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ABSTRACT  
In process equipment, the residence time 

distribution (RTD) characterizes axial mixing of material 
flowing through the unit.  In turn, models of the RTD are 
useful to represent deviation from perfectly mixed or plug 
flow conditions and to quantify mixing.  Concentration 
profiles obtained by magnetic resonance imaging (MRI) 
were used to noninvasively monitor residence time 
distribution and axial mixing within a co-rotating twin 
screw extruder with an L/D of 12.5.  The stimulus-
response experiment was performed with a 7% w/w corn 
starch gel.  The step change experiment introduced the 
same material paramagnetically doped with manganese 
chloride (MnCl2).  The resulting F curve was modeled by 
the dispersion model, with the vessel dispersion number 
characterizing the extent of axial dispersion.  MR images 
acquired at an axial location of 4.6 L/D gave vessel 
dispersion numbers on the order of 0.01 for the three 
doping levels evaluated, where zero and infinity 
characterize plug flow and perfectly mixed flow, 
respectively.  In addition to convective mixing, mixing 
due to molecular diffusion was characterized by a 
diffusion coefficient of 4 x 10-10 m2/s.  

 
INTRODUCTION 

Mixing is an important unit operation in process 
industries primarily because product quality is in large 
part controlled by the mixing of ingredients to reach a 
desired uniformity.  Lack of adequate mixing may lead to 
unsatisfactory product quality, small yields of target 
products, large amount of by-products and higher 
operating costs.  Although mixing is performed in either 
batch or continuous mode, the focus of this work is 
continuous mode mixing in a twin screw extruder (TSE).  
An intermeshing co-rotating twin screw extruder, utilized 
here, is effective in conveying, mixing, and pressure 
buildup due to the capability of changing the direction of 
applied stresses through the use of mixing elements.1  
Although twin screw extruders have been successfully 
applied in industry, its complicated screw geometry 

makes it difficult to evaluate the various mechanisms of 
mixing. 

Many studies have been carried out to evaluate 
residence time distributions (RTD) and mixing in twin 
screw extruders.  In general these studies are pulse 
experiments that introduce a tracer with residence time 
measured by exit mixing cup methods.2-6  Recent studies 
have been reported for step experiments in which the feed 
material was changed from one material to another and 
the response was monitored and modeled.7-8  Though 
residence time distributions provide a useful means to 
optimize process conditions, the method does not provide 
information to evaluate the flow behavior and degree of 
mixing within the extruder.  Another approach to evaluate 
flow in a twin screw extruder is the use of laser Doppler 
anemometry to measure velocity profiles.9-11  With the 
goal of a complete velocity distribution map for the fluid, 
the behavior of the fluid within the extruder can be 
predicted.  However, except under research conditions, 
this approach to provide complete velocity distribution is 
impractical even with today’s computer capabilities.12 

Magnetic resonance imaging (MRI) is capable of 
examining various systems and processes noninvasively 
and nondestructively to provide temporal and spatial 
information through concentration mapping.  These MRI 
mapping techniques have been utilized to study mixing in 
two-component13-15 and three-component16 batch systems.  
In addition to batch systems, MR imaging techniques 
have been applied to evaluate concentration profiles and 
mixing in Couette geometry,17 scraped surface heat 
exchange geometry17-19 and a Kenics mixer.20 

The objective of this study was to further 
develop the capability of MRI techniques to provide 
methods to quantify mixing in process equipment.  
Specifically, a co-rotating twin screw extruder was 
adapted to allow MR imaging at cross sectional planes.  
The imaging, performed over time, yielded the residence 
time of the material moving through the extruder.  The 
experimental data was modeled by the dispersion model.  
In addition to this characterization of mixing due to 
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convective motion, mixing due to molecular diffusion was 
evaluated. 

