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a b s t r a c t

A method to determine the overall energy balance of neat PLA processing in a batch mixer
was proposed. Energy consumption calculations rely upon shear rate and viscosity
calculations using a double-Couette approximation. In the case of PLA mixing, it was found
that the energy consumption is increased with an increasing rotor speed and decreased
with an increasing temperature. During the melting phase the energy consumption is
not strongly affected by the process parameters and the energy efficiency is close to 1.
During the mixing phase, for a given viscosity, the energy efficiency is increased with
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1. Introduction

Polymer and composite industry is faced to many issues
since sustainable development entered the mainstream.
New environmentally-friendly ways to think and to design
call for the introduction of new polymers and composites
with an enhanced sustainability. Several roads were
investigated to improve the sustainability of such materi-
als. First, renewable raw materials are now widely used
to develop new polymers and composites [16,3], the input
of bio-based raw materials usually lowers their environ-
mental impact [5,2]. Second, biodegradable (or composta-
ble) polymers are of great interest since they permit to
manage the end-of-life in an eco-friendly way [33]. Finally,
the reduction of energy consumption and pollutant
emissions that occurs through the successive transforma-
tion processes of the life cycle is required to further
improve the environmental efficiency [29,35].

Poly(lactic acid) (PLA) is both bio-based (ring opening
polymerisation of lactic acid obtained from starch fermen-
tation) and compostable (hydrolysis of the ester double
bond in presence of moisture) [1,17,26,25,36]. Since high
molar mass PLA polymers are available in large amount,
they have been considered as promising materials to fulfil
the sustainability requirements.

PLA is usually processed in a molten state under shear
and elongational conditions (extrusion, injection...) which
require understanding its thermal and rheological behav-
iour to optimise the process parameters [25]. Moreover,
its thermal stability above the melting point remains
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Table 1
Degradation and recombination rate constants at reference temperature
(kd,ref and kc,ref) and activation energies (Ead and Eac) for PLA at Tref = 170 �C
[23].

Ead (kJ mol�1) kd,ref (10�6 s�1) Eac (kJ mol�1) kc,ref (L mol�1 s�1)

87.2 0.085 37.7 4.36
rather low and the ester linkages of PLA tend to degrade
during melt processing [42] which strongly affects the
rheological behaviour. The final properties, e.g. mechanical
properties, thermal stability and biodegradation rate, are
then affected by the processing conditions [22,37,19,
18,6]. The degradation occurring during processing under
shear conditions was studied in a previous work [23] and
modelled using a statistical model according to Wachsen
et al. [39]. The influence of time on the molar mass
evolution was modelled using a two-parameter model
based on reactions schemes describing both degradation
and recombination processes (Eqs. (1) and (2)) [42,39]:

Pi ! Pi�j þ Pj ð1Þ
Pi�j þ Pj ! Pi ð2Þ

where Pi is a PLA polymer chain with a degree i of
polymerisation. Using two statistic rate constants kd and
kc respectively for degradation reactions and recombina-
tion reactions, the evolution of the concentration of each
species Pi can be described by the following differential
equation system (Eq. (3)):

d½Pi�
dt
¼ �kdði� 1Þ½Pi� þ 2kd

X1
j¼iþ1

½Pj� þ
1
2

kc

Xi�1

j¼1

½Pj�½Pi�j�

� kc½Pi�
X1
j¼1

½Pj� ð3Þ

The first term of Eq. (3) describes the (i � 1) possibilities
of splitting of a molecule Pi. The second term describes
every possible formation of this molecule by degradation
of the molecules with a chain length j greater than i. The
third term represents every possible formation of this
molecule by recombination of two molecules with chain
lengths j and (i–j) lower than i. The last term describes
every possible disappearance of this molecule due to its
recombination with other species.

The influence of temperature on both constants was
modelled with an Arrhenius law (Eqs. (4) and (5)).

kd ¼ Ad exp � Ead

RT

� �
ð4Þ

kc ¼ Ac exp � Eac

RT

� �
ð5Þ

where Ad and Ac are respectively the degradation and
recombination rate constants at the reference temperature,
Ead

and Eac are the respective activation energies for the
degradation and recombination processes, R is the gas con-
stant (8.314 J mol�1 K�1), and T is the polymer temperature
(K).

