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Modeling Residence Time Distribution
for Extrusion Cooking System of Rice Flour
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ABSTRACT

Residence time distribution (RTD) modeling for a cooking extruder (APV Baker
MPF 50/25) was studied using rice flour as the feed material. The experiment was 3x3x3
factorial design, and the process variables were screw profile, feed rate, and screw
speed.

A best fit TRD model was deveolped. The combination RTD model (Tanks-in-Seri-
es. model and modified Wolf and White model) developed in this study can satis-factor-
ily predict the residence time distributions in the extrusion cooking system. The RTD
modeling technique can also be extended to other extruder experiments.
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INTRODUCTION

Extrusion is a high-temperature short-time (
HTST) process which combines several unit operati-
ons including mixing, kneading, shearing, cooking,
shaping and forming. It has been used in many indu-
stries, such as the plastic, food, rubber, metal, carbon
and ceramic industries (Fellows, 1988; Harper, 1979
and 1981; Mercier et al., 1989; Valentas et al., 1991).
A number of well-known food products, such as baby
food, roast flavors, biscuits, puffed rice, cereal flakes,
glass or fish noodles, pet food, and chocolate, can be
made with an extruder instead of the conventional
machines (Wiedman and Strobel, 1987).

An extruder is a machine which shapes the mat-
erials by the process of extrusion. Single-screw cook-
ing extruders were developed in the 1940s to make
puffed snacks from cereal flours or grits (Mercier et
al., 1989). The use of twin-screw extruders for food
processing started in the 1970s, with an expanding
number of applications in the 1980s (Mercier et al.,
1989).

The most important factors affecting extrusion
systems are the operating conditions of the extruder
and the rheological properties of the food (Fellows,
1988). The residence time distribution data are most
useful in diagnosing axial mixing phenomena in ex-
truders, providing the basis for scale up, and provi-
ding guidance in improvements of equipment (Bruin
et al,, 1978; Janssen, 1798; Todd, 1975a, b). Bruin et
al. (1978) and Lin and Armstrong (1988) also repor-
ted that the residence time distribution (RTD) of the
feed material in an extruder is one of the most im-
portant parameters in characterizing mixing and che-
mical kinetics, and is a useful tool in determining the
optimal operating conditions for blending, dispersing,
and polymerization applications.

Residence time distributions of the material in
an extruder can be determined by using radioactive-

tracer and dye-tracer techniques, which can be ex-

pressed by E curves and F cruves. From the literature
studied, the feed composition, feed rate (or through-
put), feed moisture content, screw speed, screw profi-
le, barrel temperature, and die size (or die opening)
are known as important process variables affecting
the residence time distributions in extrusion cooking
systems.

The flow pattern (RTD model) in the extruder
can be derived from the theoretical velocity profile or
can be determined experimentally from the residence
time distributions (Bounie, 1988; Jassen, 1978; Mar-
telli, 1983). RTD models, such as perfect plug flow,

. perfect mixing, laminar pipe flow, tanks-in-series, ax-

ial dispersion, and the Wolf and White model, have
been widely tested for single-screw extruders, Owing
to the incomplete knowledge of the exact flow behav-
ior and the complexity of the mathematical models,
RTD models have not been widely investigated for
the twin-screw extruder (Altomare and Anelich, 1988;
Altomare and Ghossi, 1986; Bounie, 1988; Janssen,
1978; Janssen et al., 1979; Onwulata, 1991; Todd,
1975a and b; van Zuilichem et al., 1973, 1983, 1988a,
b, ¢; Wolf et al., 1986). Thus, a further study on the
residence time distributions models in a twin-screw
extruder are necessary. Therefore, the objectives of
this research were to develop a RTD model to optim-
ize the process variables and satisfactorily predict the
residence time distribution for the extrusion cooking

system.

LITERATURE REVIEW

RESIDENCE TIME DISTRIBUTION

One of the most important properties in the ex-
truder’s performance is the residence time distribution
(RTD) of the food material during its passage through
the apparatus. The residence time distribution can be
used to characterize the overall mixing in an extruder
(Janssen, 1978). The theory of the RTD was develo-
ped by chemical engineers, and the E curve and F

cruves were used to summarize the RTD. The E curve
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is the response of the system to a pulse-like injection
of a tracer at the inlet, and the F curve is the response
of the system when a stepwise change in inlet concen-
tration (e. g. a tracer) is made (Altomare and Anelich,
1988; Bruin et al., 1978; Dan-ckwerts, 1953; Fogler,
1986; Levenspiel, 1972; Lin and Amstrong, 1988;
Smith, 1981).

The E(t) function is obtained by injecting an in-
stantaneous pulse (tracer) into the system and deter-
mining the output concentration of tracer, and the
time it takes to exit from the extruder. Since it is dif-
ficult to insure that the same amount of tracer is used
in all experiments, it is common to normalize the tra-
cer concentrations at each point in time by dividing
them by the total amount of tracer passed through the
system. Therefore, the E curve gives the exit age dis-
tribution and is plotted as mormalized concentration
E(t) versus residence time (t). The E(t) is given by
Levenspiel (1972) and Smith (1981):

E®H= =

and
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where C: Concentration

t: Time

The F(t) function is the system response in out-
put to a step change of tracer to the inlet feedstock,
and it represents the cumulative tracer concentration
in the exit stream at any time. Therefore, it is obtain-
-ed by integrating the E(t) function (Levenspiel, 1972;
Smith, 1981).
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The F curve, which is plotted as the cumulative
E(t), i. e., F(t), versus normalized time (@), is
usually used for the comparison of RTD models. The
normalized time ( @) is defined by:

where t is mean residence time
RESIDENCE TIME DISTRIBUTION MODELS

It is very important to thoroughly understand the
flow behavior in an extruder when producing extru-
ded foods or designing extruders.