 
MATERIALS AND METHODS 

Experimental: MRI 

The magnetic resonance imaging measurements 
were performed on a General Electric TecMag Libra 
Spectrometer connected to 0.6 Tesla Oxford 
superconducting magnet corresponding to a proton 
resonance frequency of 25.9 MHz.  The spectrometer has 
a PowerMac/MacNMR user interface (TecMag, Houston, 
TX, USA).  The horizontally oriented magnet has an inner 
bore diameter of 330 mm.  A set of unshielded gradient 
coils were driven by an Oxford-2339 water cooled 
gradient power amplifier.  A spin echo imaging pulse 
sequence was used to acquire MR images. 

The signal intensity S is determined through its 
unique relationship with T1 and T2 of the materials, as 
well as the experimental conditions TR and TE 
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where TR is the pulse repetition time, TE is the echo time, 
T1 is the spin-lattice relaxation time, T2 is the spin-spin 
relaxation time, K is a constant related to the chemical 
and physical environment of the sample and ρ is proton 
density.21  A T2-weighted spin echo imaging pulse 
sequence has a long TR to eliminate T1 contribution to the 
signal intensity.  Therefore, the above equation can be 
simplified to 
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Since the material quantity in each imaging volume was 
constant, the changes in image intensity were only a result 
of changes in T2. 

Starch gel was utilized as the model fluid for the 
mixing and diffusion studies.  A paramagnetic material, 
manganese chloride (MnCl2), was used as a doping agent 
in a portion of the starch gel.  The doping agent reduces 
the NMR signal intensity by altering the relaxation times 
(i.e., T1 and T2) at a very low concentration, without 
significant change of the sample’s physical properties.  
Since, the doped sample had shorter T1 and T2 which 
resulted in lower signal intensity as compared to undoped 
sample, the relative contribution of doped to undoped 
material in a sample volume could be ascertained. 

To prepare the starch gel, unmodified corn starch 
powder (Cargill Co., Minneapolis, MN, USA) was mixed 
with distilled water at a concentration of 7% w/w and 
placed into a hot water bath for one hour at 85 °C under 
stirring conditions.  Then, the sample was cooled for 24 

hours at room temperature.  The doped starch gel was 
prepared by adding an appropriate amount of 50% MnCl2 
solution to water in order to prepare 0.02%, 0.05% and 
0.10% w/w MnCl2 starch gel mixtures.  The manganese 
chloride was added to water prior to the addition of starch 
powder to ensure homogeneous distribution of the 
manganese chloride.  With respect to physical properties, 
the flow behavior of both undoped and doped starch gel at 
25 °C was measured using a Bohlin CVO viscometer 
(Bohlin Instruments, Gloucestershire, UK).  Over a shear 
rate range of 0 to 30 s-1, which was appropriate for 
experimental conditions, the gel showed shear thinning 
power law behavior with a consistency index of 33.4 Pa⋅sn 
and flow behavior index of 0.27 (e.g., an apparent 
viscosity of 62 Pa⋅s at a shear rate of 10 s-1).  Doped and 
undoped starch gels did not yield significantly different 
viscosity. 

The paramagnetic material provided a means to 
discriminate between doped and undoped test fluids due 
to the altered relaxation times.  Calibration curves were 
developed to establish the relationship between signal 
intensity and doped starch concentration.  These curves 
are necessary because T2 is a strong function of 
manganese chloride concentration.  For instance, as 
0.05% w/w MnCl2-doped material is added to undoped 
material, T2 values decrease exponentially from 58 ms for 
100% undoped starch gel to 10 ms for a mixture of 20%- 
80% undoped - doped starch gel mixture.  These changes 
of T2 lead to signal intensity differences.  The inset MR 
image in Fig. 1 shows the contrast due to the different 
concentration of the doping material.  The signal 
intensities were normalized by the signal intensity of the 
undoped starch gel.  The normalized signal intensities (in 
%) decrease exponentially with an increase in the doping 
material concentration indicating the effect of T2 changes 
(Fig. 1).  The exponential fitting equation and correlation 
coefficient for 0.05% MnCl2-doped material are: 

 
S = 100exp-0.0281C   R2 = 0.983  (3) 

where C is the concentration (in %) of the doped starch 
gel in the mixture.  The same calibration procedure was 
performed for the 0.02% MnCl2 starch gel and the 0.10% 
MnCl2 starch gel.  The following correlations relate 
normalized signal intensity to concentration of doped 
material for 0.02% and 0.10% MnCl2 respectively. 
 
