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Abstract

The polymerization of e-caprolactone in fully-filled conveying elements of co-rotating twin-screw extruders was ana-

lyzed with three-dimensional numerical simulation method. The effects of screw rotational speed, geometry of screw

element, and initial conversion at the channel inlet on polymerization progression were studied. The simulation results

show that polymerization is accelerated with increasing screw pitch, due to the increase in mixing intensity. With

increasing screw rotational speed, the reaction could either slow down or speed up, depending on the viscosity of

the reaction system. It is found that the advancement of polymerization depends on the competition among heat from

reaction, viscous dissipation and heat loss through the wall surfaces.

� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

In a reactive extrusion process, the synthesis or mod-

ification of a polymeric material takes place simulta-

neously with the processing and shaping of the final

product. This is an efficient method for continuous poly-
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merization of monomers and chemical modification of

existing polymers, and is viewed as a complex reaction

engineering process that combines the traditionally sep-

arated operations, i.e., polymer chemistry (polymeriza-

tion or chemical modification) and extrusion (blending,

compounding, structuring, devolatilization, and eventu-

ally shaping), into a single process in a screw extruder

[1–3]. Chemical reactions, such as bulk polymerization,

graft reaction, inter-chain co-polymer formation, cou-

pling/crosslinking reactions, controlled degradation,

functionalization, and reactive blending, have been per-

formed successfully with reactive extrusion [1–4].

The co-rotating twin screw extruders have been

found very attractive for many reactive processing appli-

cations because of several inherent features, such as
ed.
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Nomenclature

A area (m2)

A(i) area of element i (m2)

a coefficient related to the distribution of

molecular weight in Eq. (7)

a/ parameter for free volume correction

C conversion

Cp specific heat (J/kg K)

Ea activation energy for reaction (kJ/mol)

Eb activation energy for flow of bulk system

(kJ/mol)

Es activation energy for flow of solution system

(kJ/mol)

DH reaction heat (kJ/kg)

h heat transfer coefficients at barrel surface

(W/m2 K)

K kinetics constant

k thermal conductivity (W/m K)

[I] initial initiator concentration

[M] monomer concentration

M molecular weight

N screw rotating speed (rpm)

Ne number of elements

n pseudoplastic index

P pressure (Pa)

QR rate of reaction heat generation (kJ/m3 s)

Q flow rate (m3/s)

T temperature (K)

t reaction time (s)

U, V, W velocity (m/s)

Greek symbols

a the partial order related to the initiator

v drag flow coefficient

c shear rate (1/s)

k pressure flow coefficient

s shear stress (Pa)

n parameter related to the reactive process in

Eq. (15)

g viscosity (Pa s)

q density (kg/m3)

Subscripts

0 initial or zero

D drag flow

P pressure flow
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staging of sequential unit operations, removal of unre-

acted monomers and by-product, modular screw and

barrel design, self-wiping structure, and excellent disper-

sive and distributive mixing [5]. However, the unique

advantages of the twin-screw extruders also make the

operations of the machine complicated. The twin-screw

extruder is a device having multi-operational parame-

ters, such as screw configuration, screw rotational speed,

temperature, feeding rate and feeding protocol. It is not

easy to couple these parameters, in order to carry out an

optimum processing, especially for the complex reactive

extrusion process. Consequently, numerical simulation

has been used as an important method in optimizing

extrusion processing [6].

One important characteristic of reactive extrusion is

the non-isothermal progression of the reactive system

in the extruder, which is associated with the energy

sources in the system. There are three energy sources

in a reactive system, including viscous dissipation, heat

from reaction, and heat transfer through the barrel

and screw surfaces. These energy sources compete with

each other in reactive extrusion, affecting the advance-

ment of reaction.

In the present study, the competition of energy

sources in reactive extrusion was investigated with

three-dimensional numerical simulation method, using

a commercial Computational Fluid Dynamics (CFD)

package, FLUENT 6.0. Polymerization of e-caprolac-
tone was used as a model system. The effects of screw

rotational speed, geometry of screw elements, and initial

conversion of the reaction system at the channel inlet on

polymerization progression are discussed.
2. Simulation model

2.1. Model system

According to experimental studies by Gimenez et al.

