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Heat Transfer and Melting Kinetics

During extrusion, starch particles enter the ex-
truder, transform to a melt at some point within the
extruder due to heating, and move toward the exit
of the extruder. As a co-rotating intermeshing twin-
screw extruder has high mixing capacity, it is nor-
mally assumed that product temperature is uni-
form in the direction normal to the screw shafts and
heat transfers from the hot barrel to the material by
convection.” %14

It has been reported that co-rotating twin-screw
extrusion follows a particle dispersed melting mech-
anism.”015 In the particle dispersed melting model,
the solid particles are assumed to be uniform, spher-
ical, and dispersed in a melt matrix as shown in Fig-
ure 2a. Rauwendaal’ reported that a minimum vol-
ume of polymer melt has to be available to fill the
space between the solid particles before the solid par-
ticle flow becomes a non-Newtonian melt flow. Wang
et al.!® found that the powdery raw starch became in-
terconnected and behaved like a fluid when the per-
cent conversion of starch reached about 37%.

Therefore, the following assumptions were made
for modeling the melting kinetics and heat transfer:

Figure 2. Particle dispersed melting mechanism in a twin-
screw extruder.

(1) The solid particles which were fed into the extruder
were assumed to be identical. Therefore, one parti-
cle was chosen for the analysis of melting kinetics.

(2) Initially, the particle was heated from initial feed
temperature to the melting temperature at 115°C
8by the hot barrel. The energy due to internal fric-
tion between starch particles was neglected. The
melting of the particle occurred when its surface
temperature reached the melting point.

(3) When the percent conversion of starch particles
to melted starch reached about 37%,® the parti-
cle plug flow became non-Newtonian melt flow.
The heat transfer from the hot barrel and the heat
of viscous dissipation in the melt matrix contin-
ued to melt the particle and increased the melt
temperature.

(4) The convective heat from the hot barrel and the
heat of viscous dissipation in the melt were uni-
formly distributed to each particle.

During melting, there existed a moving inter-
face within the particle, which moved from the sur-
face to the center of the particle until the whole par-
ticle was melted. The moving interface divided the
whole particle into two regions: the core solid region
and the outer melt layer as shown in Figure 2b. The
heat transfer through the solid core region was gov-
erned by

(38)

The heat transfer through the outer melt layer was
governed by

(39)

where the viscous heat generation rate in the melt,
q,, Was given by

(40)
Boundary conditions were

(41)

(42)

(43)

where g, is the heat flux on the surface of the particle.



MOoODELING STARCH IN A Co-RoTaTIiING TWIN-SCREW EXTRUDER 29

The location of the moving interface, r,, was deter-
mined by the energy balance on the interface. On the
interface, the net heat conduction was equal to the la-
tent heat of melting, which was expressed as

aT; 0Ty drs
ks( ar ) - km<a_r) - /\psw (44)
It should be noted that before melting occurred, heat
transfer through the particle was governed only by
Equation (38) with boundary conditions given by
Equations (41) and (43). The melt fraction was ex-

pressed as the ratio of melt volume to the total vol-
ume of the particle, which was given by

O = (45)
Up

When the flow advanced for a Az step in the down-
stream direction, the total particles enclosed by the
small volume of Az x B x H were determined by
i At
PpVp

N, = (46)
where At is the residence time for the Az distance.

When particles entered the intermeshing cham-
bers, there was no convection heat transfer between
the particles and the hot barrel wall. However, in
the C-shaped chambers, convection heat transfer oc-
curred. When particles advanced for a Az_step in the
downstream direction of the C-shaped chambers, the
total heat transfer between the particles and the hot
barrel was calculated by

Qb = thn AZc(Tb,sur - Tp,sur) (47)

For the particle bed, a pseudo-heat transfer coeffi-
cient, h, was expressed as the dependence on the den-
sity of the particle bed

h=aph (48)

In order to determine constants a and b in the above
equation, two sets of i and p were required. It was
assumed that for the channel filled with air only, 1 =
30 W/(m?K) and p = 1 kg/m?and for the channel fully
loaded with particles, h = 1500 W/(m?K) and p = 416
kg/m?. In this case, 2 =30 and b = 0.65.