Bounie (1988) reported that the modeling of
flow conditions may be used for the following pur-
poses:

(1)To design and scale-up extruders.

(2)To optimize the type of sequence of screw e-

lements.

(3)To compare the flow characteristics and the
efficacy of different extruders.

(4)To predict the extent of a continuous chemical
reaction and to control the physical and che-
mical changes occurring during the different
stages of extrusion.

(5)To quantify the effect of each screw configu-
ration on the flow behavior under different
process conditions.

The flow pattern may be derived from the theor-
etical velocity profile for the food mix in the extruder
, and this approach has been used extensively for
single-screw extruder (Bigg and Middleman, 1974;
Bounie, 1988; Bruin et al., 1978; Harper, 1981; Jan-
ssen, 1978; Lidor and Tadmor, 1976; Tadmor and
Klein, 1970). However, this approach is still unreli-
able in the general case of twin-screw extruders be-
cause of the complexity of flow patterns in the inter-
meshing zone and through the different leakage gaps.
The other approach, which determines the flow be-
havior by experimental measuring the residence time
distribution, is recommended for twin-screw extru-
ders (Bounie, 1988; Janssen, 1978).

Numerous flow models (RTD models), such as
perfect plug flow (PFR-plug flow reactor), perfect
mixing (CSTR-continuous stirred tank reactor), per-

fect mixing (CSTRs-in-series), axial dispersion, and
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Wolf and While models, have been tested for single-
screw extruders (Bruin et al., 1978; Davidson et al.,
1983; van Zuilichem et al., 1973; Wolf and White,
1976). Different studies examined RTDs in twin-
screw extruders (Altomare and Anelich, 1988; Al-
tomare and Ghossi, 1986; Bounie, 1988; Jager, 1989;
Jager et al., 1991; Janssen, 1978; Janssen et al., 1979
; Kao and Allison, 1984; Lin and Armstrong, 1988;
Mange et al., 1986; Olkku et al., 1980; Onwulata,
1991; Todd, 1975a and b; Todd and Irving, 1969; van
Zuilichem et al., 1973, 1983, 1988a, b, c; Wolf et al.,
1986), but only a few of these suggested realistic
flow models. The reasons were due to the incomplete
knowledge of the exact flow behavior in twin-screw
extruders and also the complexity of the mathemati-
cal methods. These RTD models are described below
(Fogler, 1986; Levenspiel, 1972; Middleman, 1977;
Miles and Briston, 1965; Smith, 1981).

Plug Flow Reactor (PFR)

The characteristics of a plug flow reactor are
uniform velocity profile and no axial mixing, and it
requires a constant residence time, i. e., t=V/Q=con-
stant.

For a step-function input (shown in Figure 1),

F()=0, ,<I. ............................................. &)
w1 L s
Fi=1,r> 0 6

For a pulse input, the input and response curve
would correspond to narrow peaks at t=0 and t=V/Q,
as shown in Figure 2.

Perfect Mixing (CSTR-Continuous Stirred Tank
Reactor)

For an ideal continuous stirred tank reactor, F(t)
of (C/Cy)sicp can be calculatd by writing a mass
balance equation:
CoQAt—COAt=VAC

where V: Volume of reactor (extruder)

Q: Volumetric flow rate

C: Concentration at time=t (output, prod-

uct)
C,: Concentration at time=0 (input, feed)
NC: The change in concentration of tra-
cer in the reactor during At.
Dividing by VAt and taking the limit as At—0
gives
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Figure 1. Response curves to a step
input for ideal reactors
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Figure 2. Response curves to a pulse
input for ideal reactors



dC —Q—(Co =—;'(Co — Q) eerrnrereneissiiennns (8)

With the initial condition C=0 at t<0, the sol-

ution of equation (8) is

The response curve described by equation (9) is
shown in Figure 1.

At the mean residence time t=t=V/Q, F(1)=0.631.
It means 63.1% of the effluent stream has a residence
time less than the mean value.

For pulse input, the total molecules marked in
CSTR is
M=CoQ/\ty +++oreereremsseresrmissensinnieniineinae a0

Since C is the concentration of marked molecu-
les at time t, the number of such molecules leaving
the reactor in the time period t to t+dt will be CQdt.
All the marked molecrules in the effluent will have a
residence time t to t+dt because they were added only
at t=0. By definition, the fraction of the effluent
stream consisting of such molecules will be dF(t) or
F'(t)dt. So,the number of such molecules will be
MF’(t)dt. Equating the two expressions for the num-

ber of marked molecules gives

Cth: MF'(t)dt .......................................... )
or
F)= @_MA%Q ....................................... I

M can be determined from the area of the response

curve, that is,
M= QI;(C)DH ls edt
Therefore, equation (12 becomes

__(_C_')_L“_“e_ .................................... 14

I;(C)pu ] 'edt

Integral F(t), is as follows

F(H= IF(t)dt——-L’M

| Ko

By definition, F'(t) is the slope of step function, so

df((g))nep

F@=

F@)=

Substituting equations (16) and (10} to equation (2, gi-

ves
i(i) =M .............................. an
dit\Co/lsiep CoQAty
Finally,
Oouise _p; A(C) e,
CO —Ato dt(co)step (18)

Thus, the response curve to a pulse input is propor-
tional to the derivative of the response curve for a
step input.

From equations (9 and (),

(Opuine= Jgp'(,) ....................................... a9
that is,
=M [i < } ........................
(C)pulse Q dt(co)step m)
For CSTR, from equation (9), taking the first derivati-
ve, gives
F'(t):;g"(t/r)=ée'9 .............................. al)
t t
Substituting equation @)) to equation (19), gets
(C-)”m:M Lot e o
Q¢

or from equation (1§),

(s =ColMtg( &), .. =Coldtore™ ™ @
Equations (2 and @) show that (C),,,,. Will be gre-
atest at t=0 and will continually decrease toward
zero as t increases. Such a distribution curve, given as
the dashed line in Figure 2.