[7] and Poulesquen et al. [8], the bulk polymerization of

e-caprolactone follows a first order reaction equation:

d½M �
dt

¼ �K½M � ð1Þ

K ¼ 1.2� 1016 � ½I�a0 � expð�Ea=RT Þ ð2Þ
where, a, the partial order related to the initiator, is 3.25;

Ea, the activation energy, is 9.26 kJ/mol. [M] and [I]0 are

monomer and initiator concentration, respectively. R is

the universal gas constant. T is the reaction temperature,

and t the reaction time. The progression of polymeriza-

tion is usually characterized with the conversion, C,

which is defined as

C ¼ ½M �0 � ½M �
½M �0

ð3Þ

where [M]0 is the initial monomer concentration.
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After introducing the conversion, the polymerization

can be described by

dC
dt

¼ Kð1� CÞ ð4Þ
2.2. Simulation method

FLUENT is a CFD package based on Finite Volume

Method. The flow of polymer melt in co-rotating

twin screw extruders has been simulated with FLUENT

by Wünsch et al. [9] and Ma et al. [10]. Especially in

Ma�s study, the flow patterns in kneading blocks of an

intermeshing co-rotating twin screw extruder, predicted

with FLUENT, agree well with the experimental data

from Particle Image Velocimetry. This indicates that

it is reasonable to employ quasi-steady state analysis

method, with FLUENT, in the simulation of pro-

cesses involving twin-screw extruders. The governing

equations for the simulation of reactive extrusion are

as follows:

Mass conservation (or continuity) equation

r � V ¼ 0 ð5Þ

Momentum conservation equation

�rP þr � s ¼ 0 ð6aÞ

s ¼ g½ðrV Þ þ ðrV ÞT � ð6bÞ

where the viscosity of the reaction system, g, depending
on conversion, temperature and shear rate, can be mod-

eled with the generalized Yasuda–Carreau equation, as

discussed by Gimenez et al. [7].

gð _cÞ ¼ g0
½1þ ðs _cÞa�ð1�nÞ=a ð7Þ

where n = 0.52, and a = 1.05. s characterizes the shear-

stress level at which g is in the transition between New-

tonian and shear thinning behavior, given by

s ¼ 1.7� 10�20 �M4:1
w � exp

Eb

R
1

T
� 1

T 0

� �� �
ð8Þ

where Eb is the flow activation energy (40.0 kJ/mol), T0

is the reference temperature (413 K). Mw is the weight

averaged molecular weight. The zero-shear viscosity g0
of poly-e-caprolactone samples takes two forms:

In the power law zone (Mw P Mc):

g0 ¼ 1.35� 10�17 �M4:4
w � exp

Eb

R
1

T
� 1

T 0

� �� �
�C4 � a/

ð9aÞ

In the Rouse regime (Mw < Mc):

g0 ¼ 2.24� 10�5 �M1:2
w � exp

Eb

R
1

T
� 1

T 0

� �� �
� C � a/

ð9bÞ
where au represents the free volume correction during

polymerization of e-caprolactone. It can be described by

au ¼ exp � 1

RT
ðEb � EsÞ

� �
ð10Þ

where Eb and Es are the flow activation energy for the

bulk and solution systems, respectively.

Energy conservation equation gives,

qCPV � rT ¼ kr2T þ s : rV þ QR ð11Þ

in which k is the thermal conductivity, and QR is the rate

of reaction heat generation:

QR ¼ qDH
dC
dt

ð12Þ

where DH is the reaction heat in polymerization, which

for e-caprolactone, is about 250 kJ/kg [7]. q is the den-

sity of the reaction system.

In the simulation with FLUENT, the energy source

term of heat from reaction (QR in Eqs. (11) and (12))

and viscosity of the reaction system (g in Eqs. (6b) and

(7)), which depend on the progression of reaction, were

calculated with User Defined Functions (UDFs). A

UDF is a function programmed by the user that can

be dynamically linked with the FLUENT solver to

enhance the standard features of the code.

The kinetics equation was incorporated into

FLUENT with a User Defined Scalar (UDS). In order

to incorporate the kinetics equation into FLUENT,

Eq. (4) was reformulated into

U
oC
ox

þ V
oC
oy

þ W
oC
oz

¼ Kð1� CÞ ð13Þ

where U, V, and W stand for the x-, y-, and z-compo-

nents of velocity in a three-dimensional Cartesian sys-

tem. Similarly, the term on the right side of Eq. (13)

was calculated with a UDF in FLUENT.