The total heat, Q,, was uniformly distributed to
each particle in the small analyzed volume, and the
heat flux on the particle surface, g, in Equation (43)

was thus given by

sur Np Ap,sur (49)

The temperature of the bulk flow was the mass aver-
age temperature of the particle, which was given by

E 2
Vf T(r)dm Yy 5”(7;'2”,3 — Tar})
= (50)

Mixing

As mentioned above, the flow from a C-shaped
chamber was divided into two streams at the entrance
of an intermeshing chamber and two streams were
merged at the exit of the intermeshing chamber. For
each repeated turn, all particles had 100% possibility
flowing through a C-shaped chamber and x,x 100%
possibility of flowing through an intermeshing cham-
ber. Therefore, at the exit of each intermeshing and C-
shaped chamber, the velocity, temperature, and melt
fraction were adjusted by

U = Uen + Xflin (51)

T=Tu+xTiy (52)

0 = Ocn +xf9in (53)
Simulation Approach

A computer program was written to solve the
model. The program was divided into four parts to
obtain solutions for geometrical parameters, fluid
flow, heat transfer, and melting kinetics. The simu-
lation began with the input of geometries of the ex-
truder, processing conditions, and relevant constants.
The total flight turns were determined by Equation
(1). The height, helix length and width of each C-
shaped chamber and intermeshing chamber were de-
termined by Equations (2)—(11). The leakage flow ra-
tio of a stream entering the intermeshing chamber
was determined by Equation (13).

The helix length, height, and width of the “C”
chamber and intermeshing chamber were then di-
vided into ten sections along the downstream chan-
nel, respectively. The radius of a particle was di-
vided into ten segments. Simulations were advanced
from the first cross-section at the entrance of the C-
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shaped chamber to the last cross-section at the exit,
and the entrance of the intermeshing chamber to the
last cross-section at the exit. In the program, a finite
element scheme was used to solve partial differential
Equations (18), (20), (32), (38), and (39).

For the solid particle flow in the conveying section,
the velocity and volumetric flow rate of the down-
stream were calculated by Equations (13) and (14). The
bulk density of the solid particle bed was then deter-
mined by Equation (16). The temperature distribution
in the particle was predicted by Equations (38), (41),
and (43). The temperature of the bulk flow was then
determined by Equation (50). The surface temperature
of the particle was then compared with the melting
temperature. If the surface temperature of the particle
was smaller than the melting temperature, there was
no melting and the analysis of plug flow continued on
to the next cross-section. Otherwise, melting occurred
and the melting rate was determined by Equation (44).
If the volumetric melt fraction was less than 37% of the
total particle volume, the analysis of plug flow contin-
ued on the next cross-section. The temperature distri-
bution in the particle was predicted by Equations (38)-
(43). Otherwise, the material became a melt flow. The
velocity and pressure profiles in the melt were ob-
tained by Equations (18)—(30). The melting rate was de-
termined by Equation (44). The temperature distribu-
tion in a particle was predicted by Equations (38)—(43).
The analysis proceeded until the last cross-section, at
the exit of the “C” chamber or the intermeshing cham-
ber, was reached. At the exit of each C-shaped and in-
termeshing chamber, the velocity, temperature, and
melt fraction were adjusted by Equations (51)—(53).
The analysis advanced to the next C-shaped chamber
and intermeshing chamber until the exit of the screw
channel was reached.

Finally, the non-Newtonian fluid entered into the
die channel. As indicated in Figure 3, there were four
sections in the die. The radius of each section was di-

vided into 50 segments, and the length of each section
was divided into 100 segments each. The velocity and
pressure of each node formed the velocity and pres-
sure fields in the die channel. The pressure gradient
and velocity profile in the die channel were predicted
by Equations (32)—(34). The simulation was stopped
when the last cross-section at the exit of the die chan-
nel was reached.

Materials and Methods

Normal corn starch (~25% amylose and ~75% amy-
lopectin) purchased from National Starch and Chem-
ical Co. (Bridgeport, NJ) was used in the experiments.
The moisture content of the starch was adjusted to the
different levels by blending with distilled water. The
samples were sealed in plastic buckets and stored at
4°C for one day. Before extrusion, the samples were
removed from cold storage and allowed to come to
room temperature. The moisture contents of samples
were measured by a moisture analyzer at the cham-
ber temperature of 105°C (HG 53 moisture analyzer,
Mettler-Toledo GmbH, Laboratory & Weighing Tech-
nologies, Greifensee, Switzerland). The properties of
granular and melted starch are given in Table II.