   S = 100-0.8435 C  R2 = 0.995 (4) 

 
   S = 100exp-0.05168C   R2 = 0.984 (5) 

 
These calibration curves provide a means to evaluate the 
degree of mixing and/or diffusion quantitatively. 
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Figure 1. Calibration curve for the 0.05% w/w MnCl2 starch gel to illustrate the effect of the percent doped material on 
the normalized signal intensity (in %). 

 

Twin screw extruder: Residence time distribution 
The residence time distribution experiments 

were performed with a non-magnetic co-rotating self-
wiping 30 mm APV twin screw extruder (TSE) (Fig. 2).  
The TSE consisted of a transparent acrylic barrel and 
opaque fiberglass-filled nylon screws (L/D = 12.5).  The 
barrel was not equipped with temperature control devices 
and experiments were performed at ambient temperature.  
The screw profile used in this study is shown in Fig. 3.  
The screw configuration consisted of 30 mm diameter 
pitch conveying elements and three kneading sections.  
These kneading sections were located at 3.5, 6 and 8.5 
L/D from the inlet end.  Each kneading section was 
composed of six 0.25 L/D bilobate kneading elements; the 
first three were staggered at 30 ° to provide forward 
conveying and the second set of three were placed at a 
neutral (nonconveying) position.  The screw region 
transitioned to a 6 mm diameter cylindrical die by means 
of a tapering cone section of width 53 mm and length 29 
mm.  Void volume of the extruder section was 292 mL; 
the volume of the die section was 29 mL.  The drive 

mechanism for the extruder was a ¼ HP, gear-reduced 
Fractional Horsepower Gearmotor (Series 600, Type 
NSH-55RH, Bodine Electric Co., Chicago, IL). 

The residence time distribution was determined 
by a stimulus-response experiment.  The TSE was 
initially charged with undoped starch gel.  A step change 
in feed material was performed.  At t =0, the feed material 
was switched from undoped starch gel to doped starch 
gel.  The extruder was operated at 100% fill (e.g., no void 
volume) at a volumetric flow rate of 27.5 mL/min.  The 
screws were rotated for a specific number of revolutions 
at 10 RPM, the extruder was then transferred to the 
magnet bore to acquire MR images. 

MR images were acquired at the first kneading 
section, with the imaging plane centered at 4.6 L/D.  This 
location corresponded to the center of the neutral 
kneading sections and ensured a known and constant 
imaging volume.  No proton signal from the plastic 
components was recorded thus the screws are seen as a 
dark region in the images.  The MRI experimental 
parameters are summarized in Table I.   
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         Table I. MRI imaging parameters for step change experiments and diffusion experiment 

 Step Change Experiments Diffusion Experiment 

 Starch gel 
0.02% doped 

Starch gel 
0.05% doped 

Starch gel 
0.10% doped 

Starch gel 

TR (ms) 1730.7 1527.4 1230.7 1000 

TE (ms) 26.9 23.6 26.9 46 

Number of views 64 64 64 64 

Number of 
samples 128 128 128 128 

Number of 
averages 2 2 2 8 

FOVx, read  (cm) 10.17 10.17 10.17 12.8 

FOVy, phase  (cm) 20.82 20.82 20.82 12.8 

Slice thickness 
(cm) 1.25 1.25 1.25 2.0 

Time per image 
(min) 3.7 3.3 2.6 8.5 
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Figure 2. Top view of the transparent barrel and the twin screws around the feed inlet area. 

 

 

Figure 3. The co-rotating twin screw profiles. 
 