Tanks-in-Series (CSTRs-in-Series)

In the series of stirred-tanks model, Smith (1981)
reported that the actual reactor is simulated by N
ideal stirred tanks in series. The total volume of the
tanks is the same as the volume of the actual reactor.
Thus, for a given flow rate, the total mean residence
time is also the same. Levenspiel (1972) also pointed
out this model has been widely used to represent the
nonideal flow. Figure 3 describes the situation.

According to Figure 3(a),

Vi=VamVymrereem P menn =Py eereeneevens o)
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The objective is to find the value of N for which
the response curve of the model would best fit the
response curve for the actual reactor. To do this, the

relation between (C/C,), ., and N should be develo-

ped.
A mass balance on the jth reactor for step-input
gives
dC;

C:—1Q—C1Q=V1~7‘- ................................. o
Then
ac, 0. _0
LA R = (0, seessereeenienieesiecsnennanes

a Z C v, Ci-1 ®

The mean residence time is given from equation (6,

so

D ——— 0
i

Substituting equation(®) to equation (8, gets

G W e N o ®
ty 't

F(t)=(C/C) 0y

Figure 3. (a) Series of ideal stirred-tank reactors
(b) Response curves for tanks-in-series
model

Equation Q0 is a first-order linear differential equation
. It is similar to the form:

y' +P(x)y= r(x) .......................................... Gl)
The solution of equation @) for y(x) is

yx)=e" Ue"rdx-l—c]

h=Jp(x)dx

The initial condition for tanks-in-sseries model is C=0

at t=0. Thus, equation @) can be solved by using the
method of equation (9. The solution is

¢, ==X

t.

For the first stage, C; ., =C,, then

— et —
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Integrating the right hand side of equation 34 gets
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Figure 3(b) is a plot of equation ¢0) for various values
of N. The case of N=oco shows the PFR model.
Wolf and White Model

The actual conditions in the extruder are mostly




neither that of perfect mixing (CSTR) nor of plug
flow (PFR). Wolf and White (1976) proposed a new

model which was a combination of plug flow and per-

fect mixing.
The model is
(—9-) =RO=1—clslE ") Lop wenn. a
CO step t
(L) =F)=0; 0<icp -reverermeenenes @
CO step

Where P is the fraction of material in plug flow,
and (1-P) is the fraction of material in perfect mix-
ing.

In the Wolf and White model, P=1.0 represents
plug flow and P=0.0 represents perfect mixing (as

shown in Figure 4).
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Figure 4. The Wolf and White model

MATERIALS AND METHODS

Materials

Rice flour (RL-100, RIVLAND, Stuttgart, AK)
with moisture content of 20.0% (wet basis) was used
as the feed material. Red dye (FD&C, #40, Warner
Jenkinson, St. Louis, MO) was chosen as a tracer to
measure the residence time distributions of the rice

flour in a twin-screw extruder.

Extruder

A co-rotating and intermeshing APV Baker MPF
50/25 twin-screw extruder (APV Baker Inc., Grand
Rapids, MI), as shown in Figure 5, was used in this
study. The power of this machine is 28.0 KW (kilo-
watt) and the total length: diameter ratio is 25:1. Ther
barrel diameter is SOmm. there are nine temperature
controlled barrel sections, and six sections were used
(Hisih et al. 1990). The barrel temperature was set at
26.7°C (feeding zone), 51.7°C, 93.3°C, 121.1°C, and
121.1°C (80, 125, 200, 250, and 250°F) respectively
throughout the experiments. The maximum screw
speed of this machine was 500 rpm. The die size was
3.175mm (1/8 in.). Rice flour was fed into the extru-
der with a K-tron Type T-35 twin-screw volumetric
feeder with a Series 6300 controller (K-tron Corp.,
Pitman, NJ). The adjustable cutter with four blades
was operated at 325 rpm. A computer data acquisition
system was used to record feed rate, barrel and prod-
uct temperatures, die pressure and temperature, %
torque, screw speed and cutter speed. It took about 15
minutes for the extruder to reach te steady state after
start-up.
Experimental design

A 3x3x3 factorial experiment with two replicati-

Figure 5. The APV Baker MPF 50/25 twin-screw
extruder



ons was designed for this study. The process variables
chosen for modeling residence time distributions were
screw profile (7:5, 9:3, and 11:1 i. e., the number of
forward screw paddles to reverse paddles in the ex-
truder metering zone), feed rate (30, 40, and 50 kg/hr)
, and screw speed (200, 300, and 400 rpm). Thus, 27
treatments were conducted throughout this research.
For each treatment, 33 samples were collected in 6
minute intervals to determine the RTDs of rice flour
in the extruder. A colorimetric method developed (
Peng et al., 1991) was used for RTD modeling.
Standard Curve Experiment

A standard curve of this study was established by
a separate experiment. Rice flour and red dye were
mixed in a HOBART N50 mixer (Hobart Canada Inc.,
North York, Ontario, Canada) to different dye concen-
trations of 0.0%, 0.01% 0.025%, 0.05%, 0.075%,
0.1%, 0.15%, 0.2% 0.4%, and 0.6% (w/w). The mix-
tures were extruded in a MPF 50/25 twin-screw ex-
truder at 20% moisture (w.b), 40 kg/hr and 300 rpm.
As the extruder reached the steady state, a timer was
started. Samples for each mixture were collected in
one minute intervals from the 4th to 6th minutes. The
color values L, a, and b ("L" measures lightness, "a"
measures redness, and "b" measures yellowness) of
each sample were measured according to the method
described below, and the concentrations (g color/100
g rice flour) vs. redness color values were plotted as
the standard cruve for the experiment.
Collection of Samples and Color Measurement

