flowing through multiple die holes with irregular shapes.
Hence, Boger’s model is tested in this study for its applicability to
foods, and it is compared to the model developed in this study.

Die hole pressure drop can be developed from simple momentum
balances within a capillary. For Newtonian flow the Hagen-Poiseuille
equation relates capillary pressure drop to flow rate, die length and
radius (Bird et al., 1960). A similar development for non-Newtonian
cases have been used by Shanoy and Saini (1985) and Michaeli (1984) for
irregularly shaped die cross sections. Michaeli (1984) and Shanoy and
Saini (1985) introduced factors to account for irregular cross sections.
Shanoy and Saini (1985) also substituted the apparent viscosity of a
Power law fluid in place of the Newtonian viscosity used in the

Hagen-Pouiseuille equation.



Table 1. Coefficients for Boger (1982) entrance pressure drop model
(Eqn. 1)

Flow Behavior Index Loss Coefficient Couette Correction

n c' n’'

c
1.0 1.33 0.59
0.9 1.25 0.70
0.8 1.17 0.85
0.7 1.08 1.01
0.6 0.97 1.15
0.5 0.85 1.34
0.4 0.7 1.53
0.3 0.53 1.76




CHAPTER III.

THEORETICAL DEVELOPMENT
PRESSURE DROP EQUATIONS
Total pressure loss across an extruder die hole can be expressed as

APT - APent + APdhole + APex (3)

As discussed previously, exit pressure drop is assumed negligible for
this study. The die hole pressure drop term of Eqn. (3) can be
determined from transport phenomena equations of viscometric tube flow.
For non-Newtonian non-elastic viscometric flow in the absence of slip, a

force balance on a cylindrical element results in

o 2L
APdhole R "w (4)

For Newtonian tube flow, derivation of shear rate at the tube wall

results in
- 4
r RR3 (5)

For a non-Newtonian fluid, true shear rate, vy, is given as a function of

I' as (Darby, 1976):

y -[i“'—*l]r (6)

where n’ is the Rabinowitsch correction factor (Whorlow, 1980) given as

10
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- d 1n T (7)
d1lnT

nl

There are several models developed for describing rheological properties
of non-Newtonian fluids. The most popular and simplest of these models

for a shear thinning material is the Power-law model:
ro=m oy (8)

Harmann and Harper (1973) concluded that the Power-law model adequately
describes the relationship, for a limited range of vy, for extruded
cereal doughs. For a Power-law fluid, the Rabinowitsch correction
factor n’ = n. Hence, for circular die flow of a Power-law fluid, shear

rate at the wall is described by
- =ntl | 4Q
M 4n [ ﬂR3 } )

substituting equations (5) and (6) into (4) and (8) yields an expression
for die hole pressure loss as a function of rheological properties, size

and flow rate for circular holes:

n
AP M‘] @™ (10)

_2Lm
dhole nR3n+1 n
®

There is a need to reformulate Eqn. (10) for irregularly shaped
conduits. However, solution of the equations of motion for irregularly
shaped cross sections is complex and usually requires a numerical
methods solution. Some authors have developed flow coefficients for
specific geometries which are used to adjust the Hagen-Poiseuille

equation for flow through irregular cross sections. Michaeli (1984)
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lists flow coefficients, fp’ for some cross sections of known aspect

ratios, (height/width), and gives APdhole as

APdhole =12 p 0L 1 (11)
BH3 £

P
Irregular cross-sections without actual height and width dimensions
such as hearts, moons, stars etc. are commonly used in food extrusion of
snack foods and breakfast cereals. For this reason, it is essential
that the die pressure drop model is not limited to dies of a given cross
section or measurement of an aspect ratio.