2.3. Simulation domain

In this study, the polymerization of e-caprolactone in
fully-filled conveying elements of a co-rotating fully

intermeshing twin-screw extruder was investigated. The

geometry specifications of the conveying elements are

listed in Table 1. These conveying elements are right-

handed, having an axial length of 120 mm. A pair of

20 mm long kneading discs, having identical axial cross

section as the conveying element, was attached at the

end of the conveying element, to ensure good conver-

gences in the simulation [11]. As will be presented in

the next section, the flow is assumed to be fully devel-

oped at the exit. However, the flow can hardly reach

the fully developed condition near the exit of the screw

element, due to the complex nature of the geometry. It

is known that the geometry of a kneading disk is simpler

than that of conveying element, and the flow at the



Table 1

Dimension of conveying screw elements

Barrel diameter 34 mm

Screw tip diameter 33.4 mm

Centerline distance 30 mm

Screw root diameter 26 mm

Screw tip number 2

Screw pitch 20, 40 or 60 mm
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outlet of a pair of kneading paddle is close to be fully

developed. Furthermore, in practical application, the

conveying element is usually followed by kneading

blocks or reversed elements. That is, while the addition

of a pair of kneading discs at the outlet of screw element

would not affect the flow in the latter, it would simplify

the simulation enormously.

The geometry of screw elements used in the simula-

tion is shown in Fig. 1. The mesh of the simulation do-

main was generated with 8-node, brick elements. The

number of elements for the conveying screw element

was 179,200, and it was 22,400 for the extensional disc

domain. In the discussion which follows, the conveying

elements with a pitch of 20, 40 and 60 mm are denoted

as SE20F, SE40F, and SE60F, respectively.

It is known that the screw rotates continuously dur-

ing extrusion processing. Consequently, the geometry

of the simulation domain changes in a complete rota-
Fig. 1. Geometry of conveying elemen
tional cycle, due to the screw rotation. In the present

study, the dynamic motion of the screw in the extruder

was treated as a quasi-steady state case, a method cur-

rently used in the simulation of extrusion processes, by

several researchers [12–16]. A series of meshes are gener-

ated for the screw element at different rotation angles.

The reaction in these screw channels with different an-

gles was simulated with FLUENT, without tracking

the movement of material between successive screw rota-

tions. It was found that the effect of screw rotation an-

gles on reaction progression is not a significant factor

in the results. The results presented in the current paper

were based on the mesh with an initial angle of zero.

2.4. Boundary conditions

In the simulation, the flow was assumed to be fully

developed at the outlet. It was also assumed that the

screw surface has an adiabatic condition, and the barrel

surface remains at a constant temperature. This was pro-

posed, based on the realistic conditions that exist in

extrusion. Usually, during polymer processing, the bar-

rel temperature is pre-set to a certain value, and the

heating/cooling system on the barrel is designed to main-

tain the pre-set temperature. Because the screw diameter

is small, and there is no heating/cooling system, the heat

transfer at the screw surface is close to adiabatic condi-

tion during the processing.
ts: (a) SE20, (b) SE40, (c) SE60.
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The axial velocity profile at the inlet was calculated as

follows: First, a simulation of Newtonian and isother-

mal flow in the screw element was carried out, in which

the fluid viscosity was calculated based on the tempera-

ture and conversion at the inlet, and the axial velocity at

the inlet was assumed to have a uniform distribution

(calculated according to the flow rate). Next the velocity

distribution in the screw channel was obtained, based on

the numerical simulation results. Because the screw tip

number of the element is 2, the cross section at half of

the pitch has the same geometry as the inlet. Hence,

the calculated axial velocity profile at an axial location

of a half pitch based on Newtonian and isothermal con-

ditions was used as the axial velocity boundary condi-

tion at the inlet in the simulation of reactive extrusion.