In the study of the 3 X 3 X 3 factorial experiment,
samples of each treatment were collected as the ex-
truder reached the steady state. One gram of red dye
was suddenly dropped into the extruder as a tracer,
and a timer was started at the same time. Meanwhile,
the extrudate samples were collected for up to 6 min-
utes (10 s intervals in the first 30 s, 5 s intervals in
the next 60 s, 10 s intervals in the following 90 s, and
20 s intervals in the last 180 s). Therefore, 33 samples

were collected for each tresatment. Each sample was

ground by a Waring Blender (New Hartford, CT) and
passed the Taylor standard screen (No. 8). The color
values (L, a, and b) for each ground sample were me-
asured and recorded using a HunterLab D25 colori-
meter (Hunter Associates Lab., Inc., Reston, VA). A
white title (standard No. C2-28656) with values of L
=91.2, a=-0.9, and b=-0.7 was used to standardize the
colorimeter. For each sample, two petri dishes with
ground extrudates were measured, and two color
readings (L, a and b) were recorded for each dish.
The second reading was obtained after a 90° rotation
of the first reading. Therefore, four readings of color
values L, a and b, respectively, were recorded for
each sample.
Data analysis

The LOTUS 1-2-3 computer software (Lotus De-
velopment Corporation, MA, 1986) was used to cal-
culate the raw data of the color readings for each
treatment in the 3 X 3 X 3 factorial experiment. Fortran
77 programs were written for the standard curve es-
tablishment and the residence time distributions mod-
eling. The RTD regression models were derived using
Statistical Analysis System (SAS, Release 6.03, Cary,
NC, 1989). The F curves of this study were plotted
using computer graphics software package (Sigmaplot
, version 3.1, Jandel Scientific, 1987).

RESULTS AND DISCUSSION

The F curves of residence time distributions
were plotted as cumulative E(t), i. e., F(t), versus nor-
malized time (residence time/mean residence time).
Almost all RTD models are represented by the F(t)
function. The F(t) function was calculated according
to equation (3).

Residence time distribution models, such as per-
fect plug flow, perfect mixing, laminar flow, tanks-in-
series, axial dispersion, and Wolf and White models
have been examined in twin-screw extruders by many
investigators. The power-law flow or newtonian flow

model was used to explain the flow behavior in the
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twin-screw extruder (Bigg and Middleman, 1974).
The axial dispersion model was used by van Zuili-
chem et al. (1988c) and Altomare and Anclich (1988).
The Wolf and White model was rsed to predict the
RTD in a twin-screw extruder by Wolf and White
(1976), Wolf et al. (1986), Lin and Armstrong (1988),
and Altomare and Anelich (1988). Aitomare and Ane-
lich (1988) also used a tanks-in-series model in their
study, and they reported that the Wolf and White
model was the best fitting model among three models
(axial dispersion, tanks-in-series, and Wolf and
White models) used. A combination model of plug
flow and perfect mixing for twin-screw RTD mod-
eling was presented by Bounie (1988). No model has
been reported to explain the flow behavior accurately
and exactly.

Therefore, the best approach for twin-screw RTD
modeling is to first fit the experimental data with an
existing model, and then, to modify the existing mod-
el in order to get a best fit. If the experimental results
and modified model cannot achieve a good fit, then
several models are combined to obtain best fit.

The residence time distribution modeling work

of this study was reported follows.

F (1)

Wolf and White Model
1.0
Q.94
0.8 4
Q.71 SP=7:5
0.6 4 FR=30 kg/hr
0.5 SS=20Q rpm
0.44 —: Repj!
0.3 ---: Rep§2
0.2 ===: W-W model
0.1] (P=0.80)

0.0 .
0.0 05 1.0 1.5 2.0 25 3.0 3.5 40 45 50
NORMALIZED TIME (1/7)

Figure 6. The best fit using Wolf and White model
at 7:5 screw profile, 30 kg/hr feed rate,
and 200 rpm screw speed

The Wolf and White model is widely used in the
RTD modeling for twin-screw extrusion cooking be-
cause of its best fit among all the RTD models (Wolf
and White, 1976; Wolf et al.,, 1986; Lin and Arm-
strong, 1988; Altomare and Anelich, 1988). Therefore
the first choice for the RTD model in this study was
to use the Wolf and White model. In an attempt to get
the best fit using the Wolf and White model, the frac-
tion of plug flow (P) for each treatment in the 3x3x3
factorial experiment were optimized and are shown in
Table 1. Figures 6 through 8 showed some results
using Wolf and White model for the RTD modeling in
this stody.

The F(t) is equal to zero when the normalized
time (t/t) is less than the fraction of plug flow (P) in
the Wolf and White model, and F(t) increases sudden-
ly when the normalized time becomes greater than the
fraction of phig flow. In this study, the beginning part
of F curve, however, was slightly increased with in-
creasing normalized time. Compé.ring with the tanks-
in-series model, the beginning part of F curve of this
study was similar to the begining part of the former.
Therefore, the tanks-in-series model was also tried
for RTD modeling the beginning part of the F curve in

order to achieve better fitting.

1.0
0.9
0.8 4
0.7 1 ! SP=9:3
0.61 4 FR=40 kg/hr
=3
2 45l ! $$S=300 rpm
- |
0.4 1 ! —: Rep#t
Q.34 ! ---: Rep#2
0.2 1 ;' ---: W=W model
0.1 | (P=0.85)
[
0.0 .