Classical fluid dynamics makes use of the hydraulic radius,

defined as:
U Cross-Section of Flow Area (12)
h Wetted Perimeter of Cross-section

for evaluating pressure loss of turbulent Newtonian flow in irregularly
shaped conduits (McCabe and Smith, 1976). Note that for a circular
cross section, I, = R/2. For laminar flow, use of the hydraulic radius
without a flow coefficient is only an approximation (Michaeli, 1983;
McCabe and Smith, 1976). However, combining the concept of the hydraulic
radius with a flow coefficient might result in an effective solution of
APdhole without requiring use of an aspect ratio. For non-Newtonian flow
through irregular conduits, the following combination of equations

(10),(11) and (12) is proposed:

Lm [
APdhole - (8x)nrh(3n+1) n

(13)
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where 2rh has been substituted for R and the flow coefficient, fc, has
been adapted from fp values of Michaeli (1984) and are listed in
Figure 3 as a function of a shape factor, F. The shape factor is
defined as the ratio of the diameter of the smallest circle (circle A,
Figure 4) which totally encloses the die hole cross section to the
diameter of the largest circle (circle B, Figure 4) which will fit
completely inside the die hole cross section. Flow coefficients for
other irregular shapes need to be developed but is beyond the scope of
this study.

The entrance pressure drop term of Eqn. (3) is also a function of
rheological properties as well as several die geometric variables.
Table 2 lists variables which should be considered in determining die
entrance losses for food materials. The die hole center spacing (s) is
the distance between each hole on a concentric circle configuration as
shown in Figure 5. The die inset angle (a) and the conduit entrance
diameter, Dc’ are defined in Figure 6.

No published literature was found for assessment of APent for
non-circular holes. For initial development, the author proposes that
the shape factor, F, along with the hydraulic radius would be sufficiené
to describe the effect of noncircular cross-sections on entrance

pressure.
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1°55 ! I L | ! | ! ] ! ]
a  EXTENDED SEMI CIRCLE
|1 o EXTENDED CIRCLE
0 RECTANGLE
1.0 4 o—
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po——0—~8
- / —
o— ° —
2’/
0.5 /D
&
0.0 L I 1 ' 1 l T I T l
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F
Figure 3. Flow coefficient, £ , (from Michaeli, 1984)

vs. shape factor, F, for non-Newtonian flow through irregular

cross-sectioned die holes.
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\
\ )
S
Die \
cross section ~—7
n‘y—-—-l)() o
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Shape Factor F =
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Figure 4. Definition of die hole shape factor, F.
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(Assume mult Ple rows are spaced s distance)

Figure 5. Definition of die hole spacing, s.

Barrel o ; - Die

Figure 6. Definition of die entrance 'angle, a, and conduit entrance
diameter, Dc.
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Table 2. Variables affecting entrance pressure drop in food extruder

dies
Procegsg Variables Notation Dimensions
Entrance pressure loss of die assembly 8P . ML e 2
Total volumetric flow rate Q et
Die Geometry
# of die holes ny ---
Hydraulic radius of die holes £, L
Shape factor of die holes F ---
Diameter of upstream conduit at die entrance Dc L
Die hole center spacing s L
Die entrance angle a deg
Material Properties
Shear thinning flow behavior index n ---
Power law consistency coefficent m ML 1e2 P
Characteristic time constant A t

3

Density of fluid at die entrance p ML~
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ELASTICITY EQUATIONS

Little is understood about the influence of elastic properties of
viscoelastic fluids on entry pressure drop (Boger, 1982). Some authors
report that entrance losses for viscoelastic fluids may in fact be less
than Newtonian cases (Black et al., 1975; Tanner, 1976; Yiriyayuthakorn
and Caswell, 1980 (from Boger, 1982)).

Elastic fluids are generally characterized by the Weissenberg or

Deborah numbers

>~
<

We = -B- (14)

De = *—L" (15)

The author elected to use the Weissenberg number as it is more commonly
seen in published literature. The characteristic diameter, D, is
assumed to be the die diameter.