The starch was extruded in a twin-screw labora-
tory extruder (model CTSE-V, C. W. Brabender, Inc.,
South Hackensack, NJ). Two conical screws co-rotated
inside the barrel of the extruder. The conical screws
had diameters decreasing from 42.5 to 27.5 mm along
an axial length of 350 mm from the feed end to the
exit end. The detailed dimensions of the extruder are
given in Table I. Three die nozzles with different di-
ameters were used. The dimensions of three die noz-
zles and operating conditions are given in Table III.

Starch was fed into the extruder using a FlexWall®
Plus Feeder (Brabender Technologie, Inc., Ont., Can-
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Figure 3. Geometry of die and finite element arrangement in the die channel.
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Table Il. Properties of Granular and Melted Starch Used in Model

Specific heat (J/(kg K)) c= 1291 + 2321 X, [18] c= 1291 + 2321 X, [18]

Density (kg/m®) ps = % (P=0Pa) pm = 1200 [13]
4
Thermal conductivity ks = (1 — ey)kp + £ kg [19], where ki - “%”V) + 2% 120], where
(W/(m K)) m s v
foq_Ps oy = _PasXw
g Pp pw + ods Xw

kp = (1 — ew)kds + ewkw
kys = 0.0976 +0.167 x 102 T
ky =0571+1.76 x 10°3T —6.70x 107672
kg =0.00324 +5.31 x 1074 T
Melting latent heat (J/g) -

kgs = 0.21 + 0.41 x 10~3(T + 273.15)
ky =0.571+1.76 x 1073T —6.70 x 107672

A =13.8[21]

Table IlI. Experimental and Predicted Process Variables and System Variables

Die Nozzle Process Variable Experimental Data Predicted Data

Dn Ln N m Mw Tb | Tb?. Tb3 wa Pd Td tmin Pda de Td tmin
(mm) (mm)  (rpm)  (kg/h) @) (O (O (O (O M™Pa) (°C) (s) (MPa) (MPa)  (°C) (s)
3.0 14.6 140 7.73 16 67 134 139 13 1113 142 22 1049 1041 1488 30.6
3.0 14.6 140 8.86 24 72 141 140 125 6.78 139 24 6.65 624 1418 26.6
3.0 14.6 160 7.34 20 64 136 139 124 8.56 140 20 7.90 711 1449 255
4.0 14.6 140 8.86 24 67 130 139 127 4.48 139 22 3.8l 403 1335 19.3
4.0 14.6 120 6.11 20 65 125 130 107 6.27 139 30 6.48 584 136.0 29.8
5.0 14.7 140 7.73 16 69 129 132 104 7.78 137 19 7.21 632 1375 23.1
5.0 14.7 140 8.86 20 65 134 137 112 5.36 142 20 5.66 482 1380 21.9

9Die pressure based on pressure rise through the screw channel.
b Die pressure based on pressure drop through the die channel.

ada), maintaining as constant a feed rate as possi-
ble. The extruder was controlled by a plasti-Corder
(type FE 2000, C. W. Brabender, Inc., NJ). The bar-
rel temperatures and the product temperature at the
die entrance were recorded using temperature probes
(Omega Engineering Inc., CT). The operating pres-
sure at the die entrance was recorded using a pres-
sure transducer (model PT 411-10M-6, Dynisco Inc.,
MA). The exact rotational speeds, barrel tempera-
tures, and die pressure were recorded automatically
during extrusion.

A stimulus response technique was used to mea-
sure the minimum residence time. The stimulus was
a color dye tracer. During extrusion, the tracer was
added to the feeding zone and the minimum time for
the tracer to go through the extruder was recorded.
In simulation, the minimum residence time was the
shortest distance divided by the maximum velocity
of downstream flow. The shortest distance is the to-

tal helix length of the C-shaped chambers on a screw.
The maximum velocity of downstream flow was ob-
tained by the velocity distribution profile. All extru-
sion runs were conducted in triplicate.

Results and Discussion

Model Validation

In order to validate the model, predictions of the
model were compared with the measured values for
seven arbitrarily selected experimental conditions.
The operating conditions and predicted and mea-
sured results are given in Table III. Standard errors
between the predicted and experimental product
pressure and bulk temperature at the die entrance,
and minimum residence time were about 8.8, 2.8, and
17.3%. On one hand, the accuracy of the measure-
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ments was a likely reason for the variations between
the predicted and experimental data. On the other
hand, for improving the accuracy of the model, more
research is needed particularly on the densities of the
solid bed and melt, the rheological properties of the
melt, the latent heat of melting, and the moisture loss
of the starch during extrusion.