0.0 05 1.0 15 2.0 25 3.0 3.5 40 45 5.0
NORMALIZED TIME (/)

Figure 7. The best fit using Wolf and White model
at 9:3 screw profile, 40 kg/hr feed rate,
and 300 rpm screw speed



Table 1. The fraction of plug flow (P) in the Wolf and White model obtained from the experimental results

(F-curves) for the best fit

Screw Feed rate Screw speed  (1pm) Sub-average
profile (kg/hr) 200 300 400
30 Repl 0.80 0.78 0.80
Rep2 0.80 0.80 0.75
Ave 0.80 0.79 0.78 0.79
40 Repl 0.85 0.80 0.80
Rep2 0.85 0.83 0.83
7:5 Ave 0.85 0.82 0.82 0.3
50 Rept 0.85 0.78 0.75
Rep2 0.85 0.78 0.75
Ave 0.85 0.78 0.75 0.79
Sub-average 0.83 0.80 0.78 0.80
30 Repl 0.80 0.78 0.75
Rep2 0.80 0.78 0.75
Ave 0.80 0.78 0.75 0.78
40 Repl 0.80 0.80 0.85
Rep2 0.80 0.80 0.80
9:3 Ave 0.80 0.80 0.88 0381
50 Repl 0.85 0.85 0.85
Rep2 0.85 0.85 0.85
Ave 0.85 0.85 0.85 0.85
Sub sverage 0.82 0.81 0.81 0.81
30 Repl 0.80 0.85 0.85
Rep2 0.78 0.85 0.85
Ave 0.79 0.85 0.85 0.83
40 Repl 0.83 0.85. 0.85
11:1 Rep2 0.83 0.85 0.85
Ave 0.83 0.85 0.85 0.85
50 Repl 0.85 0.85 0.85
Rep2 0.80 085 0.5
Ave 0.83 0.85 0.85 0.84
Sub-average 0.82 0.85 0.85 0.84
| Overall-average 0.82

Table 2. The number of tanks (N) in the tanks-in-series model obtained
(F-curves) for the best fit

from the experimental results

Screw Feed rate Screw speed (rpm) Sub-average
profile (kg/hr) 200 300 400
30 Repl 10 15 15
Rep2 12 15 8
Ave 11 15 115 12.50
40 Repl 25 15 12
Rep2 25 15 15
7:5 Ave 25 15 135 17.83
50 Repl 25 15 10
Rep2 25 15 10
Ave 25 15 10 16.67
Sub-average 20.33 15.00 11.67 15.67
0 Repl 13 15 15
Rep2 15 15 15
Ave 14 15 15 14.67
40 Repl 25 25 25
Rep2 25 25 15
9:3 Ave 25 25 20 23.33
50 Repl 25 25 18
Rep2 25 25 20
Ave 25 25 19 23.00
Sub-average 21.33 21.67 18.00 20.33
0 Repl 25 25 25
Rep2 20 25 25
Ave 225 25 25 24.17
40 Repl 25 25 25
1:1 Rep2 25 25 25
Ave 25 25 25 25.00
50 Repl 25 25 20
Rep2 20 25 20
Ave 22.5 25 20 22.50
Sub-average 2333 25.00 23.33 23.89
[ Overall-average 19.96




F ()

F ()

Tanks-in-Series Model

The tanks-in-series model was used for RTD
modeling of a twin-screw extruder (Altomare and
Anelich, 1988). The number of tanks (N) should be
given when using the tanks-in-series model for RTD
modeling. The number of tanks in the tanks-in-series
model can be experimentally calculated by the fol-
lowing equation (Fogler, 1986; Levenspiel, 1972;
Smith, 1981):

1.0 p—r——m—=

0.9
0.8
0.7 | SP=11:1
0.6 | FR=50 kg/hr

: SS=400
0.5 ! em
0.4 ! —: Rep#t
0.3 5 ---: Rep#2
0.2 H ~=-: W=W model
0.1 ] ‘; (P=0.85)
0.0 . . —

0.0 05 1.0 1.5 2.0 25 3.0 35 40 45 50

NORMALIZED TIME (t/1)

Figure 8. The best fit using Wolf and White model
at 11:1 screw profile, 50 kg/hr feed rate,
and 400 rpm screw speed

1.0 q

0.9 4

0.8 1

0.7 SP=7:5

0.6 FR=30 kg/hr
0.5] $5=200 rpm
0.4 —: Rep#1t

0.3 1 ---: Rep#2

0.2 4 ===:T~S model
0.1 (N=12)

0.0 - . .
0.0 05 1.0 1.5 2.0 25 3.0 3.5 4.0 45 50
NORMALIZED TIME (t/P)

Figure 9. The best fit for the beginning part using
tanks-in-series model at 7:5 screw profile
, 30 kg/hr feed rate, and 200 rpm screw

speed

F(t)

F (1)

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

where N: The number of tanks in tanks-in-series
model
t: The mean residence time (s)
o : The spread of the residence time dis-
tribution (s)
In an attemp to get the best fit for the beginning

part using the tanks-in-series model, the optimum

1.0

0.9 4

0.8 /

Q.7 SP=9:3

0.6 / FR=40 kg/hr
0.5 / $5=300 rpm
0.4 —: Rep#t

0.3 ---: Rep#2

0.2 -—-: T-S model
o (N=18)

0.0 . — — .
0.0 05 1.0 1.5 2.0 25 3.0 35 40 45 50
NORMALIZED TIME (t/1)

Figure 10. The best fit for the beginning part using
tanks-in-series model at 9:3 screw profile,
40 kg/hr feed rate, and 300 rpm screw

speed
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$S=400 rpm
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0.0
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NORMALIZED TIME (t/1)

Figure 11. The best fit for the beginning part using
tanks-in-series model at 11:1 screw profi-
le, 50 kg/hr feed rate, and 400 rpm screw
speed



F (1)

number of tanks (N) for each treatment of the 3 X 3 X
3 factorial experiment were estimated and are shown
in Table 2. Figures 9 through 11 show some re-
sults using the tanks-in-series model for the RTD
modeling.