Boger (1982) defines a characteristic time constant, A by
(16)

Huang and White (1980) used this equation in their investigation of
the relationship between jet swell and the Weissenberg number. Eqn (16)
is further reduced by relating N1 to I'. Analysis of plastic polymer
data from Crater and Cuculo (1984) and White and Roman (1976) (Figure 7)
shows that the primary normal stress difference (Nl) of some polymers
can also be approximated by a power law function of the Newtonian shear

rate as

s



N1 (PA)
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6
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Figure 7. Primary normal stress difference (Nl) vs. shear

rate data for various polymers studied by Crater
and Cuculo (1984) and White and Roman (1976).
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N, = K (DP (17)
where p was found to range from 0.9 to 1.1. Values of K from data of
White and Roman (1976) ranged from 10,000-30,000 Pa-secP for various
polymers at 180 °C. Data from Crater and Cuculo (1984) yielded K values
of 2000 and 5000 Pa-secP for polyethylene at temperatures of 285 °C and
265 °C, respectively, for shear rates of 200-2000 sec-l. Substituting

equations (6),(8),(9) and (17) into (16) gives

R i 4

3
2ﬁrh (18)
n+l

p-n-1
¢ L)
A =

2m [éﬁil
n

Accurate measurement of N1 vs. I data for extruded doughs is very
difficult due to the presence of a yield stress and the need to simulate
extrusion process conditions, e.g. temperature, shear rate and pressure,
during measurement. For this reason a different method for estimating
the time constant is suggested.

An alternative pseudo material time constant, Aa’ based on a
treatise by Williams (1977), is defined as the first order time decay
constant for jet swell (Figure 8). The Aa is related to the jet swell

ratio (B) and die residence time (t) by the following,
B =B, + (By- B) exp (-t/A) (19)

where 8 is the ratio of the instantaneous swell to the die diameter and
ﬂo and B are the swell ratio at zero and infinite die lengths,
respectively. B vs. residence time data are obtained by varying die L/D

and measuring swell while holding Q and D constant.
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Swell
Ratio

Die residence time

Figure 8. Schematic of proposed method (Williams, 1977)
for determining Xa (at constant shear rate and hole diameter).
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DIMENSIONAL ANALYSIS

Dimensional analysis was chosen for quantifying APent because it
most efficiently incorporates numerous parameters such as those listed
in Table 2, and does not require solution of complex velocity profiles
as would be necessary if the equations of motion were used. Astarita
(1974) addresses theoretical limitations of using dimensional analysis
to characterize flow of viscoelastic fluids when the same fluid is used
for model and prototype scales. He implied that the only means by which
all dimensional analysis criteria can be met is to use homologous non-
Newtonian fluids, that is, two materials characterized by the same
dimensionless operator of deformation histories but of unequal viscosity
parameters.

The author elected to pursue a dimensional analysis approach despite
the position presented by Astarita (1974) because this approach appears
to be the only practical method for modeling die flow phenomena for food
materials. Also, the relative elasticity of food materials is unknown.
As previously mentioned, the elasticity of food materials is assumed to
be much less than the elasticity of polymers and hence may not cause the
significant error that Astarita (1974) found for highly elastic
materials.

The desired relationship resulting from dimensional analysis of the

parameters in Table 2 is

APent - f(Q, nd, rh' F, DC’ s, a, m, n, A’ p) (20)
Eqn. (20) is reduced by the Buckingham Pi Theorem which states that the
number of dimensionless and independent quantities required to express a

relationship among the variables in any phenomena is equal to the number
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of quantities involved, minus the number of dimensions in which these
quantities may be measured (Murphy, 1950). In this study there are
three dimensions: length, mass and time. The resulting number of Pi
terms developed from the variables of Table 2 is 9 (12-3).

Nine II terms (Table 3) were derived to yield relationships
considered meaningful in fluid mechanics. The 7, term is based on the
Euler number, the ratio of pressure forces to inertial forces. 1In this
case, the pressure forces are entrance pressure forces.

The 7, term is a simplified Reynold’s number, the ratio of inertial
forces to viscous forces. The Newtonian viscosity in the standard
Reynold’s number is replaced with the apparent viscosity of a Power law
fluid evaluated at the wall. In place of the Power law model,
another fluid model may be used to find an expression for the apparent
viscosity in x,-

The xg term is the Rabinowitsch correction factor and the Tg term is
the die contraction ratio. The 7y term was based on the Weissenberg
number and was defined to ensure a non-zero number (1.0) for inelastic
fluids having a Weissenberg number at or near zero. Likewise Ty was
defined to be non-zero for single hole dies. LEVLIRL D and T describe
die geometry.