As shown in Table 2, the ratio of monomer to initia-

tor concentration, [M]/[I]0, was set to 800. The flow rate

was 3.15 kg/h; the temperature at channel inlet and bar-

rel surface was 420 K. The screw rotational speed was

48 rpm or 287 rpm. The conversion, which determines

the viscosity of the system, was assumed to be 0 or

0.6, at the channel inlet. An inlet conversion of 0.6

was selected here, in order to investigate the effect of vis-

cous dissipation on polymerization, because the system

has sufficiently high viscosity when the conversion is

higher than this critical value. It was also assumed that

the density, thermal conductivity, and heat capacity

of the reaction system remained constant during

polymerization.
Fig. 2. Conversion profiles at the top surfaces of screw elements

for a zero inlet conversion, and a screw speed of 287 rpm: (a)

SE20F and (b) SE60F. The numbers in the plots represent the

values of conversion.
3. Simulation results

Using FLUENT for the simulation of reactive extru-

sion, several parameters, such as conversion, velocity,

temperature, pressure, shear rate and viscosity, were ob-

tained. In this section, the simulation results are pre-

sented in two parts, based on the conversion at the inlet.

3.1. Polymerization with a zero inlet conversion

Fig. 2 summarizes the conversion profiles at the top

surfaces of the conveying elements SE20F and SE60F,

in which the reaction system was conveyed from left to

right. The numbers in the plots in Fig. 2 represent the

values of conversion. These images show that the pat-
Table 2

Boundary conditions for simulation

Ratio Flow rate (kg/h) Screw speed (rpm) Barrel temp

800 3.15 287 420

800 3.15 48 420

800 3.15 287 420

800 3.15 48 420
terns of the conversion at screw surfaces depend on

screw geometries: with increasing screw pitch, the con-

version shows a faster increase for the same screw

length.

Fig. 3 shows the conversion distribution at the axial

cross section with Z = 0.06 m in SE20F and SE60F

(see also Fig. 1a), respectively. The numbers in this fig-

ure stand for the conversions at the iso-curves. It is seen

that the conversion at the axial cross section is not uni-

form. The distribution of conversion depends on the

value of the screw pitch. In SE20F (Fig. 3a), the region

with high conversion is located near the barrel surface,

whereas in SE60F (Fig. 3b), the maximum conversion

appears in the area close to the center of the screw
erature (K) Inlet temperature (K) Inlet conversion

420 0

420 0

420 0.6

420 0.6



Fig. 3. Conversion profile at axial cross sections of Z = 0.06 m in screw elements at a zero inlet conversion and screw speed of 287 rpm:

(a) SE20F and (b) SE60F. The numbers in the plots represent the values of conversion at the iso-curves.
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channel. However, in both SE20F and SE60F, the con-

version near the screw surfaces is lower than that in the

remaining regions. Fig. 3 also shows that the values of

conversion in SE60F are higher than those in SE20F.

In order to evaluate the profiles of conversion at the

axial cross section, the area weighted distribution of

conversion was defined, as follows:

dðiÞ ¼ AðiÞ
A

¼ AðiÞPN e

i¼1AðiÞ
ð14Þ

in which d(i) is the distribution; A(i) is the area with con-

version C(i) at an axial cross section; A is the area of the

axial cross section; i represents face number in the cross

section. Fig. 4 displays the area weighted distributions of

conversion at axial cross sections with Z = 0.01, 0.04

and 0.07 m in SE20F, and SE60F. The plots in Fig. 4

show that at the cross section with identical axial loca-
tion, the distribution of conversion becomes broader,

and the distribution curves shift to right (high conver-

sion), with increasing screw pitch from 20 to 60 mm.

In order to elucidate the effect of screw pitch on poly-

merization, the velocity profiles of polymer melt in

different conveying elements were investigated. Fig. 5

shows the patterns of the positive axial velocity (i.e.,

velocity along the downstream direction) in the cross

section with Z = 0.06 m in SE20F, and SE60F, respec-

tively. In order to increase the clarity of contours, the

patterns of the negative axial velocities are not dis-

played. That is, the blank region in the cross section is

the area with negative velocity. Fig. 5 reveals that in

the cross section, a large fraction of the fluid elements

have negative axial velocity. These fluid elements move

upstream, not downstream. Furthermore, the regions

with negative velocities in Fig. 5 have high conversion,
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Fig. 4. Conversion distributions at different axial cross sections

in screw elements for a zero inlet conversion, and a screw speed

of 287 rpm: (a) SE20F and (b) SE60F.
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as shown in Fig. 3. On the other hand, the maximum po-

sitive axial velocity in SE60F is larger than that in

SE20F. This indicates that the axial velocity has a much

broader distribution in SE60F than in SE20F. Conse-

quently, SE60F has more intensive mixing potential

and broader residence time distribution than SE20F.