 

The acquired MRI data were processed by 
Gaussian filtering, zero-filling, and Fourier transforming 
to produce images.  A threshold value was chosen for 
each image to remove noise and identify the sample 
region.  Image processing and statistical analysis were 
done using MATLAB 6.5 R13.1 software (The 
MathWorks Inc., Natick, MA).  For each image, the mean 
concentration of doped material in the cross sectional 
image of the extruder, C , was calculated by 

n
C

C i∑=  

where Ci is the concentration of the ith sample (pixel) and 
n is the number of samples (utilizing Eqns  3-5). 
 
Experimental: molecular diffusion 

Convective motion was expected to be the 
dominant mixing mechanism during extrusion processes.  
However due to experimental design, the relative 
contribution of molecular diffusion was assessed to 
evaluate the contribution to the residence time 
distribution.  The starch gel test fluid was prepared as 
above, with the doped material at a concentration of 
0.05% w/w manganese chloride.  For the diffusion 
studies, a container with overall dimensions of 4.2 cm x 

Feeding inlet Kneading 
Section 1 

Kneading 
Section 2 

Kneading 
Section 3 

0 10.5 15 18 22.5 25.5 30 37.5 39.5 

cm 

Port 1 Port 2 Port 3 

    (6)
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4.2 cm x 6.7 cm high was divided into two compartments 
by a plexiglass sheet.  One compartment was filled with 
undoped starch gel to provide a control for the 
experiment.  The other compartment was layered with 3.5 
cm undoped starch gel on the bottom and 3.2 cm doped 
starch on top (Fig. 9).  Spin echo imaging experiments 
were performed over six hours to assess the diffusion of 
manganese chloride from doped to undoped material.  
MR imaging parameters for the diffusion experiment are 
given in Table I. 

 
RESULTS AND DISCUSSION 
 
TSE: RTD Starch gel step change 

Representative MR images of the step change 
experiment with 0.05% w/w MnCl2 starch gel are shown 
in Fig. 4.  Signal intensity values for each image were 
normalized with the mean value of the first image, which 
contained 100% undoped starch gel.  This normalization 
procedure allowed comparison of images over time.  The 
first image was acquired at zero revolution and the last 
one was obtained after 50 revolutions.  Since signal 
intensity is proportional to the concentration of the 
undoped gel, the brighter regions represent more undoped 
starch gel in the mixture and higher signal intensity.  As 
the process proceeds, images become darker as a result of 
an increase in the fraction of doped starch gel in the 
mixture.  The images clearly show the progress of mixing 
for two physically similar materials as the extruder screws 
rotate. 

Figure 5 illustrates the histograms of signal 
intensity for the images given in Fig. 4.  Statistically, the 
mean signal intensity and spread characteristics differ 
little until the screws have rotated 30 revolutions due to a 
lag time for the sample to reach the imaging plane.  The 
histograms show the signal intensity is fairly evenly 
distributed between maximum and minimum.  During the 
next 10 revolutions, the normalized mean signal intensity 
decreased from 93.2 % to 13.5 % and the signal intensity 
distribution shifted to lower signal intensities.   After 40 
revolutions, the rate of signal intensity decrease slowed 
with the signal intensities being a fraction of their original 
values.  The mean signal intensity at 50 revolutions was 
5.8 % which corresponds to 80 % doped - 20% undoped 
starch gel (Eqn 3).  After 50 revolutions (not shown), 
essentially no signal was detected.  These histograms 
demonstrate the timeframe of the undoped starch gel in 
the extruder being replaced by the doped starch gel. 

Signal intensity values were converted to 
concentration values for the three trials, utilizing Eqns 3-
5.  Figure 6 illustrates the response to the step change 
over the course of the experiment for the 0.05% w/w 
MnCl2 material.  The x-axis is given in time; these times 
are the product of the number of revolutions at a given 
imaging time and 10 RPM.  The open squares are 
normalized signal intensity.  The values are for roughly 
100% undoped material until approximately 2.5 minutes 
(e.g., 25 revolutions).  At that point, the signal intensity 

dropped exponentially over the next two minutes.  
Conversely, as the amount of undoped material decreased, 
the percent of doped material increased and is illustrated 
by the closed circles.  Figure 7 illustrates the 0.05% doped 
starch data as an F curve.   