Assuming the II terms are differentiable over the range of the

variables considered, then the product solution method (Murphy, 1950)

can be used to express x, as

b b b b b b b b
moma (m) 2(my) D (m) C(rg) D (m) O (m) T(mg) O (mg) © (21

This form of the equation significantly reduces the number of
experimental runs necessary to determine empirical constants.

Independence of the II terms is verified in Appendix A.



Table 3. List of II terms

- 2 Q

Mgty

where

for a Power law fluid.

(3n+1)/(4n)

21rndrh
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Description

Entrance Euler number = ratio of
entrance pressure forces to iner-
tial forces (based on entrance
pressure loss)

Simplified Reynold’s number

analogous to Generalized Re

4n

n-1 [3n+ ]n-l
n -n [—2— 3o+l
O = 7,.11)

# holes in die head

Shape Factor

Rabinowitsch Correction Factor

Ratio of the total die hole area
to the entry conduit area

Die entrance angle

1 + Weissenberg number

Die hole center spacing



CHAPTER 1IV.

EXPERIMENTAL PROCEDURES

In order to verify the model, data from published literature were
chosen to develop initial empirical constants, then experimental data
were collected for various food materials and checked against the model.
Data from six published sources (Table 4) were chosen for initial

development. Published data for APen vs. Q were mainly from the

t
plastics industry and did not incorporate effects for irregular shapes

nor multiple die holes. Therefore, experimental data were also
collected to develop empirical constants for food materials flowing

through irregularly shaped and multiple die holes.

EXPERIMENTAL DESIGN

A Baker Perkins 50mm twin-screw extruder (TSE) and an Instron (model
#4202) capillary rheometer (CR) were used to conduct extrusion die
experiments. The TSE was chosen because of its increasing popularity in
the food industry. In addition, due to the fact that the TSE is pilot
plant size, data collected on this machine should give model parameters
which can be realistically used in the food industry. Also, as the
extruder is a twin-screw, its operating point is less altered by die
changes than for a single-screw extruder. It is important that the same
food product be delivered to all dies in order to measure effects of the
various die changes without the compounding effects of varying

rheological properties.

25
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TABLE 4. Data from Literature Sources (Raw Data given in Appendix Q)

........................................................................

........................................................................

.72 PE Terephthalate at 285°¢

.72 PE Terephthalate at 265°C

.96 PE Terephthalate at 285°¢

.96 PE Terephthalate at 265°C

Polyethylene (PE)
HDPE(I)

1ppe(?)

Soy Dough 32% MC.
Soy Dough 30% MC.
Soy Dough 34% MC.

Soy Dough 35% MC.

50 °c
120 °c
24 °c

160 °c

(1) High density polyethylene

(2) Low density polyethylene

Crater and
Crater and
Crater and
Crater and
Jasberg et
Han (1973)
Han (1973)
Remsen and

Jasberg et

Cuculo (1984)
Cuculo (1984)
Cuculo (1984)
Cuculo (1984)

al. (1981)

Clark (1978)

al. (1981)

Morgan (1979)

Morgan (1979)

150-1250
150-1250
300-1600
100-1000
200-5000
100-600
100-800
3-150
100-3000
1-19

47-950
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The CR was selected because of its ability to maintain constant
temperature. Data collected with the CR can be used to model effects of
moisture content,temperature, shear rate and thermal kinetics as shown
by Morgan (1979) and Mackey et al. (1987). However, the CR is limited
to the case of single hole dies and zero shear history. Hence, data
from the TSE and CR compliment each other well. Rheological properties
were changed by varying shear rate, moisture content, extrusion

[

temperature and thermal history.