The fluid elements in a cross section can be divided

into two groups based on the values of axial velocity.

That is, the fluid elements with downstream velocities

are denoted as forward-flow and those with upstream

velocities as back-flow. The forward-flow pushes the

reaction system downstream, as the conversion increases

along the flow direction. The back-flow carries the fluid

upstream. Because the conversion in the downstream is

higher than in the upstream, the back-flow helps to

increase the conversion at the upstream. Hence, the

increase in conversion in the conveying elements is a com-

peting consequence between the forward-flow and back-

flow. This implies that the conversion profile depends not

only on the ratio of back-flow rate to forward-flow rate,

but also on the local distribution of conversion. The latter

depends on the temperature profiles in the fluid and resi-

dence time distribution. Because the flow rate is identical

in both cases, the average residence time in these two

elements are the same.

Fig. 6 depicts the calculated results of the area

weighted average conversion, temperature, viscosity,

pressure and shear rate of the polymerizing system,

along the axial length in different conveying elements.
Here, the area weighted average parameter at an axial

cross section is defined as

�f ¼
PN

i¼1fðiÞAðiÞPN e

i¼1AðiÞ
ð15Þ

where A(i) and f(i) are the area and the calculated

parameter at cell i, at an axial cross section. Ne is the

total number of cells at the cross section.

Fig. 6a shows that, globally, the conversion has a fast

increase with increasing screw pitch, from 20 to 60 mm.

As discussed previously, this is due to the fact that the

mixing is enhanced when the screw pitch is increased.

With decreasing screw rotational speed, the reaction be-

comes faster. This can be attributed to the weak heat

transfer at the barrel surface at low screw speed (see

Fig. 7).

Fig. 6b reveals that the temperature profile along the

axial length depends on the screw rotational speed.

When the screw speed was 287 rpm, the temperature

rose monotonously along the axial length. At 48 rpm,

the temperature increased first, reaching a maximum

value at a certain location close to the channel entrance,

before dropping gradually. Furthermore, the maximum

temperature at 287 rpm was lower than that at 48 rpm.

This is due to the fact that the heat from reaction, which

depends on the increase in conversion, is the dominant

energy source. The heat released from reaction raises

the temperature of the system, which, in turn, accelerates

the reaction. As shown in Fig. 6a, at 48 rpm, the conver-

sion has a fast increase, jumping to near one in a very

short axial distance along the channel, and causing the

appearance of the temperature peak there. The low in-

crease in temperature at 287 rpm near the channel inlet

was due not only to the small increase in conversion,

but also to the large heat loss at the barrel surface.

The decrease in temperature beyond Z = 0.03 m at

48 rpm (Fig. 6b) indicates that the heat transfer between

the reaction system and barrel surfaces plays an impor-

tant role there. Because the temperature at barrel sur-

faces remains constant during polymerization and the

screw surface was assumed to have an adiabatic condi-

tion, the reaction system with high temperature would

release its energy through the barrel surface. Consider-

ing the fact that the reaction is complete at an axial

location of about 0.03 m, the downstream temperature

beyond this location depends on the competition be-

tween viscous dissipation and heat loss at the barrel sur-

face. Although the viscosity of the system is quite high at

48 rpm (reaching 800 Pa s at the channel exit, as shown

in Fig. 6c), the average shear rate is very low (about

40 s�1, in Fig. 6e). Meanwhile, the melt temperature

was much higher than the barrel temperature, which

was set at 420 K. This implies that the heat loss at the

barrel surface was larger than the viscous dissipation,

leading to the decrease in temperature along the axial



Fig. 5. Axial velocity profiles at axial cross section of Z = 0.06 m for [M]/[I]0 = 800 and N = 287 rpm in screw elements: (a) SE20F and

(b) SE60F [SE60F has a pitch of 60 mm, and the pitch of SE20F is 20 mm. The flow rate in these two cases is identical].
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length beyond Z = 0.03 m, at 48 rpm. The monotonous

increase in temperature along the channel at 287 rpm

is attributable to the fact that at this screw rotational

speed, the conversion increases gradually along the axial

length, and the polymerization is not completed until the

mixture has reached the location close to a channel exit.