The F curve was determined experimentally by 
measured values of the concentration of the tracer 
material by  

( ) ∫=
θ

θθ
0max

1 Cd
C

F                   (7) 

where C is the percent (or fraction) of the doped starch 
gel at time t, Cmax is maximum concentration of the doped 
material (100%) and θ is the normalized time 
( tt=θ ).  The mean residence time ( t ) for this type 

of step input experiment was calculated by12 

 ∫=
max

0max

1 C

tdC
C

t                  (8) 

For the experimental trial with 0.05% w/w 
MnCl2, the mean residence time was 3.74 min as 
determined by numerical integration of Eqn 8.  If the data 
is normally distributed, plotting F on probability paper 
yields a straight line.  The mean residence time is at 
F=0.5 and spread of the age distribution (or E curve) is 
characterized by the standard deviation (s).12  For 0.05% 
w/w MnCl2, the mean residence time determined by this 
method was 3.75 min and the standard deviation was 0.42 
min.  This procedure was also appropriate for the 0.02% 
and 0.10% w/w MnCl2 doped starches; values of the mean 
residence time and standard deviation are given in Table 
II. 

Qualitatively, the shape of the experimental F 
curves for the step change experiment  indicate that flow 
at the imaging plane was a combination of plug flow and 
some degree of mixing.  Figure 7 illustrates the 
experimental data for the 0.05% doping level.  For 
comparison purposes, the F curves for two ideal systems, 
plug flow and ideally mixed flow, are shown.  The F 
curve for plug flow is characterized by a step change at θ 
= 1.  In this case, no mixing occurs between the material 
present in the extruder and the material introduced in the 
step change.  With this type of flow, all material has 
identical residence time with no mixing or diffusion 
taking place.  In contrast, if the extruder contents were 
ideally mixed, all material within the unit would have the 
same composition and the imaging plane would represent 
material at any axial position.  Ideally mixed flow is 
characterized by the exponential function 

 
( ) ( )θθ −−= exp1F       (9) 

 
A number of models have been proposed to 

characterize systems that fall between these two ideal 
curves.  The dispersion model is particularly useful when 
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there is small deviation from plug flow, as characterized 
by small vessel dispersion number (D/uL<0.01).  The 
mathematical expression for the F curve is12    
     

( ) ( )
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( )
( )










 −
−∫=∫=

uLuL
dEF

/4
1exp

/4
1 2

00 DD

θ
π

θθθ
θθ

 

                                                                                     (10) 
Figure 7 illustrates the curve for the 0.05% 

doped starch, using a vessel dispersion number of D/uL of 
6.4 x 10-3.  This value is not a fit value, but a vessel 
dispersion number determined independently by the 
relationship between the vessel dispersion number and the 
mean residence time and the standard deviation of the age 
distribution curve12  

( )
2
/ 2ts

uL
=

D                             (11) 

This expression relates the normalized variance 
of the experimental data to the theoretical model 
describing axial dispersion, where zero and infinity 
characterize plug flow and perfectly mixed flow, 
respectively.  As seen in Fig. 7, the agreement between 
the experimental data and the theoretical curve is 
excellent for the 0.05% doped starch 

For the 0.02% and 0.10% MnCl2-doped starch, 
the vessel dispersion numbers are 0.017 and 0.011 
respectively, as determined by Eqn. 11.  For these values 
of vessel dispersion number, the more appropriate model 
is the dispersion model for D/uL>0.0112  

 

        ( ) ( )
( )

( )
( )










 −
−∫=∫=

uLuL
dEF

/4
1exp

/4
1 2

00 DD θ
θ

π
θθθ

θθ
                             

                                                                                     (12) 
 

The experimental data and theoretical curves for 
these doping levels are given in Figs. 8a & 8b.  Again the 
plug flow and ideally mixed models are given for 
comparison.  At the 0.10% doping level (Fig. 8), the 
signal intensity over 60% doped material was not 
differentiated and data for the curve above F=0.6 was not 
discernible.  Nonetheless, the agreement between data and 
the dispersion model for these doping levels is good.  In 
summary, axial mixing within a twin screw extruder at a 
cross sectional plane located at 4.6 L/D was characterized 
by vessel dispersion numbers on the order of 0.01. 
 