Considering the RTD modeling in this study, nei-
ther the Wolf and White model nor the tanks-in-series
model could achieve the best fit for the 3 X 3 X 3 fac-
torial results (Figures 12 through 14).

Combination of Tanks-in-Series and Wolf and
White Models

In order to achieve a better fitting RTD model in
this study, the tanks-in-series model was used to fit
the beginning part of the F curve and the Wolf and
White model was applied to fit the rest of the curve.

The combination F curve for the tanks-in-series
and Wolf and White model was plotted following the
procedures described below:

1. First, the intersection point of the tanks-in-
series and Wolf and White model F curves was det-
ermined. A Fortran 77 program was written to obtain
the intersection point. The intersection point was rep-
resented as percentage of the normalized time.

2. The tanks-in-series model was used for the

first part when the normalized time was less than at

1.0

0.9

0.8

0.7 SP=7:5

0.6] FR=30 kg/hr

S=

051 $5=200 rpm

0.4 —: Rep#1

Q.34 1 ---: Rep#2

oz) e
" — T =

Q.14 i

0.0 L

0.0 05 10 1.5 2.0 2.5 30 35 40 45 50
NORMALIZED TIME (t/1)

Figure 12. The RTD modeling of tanks-in-series mo-
del and Wolf and White model at 7:5
screw profile, 30 kg/hr feed rate, and 200
rpm screw speed

F(t)

F ()

the intersection point, and the Wolf and White model
was applied to the second part when the normalized
time was equal or greater than at the inmtersection
point. A Fortran 77 program was written to obtain the
F curve data set for the combination RTD model.
Some examples of the combination RTD mod-
eling are shown in Figures 15 through 17. The begin-
ning part appeared to fit very well by the tanks-in-
series model. But, the second part was not fitted well
by the Wolf and White model. It was found that the

1.0
0.9
0.8
0.74 SP=9:3
0.61 FR=40 kg/hr
’ $5=300
0.5 pm
0.4 } ——: Rep#1
0.3 I ---: Rep#2
0.2 E -=-: W-Ww (P=0.85)
0.1 ;. —: T-S(N=13)
0.0 D — .
0.0 05 1.0 1.5 20 25 3.0 35 4.0 45 50

NORMALIZED TIME (t/1)

Figure 13. The RTD modeling of tanks-in-series mo-
del and Wolf and White model at 9:3
screw profile, 40 kg/hr feed rate, and 300
rpm screw speed
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0.8

0.7 SP=11:1

061 FR=50 kg/hr
051 $S=400 rpm

0.4 ——: Rep#t

0.3 i ---: Rep#2

0.2 ! ---: W-W (P=0.85)
01 ; —: T-S (N=18)
0.0 .

0.0 0353 1.0 1.5 2.0 25 3.0 3.5 40 45 5.0
NORMALIZED TIME (t/1)

Figure 14. The RTD modeling of tanks-in-series mo-
del and Wolf and White model at 11:1
screw profile, 50 kg/hr feed rate, and 400
Ipm screw speed



F)

second part of the experimental F curves had a signi-
ficant relationship to the Wolf and White model.
Therefore, it was necessary to modify the Wolf and
White model in order to get the best fit of the RTD
model using a combination model.
Modified Wolf and White Model

By trial and error method, the best modified
Wolf and White model to be used in this study was
obtained by moving the Wolf and White model
parallel to the left 0.05 normalized time. A Fortran
77 program was written to get the F curve data for the
modified Wolf and White model.

The modified Wolf and White model is

F)=0; 0<t<(P—0.05)

t

F=10—eZllTPo05-0] 5 Lxp—0.05) .--a

t

In order to get the best fit using the modified
Wolf and White model, the fractions of the plug flow
for the modified Wolf and White model for each
treatment of the 3 X 3 X 3 factorial experiment were
optimized and are shown in Table 3.
Combination of Tanks-in-Series and Modified Wolf
and White Models

Following the same procedure described above,

1.0 4
0.9
0.8] SP=7:5
0.7 FR = 30 kg/hr

’ SS = 200
0.6 em
0.5 —: Rap §1
0.4 ---:Raep §2
0.3 ==-: Cambination model
0.2 T-S(N=12) &

. W-W (P=0.80)
0.1
Q.0 v v

0.0 05 10 15 20 25 3.0 35 40 45 5.0

NORMALIZED TIME (t/T)

Figure 15. Combination of tanks-in-series and Wolf
and White model at 7:5 screw profile, 30
kg/hr feed rate, and 200 rpm screw speed

1.0 —
Q.9
0.8 SP=9:3
0.7 b FR = 40 kg/hr
’ SS = 300 rpm
0.6/ P
=
~ 0.5/ —: Rep §1
L t
Q0.4 ---:Rep §2
0.3 ---: Combination model,
0.2 T-S (N=18) &
01 W-w (P=0.85)
a.0

a Fortran 77 program was written to find the intersec-
tion point of the F curves between the tanks-in-series
model and the modified Wolf and White model. Also,
the other Fortran 77 program was written to obtain the
F curve data set for the combination RTD model,
which was using the tanks-in-series model as the first
part when the normalized time was less than at the in-
tersection point, and using the modified Wolf and

White model as the second part when the normalized

00 05 1.0 1.5 20 25 3.0 35 40 45 50
NORMAULIZED TIME (t/1)