In the simulation, the inlet pressure was set to zero.

Thus, a positive pressure at the channel exit means that

the screw element builds up pressure, while a negative

pressure means that the pressure is consumed in an ele-

ment, i.e., the inlet has a higher pressure than the outlet.

Fig. 6d shows the average pressure in the cross section

along the axial length. It is seen that the average pressure

rises along the axial length. For SE40F and SE60F, the
average pressure at the channel exit increases with

increasing screw speed. However, the average pressure

at the exit of SE20F is lower at 287 rpm than that at

48 rpm. This can be explained by the fact that the pres-

sure gradient in conveying elements depends not only on

the screw speed, but also on the system viscosity and

screw geometry. It is known that when the leaking flow

is neglected, the relationship between net flow rate, Q,

drag flow, QD, and pressure flow, QP, in conveying ele-

ments can be given by [17]

Q ¼ QD � QP ð16Þ

in which drag flow rate and pressure flow rate can be

represented by
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Fig. 6. Area weighted average parameters along the axial length of screw elements during polymerization for a zero inlet conversion:

(a) conversion, (b) temperature, (c) viscosity, (d) pressure, and (e) shear rate.

L. Zhu et al. / International Journal of Heat and Mass Transfer 48 (2005) 3411–3422 3419
QD ¼ vN ð17aÞ

QP ¼ k
P
l

ð17bÞ

where v and k are constants depending on the screw

geometry. N is the screw rotating speed, P the pressure

increase in the element. l is the system viscosity. Eqs.

(16) and (17) can be reformulated into

P ¼ l
k
ðvN � QÞ ð18Þ

Eq. (18) indicates that the pressure drop decreases with

decreasing viscosity, but increases with increasing screw

rotating speed. As shown in Fig. 6c, the system viscosity

in SE20F is very small at 287 rpm, which is much lower

than that at 48 rpm. Consequently, the pressure at exit

of SE20F is low at 287 rpm. Fig. 6e shows that the effect

of screw geometry on average shear rate is negligible at

48 rpm, but is quite significant at 287 rpm.

In order to explain the effect of screw rotational

speed on the heat transfer at the walls, the velocity pro-

file along line L1 in SE60F (see Fig. 5b; this is a line from

the screw surface to barrel inner surface at Y = 0 m in
the cross section with Z = 0.06 m) was determined and

displayed in Fig. 7. It is seen that with decreasing screw

speed, the velocity gradient near the barrel surface

drops. It is known that the heat loss through the barrel

surface depends on the convection near the wall, which,

in turn, depends on the velocity gradient. The small gra-

dient in velocity implies low convection near the wall,

leading to the decrease in the heat loss through the bar-

rel. Consequently, more heat from reaction is retained in

the reaction system at a low screw speed, resulting in a

faster polymerization. This suggests that the polymeriza-

tion of e-caprolactone in screw channels is a complex

process, which depends not only on the flow and mixing

characteristics of the reaction system, but also on the

heat generation and heat transfer in the extruder.

3.2. Polymerization with an inlet conversion of 0.6

Here, the conversion at the inlet of conveying ele-

ments was assumed to be 0.6, whereas it was set to 0

in the preceding studies. Because the viscosity of the sys-

tem is correlated to the conversion, it is expected that the

system viscosity near the inlet would be higher than that
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in the previous cases. Thus, the viscous dissipation could

play an important role in the polymerization. On the

other hand, the maximum increase in conversion in the

screw elements depends on the inlet conversion. It is

known that the conversion is 1.0, when the polymeriza-

tion has completed (see Eq. (3)). At an inlet conversion

of 0.6, the maximum increase in conversion would be 0.4

(increase from 0.6 to 1.0), whereas it is 1.0 when the inlet

conversion is 0 (increase from 0 to 1.0). Accordingly, the

heat from reaction would be smaller at an inlet conver-

sion of 0.6.

Fig. 8 shows the simulation results for the polymeri-

zation progression with a conversion of 0.6 at the chan-

nel inlet. Unlike the results in Fig. 6a, the trend in Fig. 8
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Fig. 8. Area weighted average conversion along the axial length

during polymerization at an inlet conversion of 0.6.
is that of a gradual increase in conversion with axial

length. Fig. 8 reveals that the conversion at 48 rpm is

lower than that at 287 rpm. This trend is different from

those presented in Fig. 6a. The plausible reasons for this

trend are presented in the following paragraphs.