 
 
 
 

Table II.  RTD characteristics for the step change trials, determined using probability paper. 
 
Doping level 

 
0.02% 

 
0.05% 

 
0.10% 

t (min) 3.78 3.75 4.35 
s (min)ss   standard deviation (min) 0.70 0.42 0.65 
D/uL 1.7x10-2 0.64x10-2 1.1x10-2 
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Figure 4. MR images of the step change of starch gel system at 0, 30, 35, 40, 45, 50 revolutions (left to right, top to 
bottom) at the 0.05% w/w MnCl2 doping level.  Note that the color scale for second row is at one third the value of 
the first row. 

      

   
Figure 5. Histograms of the signal intensities of the MR images given in Fig. 4 at 0, 30, 35, 40, 45, 50 revolutions at 
the 0.05% doping level. 



JPACSM  80 
…Process Analytical Chemistry 

                Young J. Choi, et al. 

 

0 0.5 1 1.5 2 2.5 3
0

0.2

0.4

0.6

0.8

1

time (dimensionless)

F 
cu

rv
e 

data,   D/uL 0.0064
theoretical curves

(1) (2) 

(3) 

 
 
 

 

 

 

 

 

 

 

 

Figure 6. Normalized signal intensity (□) and percent doped starch gel (●) curves in response to the step change in 
feed material with 0.05% w/w MnCl2. 

 

 

 

 

 

 

 

 

 

Figure 7.  F curves for experimental data at the 0.05% doping level (‘o’), plug flow model (1), perfectly mixed 
model (2), and the dispersion model for D/uL=0.0064 (3).    
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Figure 8. F curves for experimental data (‘o’), plug flow model (1), perfectly mixed model (2), and the dispersion 
model (3) for  (a) 0.02% doping and (b) 0.10% doping levels. 

 
 
 
 
 



JPACSM  82 
…Process Analytical Chemistry 

                Young J. Choi, et al. 

 

 
 

 

 

 

 

 

 

 

 

 

 
Figure 9. MR signal intensity image at t=0 for diffusion of manganese chloride in starch gel. 

 

Modeling: molecular diffusion 
The dispersion model does not incorporate 

mixing effects due to molecular diffusion.  The diffusion 
experiment was designed to evaluate the contribution of 
molecular diffusion in this system in which two 
physically similar media are present.  The experiment was 
performed with 0.05% w/w manganese chloride doped 
starch gel and undoped starch gel.  Figure 9 illustrates the 
initial MR image.  The control material was undoped 
starch gel, seen on the left side of the image.  The right 
side of the image was the test area.  For region 1, which is 
x > 0, the initial condition at t = 0 is uniform 
concentration of undoped material (Fig. 9).  At x < 0, the 
concentration of undoped material is zero.  There is no 
MR signal intensity in this region due to the manganese 
chloride.  For this analysis, MR signal intensity was 
converted to concentration (using Eqn 3) and the fraction 
undoped material was designated as C.  Due to the 
geometry, the diffusion of the manganese chloride salt 
into the starch gel was suited to be modeled as a one-
dimensional mass transfer.  The molecular diffusion of 
manganese chloride from one region to the other is 
described by Fickian diffusion.   Fick’s second law 

describes the transport of doping material from one region 
to another 

2

2

x
CD

t
C

∂

∂
=

∂
∂                                                   (13) 

where D is the diffusion coefficient and C in fraction of 
undoped material.  In region 1 (x > 0), the diffusion of 
manganese chloride was characterized by D1; in region 2 
(x < 0), the diffusion of manganese chloride was 
characterized by D2.  With C1 as the concentration in x > 
0 and C2 in x < 0, the initial conditions in the region 1 
were uniform concentration normalized to C1=1.0 and in 
region 2, the concentration was initially zero.  The 
boundary conditions at the interface between the two 
regions were 
 

dx
dCD

dx
dCD

CC
2

1

2
1

1

12

=

=
   (14) 