Profiles of Bulk Temperature and Pressure

Typical profiles of bulk temperature and pressure
along the extruder during extrusion are given in Fig-
ure 4. The curve of the bulk temperature profile shows
there are three different increasing rates of bulk tem-
perature along the extruder (Figure 4). When entering
into the feed zone at an initial temperature of 25°C,
the material was heated to only 50°C at the end of the
first heating zone due to the poor thermal conductiv-
ity of the starch particle bed and the low barrel tem-
perature. The material then entered into the second
heating zone with a higher barrel temperature. The
heating rate of starch increased in the second heating
zone due to a higher barrel temperature. When melt-
ing occurred and the particle flow became a melt flow
in the second heating zone, there was a sharp increase
in bulk temperature due to the heat of viscous dissi-
pation and higher thermal conductivity of the melt.

However, at the end of extrusion, the heating rate of
starch slowed down due to the decrease in temper-
ature difference between the barrel surface and the
melt, and a decrease in the heat of viscous dissipation
at high bulk temperature.

In the conveying section of the extruder where rel-
atively free-flowing granular particles exist, inter-
nal shear of the material was negligible and the pres-
sure was zero as shown in Figure 4. The loose particle
starch was initially conveyed toward the direction of
the die by the rotating screw. Along the extruder, the
particles were heated by the barrel. When the sur-
face temperature of the particles reached their melt-
ing temperature, melting occurred. The particles were
compressed along the extruder due to the decrease of
cross-sectional area in the tapered screw channel and
the cohesive effect of melted particle surface. When
the melt to particle fraction approached 37% by vol-
ume, the starch material became a non-Newtonian
melt fluid and pressure developed in the starch melt
as shown in Figure 4. It can be seen from Figure 4 that
the pressure rise in the screw channel equaled the
pressure drop in the die channel. The positive pres-
sure difference between the entrance and the exit of
the die forced the melt through the die channel by
overcoming the flow resistance in the die nozzle. It
should be noted that only when the extruder operates
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Figure 4. Predicted pressure and temperature profiles within the extruder.
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at its operating point, a good match between pressure
rise in the screw channel and the pressure drop in the
die channel can be achieved. Each extruder has its op-
erating characteristics.!” Before operating an extruder,
it is essential to know its characteristic curves for set-
ting the operating conditions. For a given extruder,
the characteristic curves can be generated by simula-
tion or experiments.!”

Figure 5 shows typical pressures in a C-shaped
chamber and the pressure drop in an intermeshing
chamber. The predicted pressure in one C-shaped
chamber was 1-2 MPa, and the pressure drop in an
intermeshing chamber was 0.25-0.35 MPa. The data
are close to those for similar conditions reported
by Tayeb et al.® In the intermeshing chamber, there
was no drag effect on the flow from the barrel wall.
The material was pushed through the gap between
the two screws by the pressure difference at the en-
trance and exit of the chamber. As a result, the pres-
sure decreased gradually from the entrance to the
exit of the intermeshing chamber. In the C-shaped
chamber, drag flow, and pressure flow existed in the
non- Newtonian melt. Drag flow was the flow to-
ward the discharge end of the screw resulting from
viscous drag. Pressure flow was dependent on the
pressure gradient in the screw channel. As shown
in Figure 6, the velocities near the barrel wall were
positive as drag flow along the barrel wall was di-

rected toward the die of the extruder. The velocities
near the screw surface were negative in the direction
of pressure flow toward the feeder of the extruder.
Both drag and pressure flows maintained the pre-
scribed downstream mass flow rate.

The drag flow decreased in the C-shaped cham-
bers along the extruder due to the decrease in cross-
sectional area and the decrease in apparent viscos-
ity of the dough with increase in melt temperature.
With a decrease in drag flow, the pressure flow simul-
taneously decreased to maintain a given downstream
mass flow rate in the C-shaped chambers. Therefore,
the pressure generated in the C-shaped chambers
along the extruder gradually decreased as shown in
Figure 5. In the intermeshing chambers, the decrease
of cross-sectional area increased the pressure drop
for a given downstream mass flow rate through the
chambers. However, the decrease in apparent viscos-
ity of the dough decreased the pressure drop. Both
adverse effects controlled the pressure drop in the in-
termeshing chambers.