The reduction in screw rotational speed would give

rise to three possible outcomes: (1) The axial mixing

and transverse mixing in the conveying elements would

decrease at low screw speed, which would slow down

the reaction progression. (2) The convection in the reac-

tion system near the barrel surface drops with decreasing

screw speed, leading to a decrease in heat loss through

the barrel surface, which, in turn, would result in an in-

crease in temperature (see Fig. 6b) and an acceleration in

the reaction. (3) The shear rate decreases when the screw

rotational speed drops (see Fig. 6e), resulting in a de-

crease in viscous dissipation heat. As a consequence,

the temperature might fall, and the reaction could slow

down.

In order to elucidate the interrelationships among

heat from reaction, viscous dissipation, and heat trans-

fer at the walls in the extrusion polymerization, three

cases with different thermal conditions have been stud-

ied: (1) An adiabatic reaction, i.e., the system has no en-

ergy loss during reaction. (2) A constant temperature at

barrel surface, but neglecting viscous dissipation of the

reaction system, i.e., the viscous dissipation term is not

included in the energy equation (see Eq. (11)). (3) A con-

stant temperature at barrel surface, and considering vis-

cous dissipation of the reaction system, as investigated

in the current study (see Table 2).

Fig. 9 shows the increases in average conversion

along the axial length of SE20F with various thermal

conditions during reaction. The results in Fig. 9 show

that the reaction is the fastest under the assumption of

adiabatic conditions, and slowest in the cases when the

viscous dissipation was excluded. At the adiabatic condi-

tion, the reaction was faster at 287 rpm than that at

48 rpm. This confirms the hypothesis that the increases

in back-mixing and viscous dissipation at high screw
Fig. 9. Effects of heat transfer conditions at the wall on average

conversions for an inlet conversion of 0.6 (Ad. represents

adiabatic condition, No-Diss. stands for the case in which the

viscous dissipation is neglected).
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speed favor the polymerization progression. In the case

without viscous dissipation, the polymerization at

287 rpm is slower than that at 48 rpm. This can be ex-

plained by the fact that the heat loss at barrel surface

is small at low screw rotational speed. Accordingly, in

the case when the viscous dissipation was included and

the barrel surface was assumed to maintain constant

temperature during polymerization, which was the situ-

ation investigated in the present study (Table 2), the

reaction progression depends on the competition be-

tween the heat loss at barrel, viscous dissipation and

heat from reaction. In this case, the viscous dissipation

plays an important role in the polymerization process,

because the conversion at the channel inlet is 0.6. With

decreasing screw speed, both the viscous dissipation

and mixing intensity drop, leading to the decrease in

temperature and conversion. This result would explain

why the increase of conversion along the axial length

of the conveying elements drops with decreasing screw

speed, as shown in Fig. 8. In the cases presented in

Fig. 6, the key energy source is not viscous dissipation,

but the heat from reaction and the heat loss through

the wall; the latter decreases at low speed.
4. Conclusions

In this study, the effects of screw geometries, screw

rotational speed, and initial conversion at channel inlet

on polymerization kinetics were analyzed with a com-

mercial CFD package. The results show that the poly-

merization kinetics in the conveying elements is very

complex. The extent of polymerization is the result of

competition among such factors as mixing intensity,
heat transfer at the barrel surface, viscous dissipation,

and heat from reaction.

The dependence of polymerization of e-caprolactone
in the conveying elements on screw geometry and oper-

ational conditions can be interpreted in terms of the en-

ergy balance during the reaction, as illustrated in Fig.

10. When the reaction system has a low viscosity (say,

when the inlet conversion is 0), the viscous dissipation

is not a key factor in the energy balance, whereas the

heat from reaction can be a dominant factor. With

decreasing screw speed, the heat loss at barrel surface

drops, and thus the reaction accelerates. On the other

hand, when the system has a high viscosity (say, when

the inlet conversion is 0.6), the viscous dissipation plays

an important role in the energy generation, which drops

at low screw speed. Accordingly, the reaction slows

down at low screw speed.
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