Degradation and recombination rate constants were
determined to model the effect of mixing time, as well as
activation energies to take into account the influence of
temperature. Table 1 presents the values of rate constants
and activation energies for both degradation and recombi-
nation processes (commercial grade of PLA Ingeo™ 7000D
from NatureWorks

�
LLC).

The aim of this article is to model the evolution of
viscosity during processing taking into account the
degradation that occurs and to observe the influence of
process parameters on melt viscosity, energy balance and
efficiency. This work constitutes a first step in the analysis
of energy balance dealing with batch mixing or extrusion
compounding of PLA composites (especially cellulose
fibres PLA composites). In this step the priority is given
to batch mixing because, unlike extrusion compounding,
the different phases (solid conveying, melting, melt
mixing) are uncoupled. So each phase can be studied
independently of each other.

2. Theoretical considerations

2.1. Energy aspects

Inside a twin-screw extruder which is the most widely
used compounding machine in plastic industry, the screws
bring mechanical energy which is a function of torque and
screw speed (Eq. (6)) [32]. The thermally regulated barrel
allows transferring thermal energy from the barrel to the
polymer if the polymer temperature is lower than the
barrel, or in the opposite case, from the polymer to the
barrel (Eq. (7)) [38].

SME ¼ x
m

Z t max

0
CðtÞdt ð6Þ

where SME is the specific mechanical energy (J kg�1), x is
the screw speed (rad s�1), m is the weight of the extrudate
(kg), tmax is the time of extrusion (s) and C(t) is the torque
applied on the screws (N m).

STE ¼ 1
m

Z t max

0

X
i

hBi
ðTBi
� TiÞSBi

þ hSi
ðTSi
� TiÞSSi

� �
dt ð7Þ

where STE is the specific thermal energy (J kg�1) assuming
a purely convective exchange between barrel and polymer,
i stands for each heating zone, hB (resp. hS) is the convec-
tive heat transfer coefficient between the barrel (resp.
screws) and the polymer (W m�2 K�1), TBi

(resp. TSi
) is

the barrel (resp. screws) regulation temperature on zone
i (�C), Ti is the average polymer temperature on zone i
(�C) and SBi

(resp. SSi
) is the contact area between the poly-

mer and the barrel (resp. screws) wall (m2).
However, extrusion is a continuous process in which

several phenomena occur at the same time and are very
difficult to uncouple. Indeed, when moving forward along
the screws, pellets first melt and fillers are incorporated
inside the molten matrix. So as to study separately the
melting phase and the mixing phase, one possibility is to
use a batch mixer.

During the melting phase in a batch mixer, a torque
peak is observed as well as a strong increase of the material
temperature and of the pressure inside the mixing cham-
ber. It highlights strong plastic energy dissipation (PED)
and frictional energy dissipation (FED) into heat due to



contacts between granulates and also between granulates
and the wall. According to Qian and Gogos [31], the energy
balance on a volume V with a two-dimensional boundary S
during the melting phase is given by Eq. (8):Z

V
qPCpP

dT
dt

dV ¼
Z

S
r � ðkrTÞdSþ

Z
Vmelt

K _�cnþ1dVmelt

þ
Z

Vsolid

PEDdVsolid þ
Z

Vsolid

FEDdVsolid

þ
Z

V

_SdV ð8Þ

where qP is the density of the polymer, CpP
is the heat

capacity of the polymer, dT/dt is the particle derivative of
the temperature dT

dt ¼ @T
@t þ~v � rT

� �
, ~v is the velocity vector,

k is the thermal conductivity of the polymer, K and n are
respectively the consistency and the power law index of
the polymer which is described with an incompressible
power law (g ¼ K _�cn�1), _�c is the generalised shear rate and
_S represents the other heat sources (such as chemical reac-
tions or phase transitions). The left-hand term corresponds
to the material internal energy change, the first term of the
right-hand side is the conductive heat transfer through
the boundary of the volume element, the second term is
the viscous dissipation in the molten phase, and, the last
term corresponds to the energy given or consumed by
the possible chemical reactions and phase transitions.