——

Three materials (soy polysaccharide (SPS), potato dough and
defatted soy dough.) were selected for experimental tests to verify the
model for a wide range of food materials. Criteria of the test
materials were that one be a starch based dough, one a protein based
dough, and another a food type dough which does not undergo significant
physicochemical changes during extrusion. Potato flour, defatted soy
flour and soy polysaccharide (SPS) were chosen to meet these criteria,
respectively. Potato flour (Lamb-Weston Company Portland, OR) was
chosen as the starch based material because it was pregelatinized and
hence would not significantly undergo further gelatinization during
experimentation (Mackey et al., 1987). Pregelatinizatio; of the starch
dough was desired in order that the rheological properties of the dough
would not have to be adjusted for gelatinization effects. Defatted soy
flour was selected because denaturation effects of this dough occurred
only above 70°C and could be adjusted for by a model developed by Morgan
(1979). Soyafluff 200w soy flour from Central Soya (Ft. Wayne, IN), was
used for preparing soy doughs. Soy polysaccharide (SPS) was chosen as
an inert type food substance as it shows no significant kinetic effects
due to gelatinization or denaturation under normal extrusion conditions.
SPS was donated by the Protein Technology Division of the Ralston Purina

Company (St. Louis, MO).
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Tables 5 and 6 outline the experimental design used in this study.

Two duplications of tests on SPS were conducted on the capillary

rheometer and TSE.

Spot check replications were made for potato flour

on the TSE at the same RPM and most tests were duplicated at two

different RPMs.

Defatted soy flour was held at a constant pressure for

a minimum of three to four minutes before measurements were recorded.

TABLE 5. Experimental design for capillary rheometer

e
P

Soy polysaccharide
Temperature Crossh?ig Die 2) Die Moisture
of capillarx Speed Diameter Length Content
Rheometer ( (mm/min) (cm) (cm) (%)
25 100,300,500 0.15875 0.8,5.0 60
0,3175 5.2
25,50,70 100,300,500 0.15875 0.8,5.0 50,70
0.3175 5,2
(1) 2<T <1500 st
(2) 2<L/D <35
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TABLE 6. Experimental design for twin screw-extruder

INGREDIENT DIE( b BARREL SCREW FLOW MOISTURE REPS
TEMP SPEED RATE CONTENT
(°c) (rpm) (kg/hr) (% wet basis)

DEFATTED  Q:L,S 155 150 31.8,49.9, 56 2
SoY 8TH:L,S 280,350  68.1
DOUGH

Q:L,S 55,200 280 31.8,49.9 56 2

8TH:L,S 68.1

Q:M 155 280 31.8,49.9 56 2

8TH:M 68.1
POTATO RECT. 12.8 100, 300 31.8,49.9 50 1
DOUGH Q:L,S 68.1

8TH:L,S

3H:L,S

FF:L,S
SPS Q:M,S 12.8 350 31.8,49.9 64.8 2
DOUGH 8TH:L,S 68.1

3H:L,S

FF:L,S

RECT:L,S

21H:S

3 SLIT: S

Q:M,S 12.8 240 31.8,49.9 58.6 2

8TH:L,S 68.1

3H:L,S

FF:L,S

RECT:L,S

21H:S

3 SLIT: S

(1) Die notation and dimensions given in Table 7.
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CAPILLARY RHEOMETER PROCEDURES

The capillary rheometer was used to collect data for determining
viscosity as a function of temperatuté. The viscosity-temperature
relationship is needed to adjust twin-screw extruder data to an average
die temperature for each material. Capillary rheometry was performed on
SPS; previous data for defatted soy dough and potato dough had been
collected and analyzed by Morgan (1978) and Mackey et al. (1986) r
respectively. !