 
Under these conditions, the concentration gradients in the 
starch gel layers are22
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Figure 10 illustrates the concentration gradients 
given by these expressions for a  diffusion coefficient of 
4x10-10 m2/s, with D1=D2.  The curves indicate the trend 
over a timeframe of six hours.  The interface position 
maintains a concentration at 0.50 fraction doped material.  
The steep “S” shape becomes shallower over time as the 
diffusing material (e.g., salt) leaves the top region (x<0) 
and moves into the originally undoped material.  
Experimentally, six sets of data are displayed for elasped 
times of 55, 115, 175, 235, 295 and 355 min in Fig. 11.  
The data fall in the region x>0 from 0 to 5 mm into the 
starch gel.  Similar to the theoretical curves, as time 
progresses the gradient in concentration develops 
spatially.  Figure 11 superimposes the theoretical curves 
for these times on the data (Eqn 15).  The diffusion 
coefficient required to plot these curves was determined 
through a nonlinear least squares parameter estimate 
subroutine (function: nlinfit, Statistics Toolbox, MatLab).  
The single diffusion coefficient, 4.0 x 10-10 m2/s, was 

determined using all six sets of data; the procedure was 
repeated.  The diffusion coefficient for these trials, as well 
as the 95% confidence interval, is given in Table III. 

The value of the diffusion coefficient relative to 
the vessel dispersion number numerator D establishes the 
relative contribution of molecular diffusion to dispersion 
due to extruder geometry and operating conditions.  The 
value of D was approximated as the product of the vessel 
dispersion number, characteristic length and characteristic 
velocity (Eqn 11).  The characteristic velocity was the 
quotient of the distance to the imaging plane from the 
feed inlet and the mean residence time (Table I); the 
characteristic length was the distance to the imaging plane 
from the feed inlet.  The value of D was on the order of 5 
x 10-5 m2/s, or five orders of magnitude larger than the 
diffusion coefficient due to molecular diffusion.  Based 
on this order of magnitude analysis, dispersive mixing 
was the major contributor to mixing characterized by the 
F curves. 

 
 

Table III. Best nonlinear least squares parameter estimate for the diffusion coefficient. 
 Diffusion coefficient, 

D (m2/s) 
95% confidence interval for 

D (m2/s) 
Trial 1 4.0 x 10-10 3.7 - 4.2 x 10-10 
Trial 2 3.7 x 10-10 3.5 – 3.9 x 10-10 
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Figure 10. Theoretical curve for molecular diffusion in Region 1 (x > 0) and Region 2 (x <0) with D = 
4.0 x 10-10 m2/s. 
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Figure 11.  Experimental data from t =55 (x), 115 (o), 175 (*), 235 (  ), 295 (◊), and 355 (+) min and theoretical 
diffusion curves with best fit diffusion coefficient of D= 4.0 x 10-10 m2/s. 

 
 
 

CONCLUSION 
Magnetic resonance imaging provided a means 

to noninvasively examine mixing of starch gel within a 
twin screw extruder.  Quantitatively, the extent of axial 
mixing within a twin screw extruder was characterized in 
terms of the dispersion model with vessel dispersion 
numbers on the order of 0.01 at an L/D position of 4.6.  
This technique can be extended to evaluate mixing at 
multiple axial positions with physically dissimilar feed 
materials.  The information would assist to enhance screw 
design, optimize operating conditions, and validate 
numerical simulations of mixing. 
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