For a thermoplastic semi-crystalline polymer, the effi-
ciency of the melting phase is defined as the ratio between
the theoretical energy consumed by the polymer to reach
the set mixing temperature and the total specific energy
delivered to the system (Eq. (9)):

gmelt ¼
R Tc

Tamb
CpP
ðTPÞdTP þ DHm

SMEþ STE
ð9Þ

where Tc is the set mixing temperature (�C), Tamb is the
ambient temperature (�C), TP is the polymer temperature
(�C) and DHm is the melting enthalpy of the polymer
(J kg�1).

Once the melting phase is over, the torque and temper-
ature reach a plateau and the pressure drops off; this is the
beginning of the mixing phase. The temperature of the
polymer is higher than the barrel temperature because of
the viscous dissipation. When the temperature reaches
the plateau, the steady-state is reached and thus the con-
ductive heat transfer from the polymer to the barrel is
compensated by the viscous dissipation. In order to write
this power balance, convective heat transfer is assumed
between the molten polymer and the rotors because the
latter are not thermally regulated. Three different hypoth-
eses could be made:

– The rotors are at the polymer temperature Tp; there is
no exchange between the rotors and the polymer.

– The rotors are at the barrel temperature; it is possible to
assume an equivalent thermal transfer coefficient for
both rotors and barrel.

– The rotors temperature varies during the mixing phase
between initial and final temperatures and these tem-
peratures should be measured.
Eqs. (10)–(12) are respectively simplified forms of Eq.
(8) (the whole domain is supposed to be occupied by mol-
ten polymer so the terms FED and PED from Eq. (8) disap-
pear) according to those hypotheses and considering a
purely convective heat transfer (instead of conductive heat
transfer) between the mixing chamber and rotors with the
polymer:Z

Vmelt

qPCpP

dTP

dt
dV �

Z
Vmelt

K _�cnþ1dVmelt ¼ hCðTC � TPÞSC ð10Þ
Z

Vmelt

qPCpP

dTP

dt
dV �

Z
Vmelt

K _�cnþ1dVmelt ¼ hCþRðTCþR � TPÞSCþR ð11Þ
Z

Vmelt

qPCpP

dTP

dt
dV þ

Z
Vrotor

qRCpR

dTR

dt
dV

�
Z

Vmelt

K _�cnþ1dVmelt ¼ hCðTC � TPÞSC ð12Þ

where hC+R, TC+R et SC+R are respectively the equivalent con-
vective heat transfer coefficient, the barrel temperature
and the total surface of the mixing chamber and the rotors
and CpR

is the heat capacity of the rotors.
In order to determine the heat transfer coefficient

between the polymer and the mixing chamber and to
deduce the specific thermal energy, it is then necessary
to determine the viscosity of the polymer. Bousmina
et al. [4] proposed a method to determine the viscosity in
steady state (once melting is complete) from the measure-
ment of the torque applied on the rotors in a batch mixer
using a double-Couette approximation (Fig. 1). This
method considers a steady laminar isothermal shear flow
for an incompressible power-law fluid with a perfect
adherence on the chamber walls and the rotors.

In the case of a narrow gap (Ri/Re > 0.85; Ri/Re = 0.874 in
our study) and for a moderately shear-thinning fluid
(n > 0.3), Eqs. (13) and (14) can be used to calculate both
viscosity and shear rate (supposed to be quite homoge-
neous in the gap) with an error less than 4% on shear rate:

g ¼ C
x

b2 � 1
8p2LR2

e ð1þ g2Þ
ð13Þ

_c ¼ 16px
b2

ð1þ bÞ2ðb2 � 1Þ
ð14Þ

where C is the steady state torque (N m), x is the rotor
speed (expressed in number of turns per second), b = Re/
Ri, Re is the diameter of the mixing chamber (m), Ri is the
equivalent diameter (m) of the rotors according to the dou-
ble-Couette approximation, L is the length of the rotors (m)
and g is the gear ratio between the rotors.