The CR was preheated to a constant barrel temperature for
approximately 30 to 60 minutes before testing. Tests were conducted by
rapidly loading the CR by dropping twin-screw extruded SPS strips into
the CR barrel and tamping with a ramrod until the barrel was full. The
sample was then compressed at 500 mm/min with the plunger until
extrudate appeared at the die (Figure 9). As soon as product began to
exit the die, the plunger was immediately stopped, and the heating time
began. Time required for sample loading and precompression was typically
30-60 seconds. Morgan (1979) estimated that a two minute heating time
after the material was precompressed was required to bring the material
center temperature to within one degree celcius of the wall temperature.
After the two minute heating time was reached, the sample was then
extruded at a constant plunger velocity. Three constant plunger
velocities were used per sample loading, (500, 300, and 100 mm/min) thus
giving a range of shear rates. A ten KN Instron cross-head load cell
measured the plunger force as a function of time, recorded by an XY
chart recorder. The resulting force-velocity (Fxh- Vxh) data could then
be converted to AP vs. Q and T, Vs I' data using the CR barrel and die

dimensions (Appendix C).
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Figure 9. Illustration of capillary extrusion process.
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TWIN SCREW EXTRUSION PROCEDURES

TSE SAMPLE PREPARATION

As the TSE is an excellent mixer of solids and liquids, there was no
need to pre-mix the test doughs. Flour was metered directly into the
extruder by means of a K-Tron feeder and water was injected at a
downstream distance of one L/D from the dry feed port. The water
injection pump and K-Tron feeder were calibrated to determine water F
injection rate and flour feed rate at given set points of the pump and
feeder respectively, and the resulting calibrations were used to
preselect moisture content for a given product rate. A calibration
program for determining moisture content and product rate given feeder

and injection pump set points is given in Appendix D.

TSE EXTRUSION TECHNIQUES

Brass extruder dies (Table 7) were mounted in pairs in a Baker
Perkins twin hole die head. Die temperature was recorded with an Omega
digital thermometer (model HH-70TF) with a veterinarian hypodermic
needle used as a thermocouple probe The probe was inserted through a
die hole to a specified distance. Preliminary extrusion runs were made
to determine screw configurations, barrel temperatures and product
moisture contents which gave a motor load of less than 70% and a non-
puffed extrudate. The non-puffing criterion was specified to ensure
that there was no flashing inside the extruder die, because the flashing
may cause significant end effect errors. Screw configurations for each

test material are listed in Table 8.
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TABLE 7. Twin-screw extruder die dimensions(l)

DIE ENTRANCE LENGTH DIAMETER NUMBER
NOTATION ANGLE (cm) (cm) OF HOLES
(degrees)
Q:L? 90 5.16 0.635 1
Q:M 90 2.625 0.635 1
Q:S 90 .642 0.635 1
8TH:L 90 2.6 0.3175 1
8TH:M 90 1.245 0.3175 1
8TH:S 90 0.4 0.3175 1
FF:L 90 2.67 0.3175 1
FF:S 90 .405 0.3175 1
3H:L 90 2.58 0.3175 3
3H:S 90 0.37 0.3175 3
RECT:L 180 3.18 .625x%.318 1
RECT:S 180 0.2 .625x.318 1

(1) Dimensions per die. Dies were mounted in pairs.
(2) The shorthand die notation names signify the following:

Q: large circular diameter

8th: narrow circular diameter
FF: full flange entry die

3H: three hole die

RECT: rectangular cross section
L: Long die length

M: Medium die length

S: Short die lengths

Figures of cross sections for dies without 180 degree entrance angle are
given in appendix B.
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Table 8. Screw configurations of MPF-50D/25 Baker-Perkins twin-screw

extruder.
MATERIAL: POTATO DEFATTED SOY SPS
EXTRUDER L/D: 15 15 15

SCREW CONFIGURATION

LENGTH SCREW LENGTH SCREW LENGTH SCREW
(cm) TYPE (cm) TYPE (cm) TYPE

17.78 FS 17.78 FS 20.32 FS
7.62 30F 7.62 30F 6.35 30F
7.62 FS 7.62 FS 5.08 FS N
5.08 30F 5.08 30F 3.81 30F !
2.54 45F 5.08 FS 7.62 FS i
5.08 FS 3.81 30F 3.81 30F :
6.35 30F 8.89 30F 5.08 FS .
5.08 FS 27.94 FS 5.08 30F
5.08 30F 17.78 SL
12.7 SL

NOTATION

FS - Feed Screw

30F - 30 degrees Forwarding Paddles
45F - 45 degrees Forwarding Paddles
SL - Single Lead screws