Melt Kinetics

The profiles of melt fraction for particles with differ-
ent sizes are given in Figure 7. Profiles of starch melt-
ing along the extruder are important for the quality of
final products as inefficient melting will deteriorate the

25
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& 15t
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Figure 5. Pressure generation in a C-shaped chamber and pressure drop in an intermeshing chamber.
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Figure 6. A typical velocity distribution of a combined drag and pressure flow along the flight height in down channel direction of
a C-shaped chamber.
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Figure 7. Predicted melt fraction along the axis of extruder.
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quality of the final products. It can be seen from Figure
7 that melting of a small particle (e.g., particle radius
0.5 mm or less) was almost instantaneous. However,
it took a long axial distance in the extruder to melt a
large particle (e.g., particle radius 2.5 mm).

On the melt fraction curve of the large particle in
Figure 7, the melting rate at the beginning was much
smaller than that at the final stage. Melting is an en-
dothermic process. At the beginning of melting, the
material was still in a particle form and heat transfer
from the hot barrel contributed to the latent heat of
melting. When the melt to particle fraction reached a
critical value (37% for starch given by Wang et al.1%),
the space between particles became filled by melt
and the particle flow becomes a non-Newtonian melt
flow. The heat transfer from the hot barrel and the
heat of viscous dissipation in the melt matrix contin-
ued to melt the remaining part of particles, increasing
the melting rate.

It also can be seen from Figure 7 under the same
operating conditions, the melting of a large particle
started earlier than that of a small particle. To further
explain this phenomenon, predicted temperature dis-
tributions in a large particle and in a small particle are
given in Figs. 8 and 9. It can be seen from Figure 8 that
there was a large temperature gradient in the radial

direction of the large particle during extrusion. For
the particle with a radius of 2.5 mm, when the surface
temperature increased to the melting point of 115°C,
the central temperature of the particle was only about
30°C. The large temperature gradient in the particle
existed until the particle was entirely melted. After
the entire particle was melted, the temperature gra-
dient in the melt became very small because the melt
was heated mainly by the inner heat of viscous dissi-
pation in the melt rather than heat transfer from the
hot barrel. It also can be seen from Figure 8 that there
was a melting interface in the particle when the sur-
face temperature of the particle reached the melting
point. The whole particle was divided into two re-
gions by the interface: the shell melt region and the
core solid region. The melting interface moved from
the surface to the center of the particle and finally dis-
appeared when the entire particle was melted. How-
ever, there was no obvious temperature gradient in a
small particle as shown in Figure 9. The difference be-
tween the surface temperature and the central tem-
perature in a small particle with a radius of 0.5 mm
was less than 2°C during the whole extrusion.

The temperature distributions in Figs. 8 and 9
show that heat transfer during heating and melting of
a small solid particle is mainly controlled by the con-
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Figure 8. Temperature distribution in a large particle (radius 2.5 mm) during extrusion.
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vection between the barrel surface and the material
bed. However, heat transfer during heating and melt-
ing of a large particle is controlled both by convection
and by conduction within the particle. This explains
why the melting of a small particle was instantaneous
and the melting time of a large particle was very long
as shown in Figure 7.

Under the same operating conditions, the sur-
face temperature of a larger solid particle increased
faster than that of a small particle as shown in Figure
10. In the conveying zone, the temperature of pow-
ders increases due to the heat transfer between pow-
ders and the hot inner surface of the extruder barrel.
The heat first transfers from the hot barrel surface to
the powder surface by convection and then from the
powder surface to its inside by conduction. Com-
pared to a small powder, a large powder receives
more heat from the hot barrel surface due to its
larger surface area but transfers heat slowly into the
inside due to its larger dimension. So, the surface
temperature for the large powder is higher than that
of small powders. As a result, the surface tempera-
ture of the large particle reached the melt point ear-
lier than that of the small particle as shown in Fig-
ure 7. However, the melting rate of the large particle
was smaller than that of the small particle. The small

particle flow became melt flow earlier than the large
particle flow as shown in Figure 7. The melt flow
is accompanied by the heat of viscous dissipation.
Therefore, at the end of extrusion, the surface tem-
perature of the small particle was higher than that of
large particle due to the heat of viscous dissipation
as shown in Figure 10.