Figure 16. Combination of tanks-in-series and Wolf
and White models at 9:3 screw profile, 40
kg/hr feed rate, and 300 rpm screw speed

1.0
0.9
0.8 SP=11:1
0.7 / FR = 50 kg/hr
0.6 ! SS = 400 rpm
E’ 0.54 —:Rep #1
0.41 ---:Rep #2
0.3 -==-: Combination model,
0.2 T-S (N=18) &
0.1 W-W (P=0.85)
0.0

0.0 05 1.0 1.5 20 2.5 3.0 3.5 40 45 50
NORMALIZED TIME (t/1)

Figure 17. Combination of tanks-in-series and Wolf
and White models at 11:1 screw profile,
50 kg/hr feed rate, and 400 rpm screw
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Table 3.
results (F-curves) for the best fit

The fraction of plug flow (P) in the modified Wolf and White model obtained from the experimental

Screw Feed rate Screw speed  (tpm) Sub-average
profile (kg/hr) 200 300 400
30 Rep! 0.80 0.78 0.80
Rep2 0.80 0.80 - 0.75
Ave 0.80 0.79 0.78 0.79
40 Repl 0.85 0.75 0.75
Rep2 0.85 0.83 0.75
7:5 Ave 0.85 0.79 0.75 0.80
50 Repl 0.83 0.75 0.75 .
Rep2 0.83 0.75 0.75
Ave 0.83 0.75 0.75 0.78
Sub-average 0.83 0.78 0.76 0.79
30 Repl 0.75 0.78 0.75
Rep2 0.75 0.78 0.75
Ave 0.75 0.78 0.75 0.76
40 Repl 0.80 0.83 0.85
Rep2 0.80 0.83 0.75
9:3 Ave 0.80 0.83 0.70 0.81
50 Repl 0.83 0.83 0.83
Rep2 0.83 0.83 0.83
Ave 0.83 0.83 0.83 0.83
Sub-average 0.79 0.81 0.79 0.80
30 Repl 0.78 0.85 0.83
Rep2 0.75 0.85 0.85
Ave 0.77 0.85 0.84 0.82
40 Repl 0.80 0.83 0.85
11:1 Rep2 0.80 0.83 0.85
Ave 0.80 0.83 0.85 0.83
50 Repl 0.83 0.85 0.85
Rep2 0.78 0.80 0.83
Ave 0.80 0.83 0.84 0.82
Sub-average 0.80 0.84 0.84 0.82
Overall-average 0.80

time was equal or greater than at the intersection
point. The figures of the same treatments are shown
in Figures 18 through 20.

Comparing Figures 15 through 17 with Figures 18
through 20, the combination of the tanks-in-series
and the modified Wolf and White model was much

" better than the combination of the tanks-in-series and
the Wolf and White models for the RTD modeling of
twin-screw extrusion cooking. Therefore, the com-
bination tanks-in-series and modified Wolf and White
RTD model was the best fitting model in this study.
The‘F curves of this combination model were close to

the F curvers of the experimental results.

Prediction of the RTD Combination model
According to the results shown above, the com-
bination tanks-in-series and modified Wolf and White
RTD model was the best fitting model for the APV
Baker MPF 50/25 twin-screw extrusion cooking sys-
tem. The process variables in this study were screw
profile, feed rate, and screw speed. It was important
to known whether the combination RTD model could
satisfactorily predict the actual extrusion system
when screw profile, feed rate, or screw speed
changed. Owing to get the prediction models, the fol-

lowing functions should be determined.
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F(t)

N=Ff(SP,FR,SS) +++oeeverereersesseruturnaenssnsronsranns
P=f(SP,FR,SS) 0
where N: The number of tanks in the tanks-in-

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

series model
P: The fraction of plug flow for the modi-

fied Wolf and White model

SP: Screw profile (the number of forward
paddles in the extruder metering zone;
7,9,0r11)

FR: Feed rate (30, 40, or 50 kh/hr)

SS: screw speed (200, 300, or 400 rpm)

In order to determine the above regression func-
tions, the number of tanks (N) in the tanks-in-series
model optimized from the experimental results (Table
2), and the fraction of plug flow (P) in the modified
Wolf and White model also optimized from the expe-
rimental results (Table 3), were introduced to the Ge-
neral Linear Model procedure in SAS (1985). Also, a
Stepwise backward procedure in SAS was conducted
to remove the insignificant terms in the regression
equation.

Thus, the final regression models were accep-
table for the prediction of N and P. The R? for N and P
were 0.87 and 0.76, respectively, at the significance

level of 5%. The final third order Stepwise regression

1.0 4

0.9

0.8 SP=7:5

0.7 FR = 30 kg/hl’

0.6 SS = 200 rpm

O'SJ —: Rep #1

0.41 -~-: Rep #2

0.3 ---: Comb. RTD modsl,
0.2 T-5 (N=11) &

0.1 m.W=W (P=0.80)

0.0 7/ B— —————y
0.0 05 1.0 1.5 2.0 2.5 3.0 35 40 45 50
NORMAULIZED TIME (t/1)

Figure 18. Combination of tanks-in-series and modi-

fied Wolf and White models at 7:5 screw
profile, 30 kg/hr feed rate, and 200 rpm
screw speed

F(t)

model parameters and estimates for N and P are
shown in Table 4.