Different extrusion techniques were used for each material. Potato
flour was extruded at various RPMs to determine effects of work input on
extrudate properties. Water was injected by means of a Bran & Lubbe
injection pump (type w-p33) and pressure was measured with a Gentran O-
3000 PSI (0-20684 KPa) transducer (model# GT75K-3M) and recorded with a
Gentran digital readout. Temperature was measured by holding the
thermocouple probe through the die holes at a distance of 2.54 cm from
the extruder screw tips. Product rates were altered for each die while
the die was in place. The extruder was shut down while dies were
changed.

SPS was extruded at a low RPM to decrease work input and
temperature of the material. Water was injected with a Cole Parmer
parastolic pump (model# 7015) attached to a variable speed motor.

Pressure was recorded with the Gentran transducer and digital readout.
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Temperature was recorded in the same manner as during potato dough
extrusion. Product rates for a given calibrated moisture content were
altered for each die and only the flour feeder was shut off while the
dies were changed. Experiments for each die were repeated at each
calibrated moisture content.

Defatted soy flour was extruded at a low RPM to decrease work input
and temperature, yet at a high enough RPM to ensure the flour would not
back up in the feed hopper. Water was injected with the Bran & Lubbe
Pump. Temperature was recorded by inserting the thermocouple probe to
the die entrance, and pressure was measured with a Dynisco 0-500 PSI
(0-3447 KPa) transducer (model# PT415-5C-6) and recorded with an Omega
strip chart recorder (model# RD2020). The product rate was held
constant and pressure measurements were made on all dies before the
product rate was changed. During die changes the feeder was shut off
long enough to remove the die head bolts, then immediately turned back
on. The die head was remounted with the extruder operating at

calibrated production rate.

MOISTURE CONTENT ANALYSIS

All moisture contents were determined by oven drying the material
at 100°C for 24 hours (ASAE std. S358). Samples of material were placed
in small aluminum weighing dishes and dried in a Central Scientific Co.
oven (Cat. # 95100 A). Three moisture checks were taken on the CR
samples and one on the TSE samples. However, as the extruder was
operated at the same calibrated moisture content for several dies,
several TSE samples of the same calibrated moisture content were

actually taken.

R e o
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DATA ANALYSIS

Flow through the extruder die was assumed to be viscometric
capillary flow (steady axial laminar flow of an incompressible fluid)
and AP vs. Q data were analyzed by the procedures outlined by Darby

(1976) to obtain APent and T, VS- 7 data. Eqn. 4 can be rearranged as

L AP gho1eR (22) f
2L g
Where APdhole is expressed as APT minus APent' For noncircular

holes, shear stress was assumed to be the same as L for circular holes
for the same extrusion conditions. r, Was not calculated for
noncircular holes as it is a function of radius, and the relationship
between Ty and hydraulic radius requires further study before accurate
computation for noncircular holes can be made.

APT was measured for all experimental data. APent was determined
by Bagley’s technique (Bagley, 1957), by conducting extrusion tests with
dies of the same diameter but different lengths and plotting the values
of APT vs. L/D of the die for constant I'. For fully developed non-slip
flow, APT is linearly related to die L/D with end effects pressure drop,
APe’ being the intercept at L/D = 0 (Figure 10). End effects pressure
drop is a combination of entrance and exit pressure drop but, as
previously discussed, exit pressure drop is assumed to be negligible
compared to entrance pressure drop. To ensure accurate measurement of
APent’ dies were chosen to be as short as possible to decrease the
extrapolation distance, yet long enough such that flow was fully
developed within the die. Collins and Schowalter (1963) give a

prediction for entrance length vs. flow behavior index, n, for circular

contractions (Figure 11). For low Reynold’s numbers (less than one)
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L./R — L/R

Figure 10. Schematic of end effects for AP, vs.I through
dies of same diameter, different lengths. A and L /R
correspond to the y-intercept and x-intercep% of each®shear
rate line respectively (I‘3 > P2 > Fl).
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Figure 11. Relationship of entry length and Power law index
(Analysis by Collins and Schowalter (1963)).
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as occur in food extruder dies, L/D of one is well within the fully
developed region. Measurement of the jet swell ratio, B', for assessing
the elastic time constant (Eqn. 19) was conducted by use of close-up

photography using three dies of constant diameter but different lengths.