Effects of Particle Size on the Profiles of Bulk Tem-
perature and Pressure

Particles with different sizes have different melting
kinetics, causing different product bulk temperature
and pressure profiles in the extruder. As shown in
Figure 11, the bulk temperature of small particles was
higher than that of large particles at the same location
along the extruder under the same operating condi-
tions. Before the particle flow became a melt flow, the
particle bed was heated by convection. The convective
heat transfer was a function of convection heat trans-
fer coefficient, barrel surface area, and the tempera-
ture difference between the barrel wall and the par-
ticle surface. Under the same operating conditions,
the convection heat transfer coefficient, barrel sur-
face area, and barrel wall temperature were the same.
However, as shown in Figure 10, the surface temper-

160

140

120

Screw speed: 140 rpm
Toimamsic = 65/140/140/125°C
Feed rate: 8.5 kg/hr

Moisture (d.b.): 20%

Particle radius: 0.5 mm

100

Temperature (°C)
[=2] ]
o o

H
o
T

Initial temperature
——— a,=0.085

------ a, =0.852

— - — - Final temperature

20

0 1 1

0 0.1 0.2

0.3 0.4 0.5

Radial distance (mm)

Figure 9. Temperature distribution in a small particle (radius 0.5 mm) during extrusion.
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Figure 10. Predicted surface temperature profiles of particles with different sizes during extrusion.
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ature of small particles was lower than that of large
particles during heating. Therefore, the small parti-
cles received more heat from the barrel wall by con-
vection than the large particles due to larger tempera-
ture differences, resulting in higher bulk temperature
along the extruder. Figure 12 shows that the prod-
uct pressure of small particles was higher than that
of large particles along the extruder. Pressure was de-
veloped in the melt through the remainder of the ex-
truder after the particle flow became the melt flow.
The melting of small particles was completed much
faster than the melting of the large particles.

Conclusions

A mathematical model was developed to describe the
co-rotating twin-screw extrusion process of biomate-
rials. The standard errors between the predicted and

experimental product pressure and bulk tempera-
ture at the die entrance, and minimum residence time
were 8.8, 2.8, and 17.3%. The melting of small particles
(e.g., particle radius 0.5 mm or less) was almost instan-
taneous, while it took a long axial distance in the ex-
truder to melt large particles (e.g., particle radius 2.5
mm). Different melting characteristics, product pres-
sure, and bulk temperature profiles in the extruder
were observed for different particle sizes using the
model. Adjustment of operating conditions is needed
for the extrusion of starch-based materials with differ-
ent particle sizes for uniform product quality.
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Figure 12. Predicted pressure profiles in the extruder for particles with different sizes.
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Nomenclature

A Area (m?)

B Channel width (m)

c Specific heat capacity (J/(kg K))

D Diameter (m)

D Average diameter of internal diameter of

™

FXlr" e sk T899m0 BT Zz2Zz28 8 "0

barrel and diameters of screw boot (m)
Total element number
Channel height (m)
Convection heat transfer coefficient
(W/(m? K))
The ith element
Thermal conductivity (W/(m K))
Axial length of the screw (m)
Pitch of screw channel (m)
Mass (g)
Mass flow rate (g/s)
Total flight number
Total particle number
Screw speed (rpm)
Pressure (Pa)
Pressure difference (Pa)
Viscous heat generation rate (W/m?)
Heat transfer rate (W)
Heat flux on the surface (W/m2)
Radius (m)
Channel helix length (m)
Temperature (°C)
Temperature on the Kelvin scale (K)
Time (s)
Time step (s)
Velocity (m/s)
Volume (m?)
Volumetric flow rate (m?/s)
The mass ratio of two flow streams
Moisture (%, db)
Spatial step (mm)
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Subscripts
0 Initial
1 Entrance or node 1
2 Exit or node 2
a Constant in Equation (48)
aver  Average
b Barrel or constant in Equation (48)
cn The nth C-shaped chamber
cx The width direction in the C-shaped chamber
cz The downstream direction in the C-shaped
chamber
ds Dried solid
f Feed
g Gas
in The nth intermeshing chamber
ix The width direction in the intermeshing
chamber
iz The downstream direction in the
intermeshing chamber
m Melt
min  Minimum
The nth flight
p Particle
r r-Coordinate in the radial direction
s Screw or solid
sur Surface
w Water
X x-coordinate in the cross-width direction
y y-coordinate in the height direction
z z-coordinate in the down stream direction
Greek Letters

MmO >R I T QO Q 2 O

Flight angle (°)

Overlap angle of two screws (°)

Axial width of flights at the tip (m)
Axial width of flights at the bottom (m)
Density (kg/m?)

Apparent viscosity (Pa s)

Shear rate (1/s)

Melting latent heat (J/g)

Melting fraction

Volumetric fraction
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