The estimated N and P values from the experi-
mental results, and the predicted N and P values from
the SAS regression models, are listed in Table 5. A
student T-test was conducted with the SAS program
to compare the estimated and predicted N and P. The

results showed there were no significant differences
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0.8 SS = 300 rpm
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0.1 m. W=W (P=0.83)
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NORMALIZED TIME (t/F)

Figure 19. Combination of tanks-in-series and modi-

F )

fied Wolf and White models at 9:3 screw
profile, 40 kg/hr feed rate, and 300 rpm
screw speed
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Figure 20. Combination of tanks-in-series and modi-

fied Wolf and White models at 11:1 screw
profile, 50 kg/hr feed rate, and 400 rpm
screw speed



Table 4. The parameters and estimates for the third order N and P regression models

Estimate

Parameter

N P
Intercept 114.23136979 2.59943022
SP -48.15708751 -0.61023569
FR 1.11985859 0.01158285
SPxSS 0.01422975 0.00077495
FR XSS -0.00913513 -0.00019645
Sp2 3.01969328 0.02662281
FR? -0.03243218 -0.00037710
Ss? 0.00041407 -
SP2 X FR -0.07896455 -0.00063432
FRZ XSS - 7.65571E-07
SP x SS2 -5.62284E-05. -1.02593E-06
FR X S§8% - 2.13357E-07
SP X FR X §S 0.00075707 -

N : The number of tanks in the tanks-in-series model
P : The fraction of plug flow in the modified Wolf and White molel
SP: Screw profile (the number of forward paddles in the extruder metering zone)

FR: Feed rate (kg/hr)
SS: Screw speed (rpm)

R2:0.87 and 0.76 for N and P, respectively

Table 5. Comparison of the estimated and predicted N and P

Screw Feed rate Screw speed N P
profile (kg/ho) (rpm) Est Pred Est Pred
7 30 200 11 13 0.80 0.81
7 30 300 15 12 0.79 0.79
7 30 400 12 12 0.78 0.76
7 40 200 25 22 0.85 0.84
7 40 300 15 18 0.79 0.79
7 40 400 14 14 0.75 0.76
7 50 200 25 25 0.83 0.83
7 50 300 15 17 0.75 0.76
7 50 400 10 9 0.75 0.75
9 30 200 14 15 0.75 0.75
9 30 300 15 16 0.78 0.79
9 30 400 15 15 0.75 0.77
9 40 200 25 24 0.80 0.82
9 40 300 25 23 0.83 0.81
9 40 400 20 20 0.80 0.80
9 50 200 25 27 0.83 0.83
9 50 300 25 24 0.83 0.81
9 50 400 19 19 0.83 0.82
11 30 200 23 22 0.77 0.76
11 30 300 25 25 0.85 0.84
11 30 400 25 24 0.84 0.84
11 40 200 25 25 0.80 0.80
11 40 300 25 27 0.83 0.85
11 40 400 25 26 0.85 0.85
11 50 200 23 22 0.80 0.80
11 50 300 25 23 0.83 0.83
11 50 400 20 21 0.84 0.85
Average 20 20 0.80 0.80

N: The number of tanks in the tanks-in-series model

P: The fraction of plug flow in the modified Wolf and White model
Est: The estimated number from the experimental results

Pred: The predicted number from the SAS regression equations



between the estimated N and predicted N, and estim-
ated P and predicted P. It was proven that the regres-
sion model could be used satisfactorily to predict the
residence time distributions for the APV Baker MPF
50/25 twin-screw extruder.

The brief procedures for prediction of the resi-
dence time distributions using the combination RTD
model (tanks-in-series model and modified Wolf and
White model) and regression models (third order reg-
ression equations) are presented below.

(1) Input any particular screw profile, feed rate
and screw speed (in the range of this study) into the
regression models shown in Table 4 to predict the
number of tanks (N) in the tanks-in-series model and
the fraction of plug flow (P) in the modified Wolf and
White model. A Fortran 77 program is provided to
predict the N and P.

(2) Determine the intersection point of the F cur-
ves for the tanks-in-series model (input the predicted
N) and modified Wolf and White model (input the
predicted P). A Fortran program is used to determine
the intersection point.

(3) The tanks-in-series model is used for the first
part of the predicted F curve where the normalized
time is less than at the intersection point, and the
Wolf and White model is applied to the second part
of the predicted F curve where the normalized time is
equal or greater than at the intersection point. The
data set of the predicted F curve can be determined
using the Fortran program.

(4) Plot the predicted F curve as F(t) versus t/t
using Sigmaplot software.

Figures 21 through 23 are some examples of this
experiment. Comparing the experimental results with
the combinatién RTD model predicted curve for each
figure, it was found that the combination RTD model
( tanks-in-series model and modified Wolf and White
model ) satisfactorily predicted the residence time
distributions in the twin-screw extrusion cooking sys-

tem. Therefore, the combination RTD model appeared

F )

F(1)

to be suitable for the APV Baker MPF 50/25 twin-
screw extruder, and the RTD modeling technique in

this study can also be extended to other twin-screw

extruder experiments.
1.0 4
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0.7 4 SS = 400 rpm
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Figure 21. The comparisons of experimental results
with the combination RTD model at 7:5
screw profile, 50 kg/hr feed rate, and 400
rpm screw speed
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Figure 22. The comparisons of experimental results

with the combination RTD model at 9:3
screw profile, 40 kg/hr feed rate, and 300
rpm screw speed
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Figure 23. The comparisons of experimental results
with the combination RTD model at 11:1
screw profile, 50 kg/hr feed rate, and 400
rpm screw speed

CONCLUSIONS

A colorimetric method was used to study the re-
sidence time distribution (RTD) modeling in an APV
Baker MPF 50/25 twin-screw extruder using rice
flour as the feed material. The experiment was 3 X 3
X 3 factorial design, and the process variables were
screw profile, feed rate, and screw speed.

A best fit RTD model was developed. The com-
bination RTD model (tanks-in-series model and mo-
dified Wolf and White model) developed in this study
can satisfactorily predict the residence time distribu-
tions in the extrusion cooking system. The RTD mod-
eling technique can also be extended to other extru-

der experiments.
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