SLIP

An error which may occur during the measurement of rheological
properties in an extruder die is slip, which is a non-zero velocity of
material at the die wall. This is a sliding surface phenomenon. All
previous development assumes a zero velocity at the capillary wall. The
presence of slip causes an error in measuring I'. As die AP vs. T data
are directly related to e VS- T the error in I' induced by slip would
translate into erroneous rheological data. Other authors have found the
occurance of slip prevalent in their research on single screw extrusion
of polymer melts (Worth and Parnaby, 1977; Mennig, 1976). Methods for

analyzing for slip are given in Appendix E.

GENERALIZED VISCOSITY MODELS

During TSE extrusion, changes in die geometry induces changes in
thermal and shear history and hence protein denaturation and/or starch
gelatinization. This in turn directly affects material viscosity at the
die. All data analysis methods presented in this study assume constant
viscosity from die to die. Hence, a technique is needed to account for
changes in die viscosity due to variation in die temperature and TSE
process histories. This was accomplished by the use of a generalized
viscosity model similar to that presented by Morgan et al. (1987) for

defatted soy flour. The model by Morgan et al. (1987) predicts apparent
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viscosity as a function of moisture content, shear rate, temperature and

an integral temperature-time history defined as

t

(]

AE/RT(t)

de; ¥ (T(t) < Tt -0 (23)

n

where the threshhold temperature is 70%¢ (denaturation temperature for

protein). Morgan et al. (1987) developed a generalized viscosity model

=<1

based the Heinz Casson flow model. Adapting the flow model to a Power

law fluid model yields:

[

n(y,T,MC,¥) =

Agg[r‘l—TR‘1]+b[Mc-McR]
R

de my™ 11+ gy (1-ne) (-7 YT O

1 (24)

Bagley’s technique of determining entrance pressure assumes
constant viscosity of material for all die lengths. The generalized
viscosity model used to adjust die pressure for changes in viscosity due

to temperature and moisture effects is:

Agg[r'1+TR'1]+b[Mc-McR]
AP .. = AP R

adj obs® (25)
Eqn. (25) assumes extrusion temperatures below the denaturation
threshhold temperature for protein doughs and neglects any viscosity
changes due to gelatinization of starch doughs.

Because of lack of available information on shear history effects

on viscosity of extruded protein or starch doughs, no attempt was made
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to adjust AP data for variations in shear history within the TSE.

However, work input to the material was calculated for each test as:

W.I. = 0.00336 x $ TqxRPM (kw-hr/kg) (26)
M

for a Baker Perkins 50mm twin screw extruder where % Tq is the percent

of maximum full load torque.

DATA ANALYSIS TECHNIQUES

Because of the difficulties maintaining a constant extrudate
viscosity from the TSE extruder, a large amount of error in its
measurement is expected. Much error is due to the difficulty of
measuring die temperature accurately, and inaccurate pressure recordings
due to slip in the die. In order to reduce effects of error, a standard
was determined for objectively screening data for analysis. The
coefficient of variance was chosen for this standard even though only
two or three replications of each point were taken. Since there are no
statistical guidelines for this method, the coefficient of variance was
used strictly as an arbitrary standard with no statistical significance.
All pressure data replications with a coefficient of variance greater
than 20 percent after adjusting for temperature were excluded from
analysis. Also, all data with a coefficient of variance of greater than
20 percent for T calculated from long and short dies were excluded from
the analysis. Data with r, at highest T' lower than the T, at the lowest
I' were excluded from the analysis.

Rheological properties of all data were determined by SAS analysis
(SAS, version 5). SAS programs for analyzing data for the CR and the

TSE are listed in appendices F and G respectively.
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RESULTS AND DISCUSSION

EXPERIMENTAL DATA
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