2.2. Rheological modelling

Two models are mainly used to describe the melt
viscosity of PLA: the power law (Eq. (15)) and the
Carreau-Yasuda models (Eq. (16)) [10]:

g ¼ Kj _cjn�1 ð15Þ

where K is the consistency (Pa sn) and n the power law
index,

gð _cÞ ¼ g0 1þ ðk _cÞa
� �n�1

a ð16Þ



Fig. 1. Double-Couette approximation for batch mixer torque rheometry.
where g0 is the zero-shear viscosity (Pa s), k is the relaxa-
tion time corresponding to the onset of shear-thinning
(s), a is the Yasuda index which determines the curvature
of the shear-thinning transition and n is the power law
index.

While the power law model successfully fits the behav-
iour of numerous polymers at high shear rates, it keeps
some awkward features [10]. Indeed, the unit of the consis-
tency K depends on the value of the power law index n and
it does not use the zero-shear viscosity as a parameter and
yet is not valid for low shear rates. However, it has been
and is still widely used to describe viscosity due to its sim-
plicity. This model was firstly improved by Cross [9] and
Carreau [7] to yield to the present Carreau-Yasuda model
when Yasuda et al. [41] finally added the Yasuda index.

In these forms, those models (power law PL2 and
Carreau-Yasuda CY4, the number corresponding to the
number of adjustable parameters) do not take into account
the effect of temperature on viscosity. The temperature
dependency of the consistency K in the power-law and
both Newtonian viscosity g0 and relaxation time k in the
Carreau-Yasuda model is usually described using an Arrhe-
nius’s law (Eqs. (17a), (17b) and (17c)) [25]. The activation
energy Ea or E0a is then a third adjustable parameter for the
power-law (PL3) and a fifth parameter in the Carreau-
Yasuda model (CY5).

aTðTPÞ ¼
KðTPÞ
KðTref Þ

¼ exp
Ea

R
1
TP
� 1

Tref

� 	� �
ð17aÞ

a0TðTPÞ ¼
g0ðTPÞ
g0ðTref Þ

¼ exp
E0a
R

1
TP
� 1

Tref

� 	� �
ð17bÞ

a0TðTPÞ ¼
kðTPÞ
kðTref Þ

¼ exp
E0a
R

1
TP
� 1

Tref

� 	� �
ð17cÞ

where aT (or a0T ) is the shift factor, Ea is the activation
energy corresponding to the material relaxation (J mol�1),
R is the gas constant (8.314 J mol�1 K�1), Tref and TP are
respectively the reference and the measurement tempera-
ture (K). In the case of a power-law model, the Newtonian
viscosity is simply replaced by the consistency.

In the case of a Carreau-Yasuda modelling, the effect of
molar mass on melt viscosity is often taken into account in
both Newtonian viscosity and relaxation time using a
power law (Eqs. (18) and (19)) [15]:
g0 ¼ g0;ref
Mw

Mw;ref

� 	a

ð18Þ

k0 ¼ k0;ref
Mw

Mw;ref

� 	a

ð19Þ

where g0,ref is the Newtonian viscosity at the reference
temperature Tref and molar mass Mw,ref, a is a material con-
stant, Mw is the weight average molar mass (kg mol�1). a
varies between 1 and 1.2 up to a critical molar mass Mc

and above it varies between 3.4 and 4.2 [15]. In the case
of a power-law model, the Newtonian viscosity is also
replaced by the consistency.

The exponent a is then a fourth adjustable parameter
for the power-law (PL4) and a sixth parameter in the
Carreau-Yasuda model (CY6). Eqs. (20) and (21) summarise
the PL4 and CY6 models respectively.

gð _c; T;MwÞ ¼ K0;ref
Mw

Mw;ref

� 	a

exp
Ea

R
1
TP
� 1

Tref

� 	� �
j _cjn�1 ð20Þ

gð _c; T;MwÞ ¼ g0;ref
Mw

Mw;ref

� 	a

exp
E0a
R

1
TP
� 1

Tref

� 	� �

� 1þ k0;ref
Mw

Mw;ref

� 	a

exp
E0a
R

1
TP
� 1

Tref

� 	� �
_c

� 	a
( )n�1

a

ð21Þ

Fang and Hanna [14] used a power law model to describe
the rheological behaviour of an amorphous and a semi-
crystalline PLA at 150 and 170 �C; the consistency was
varying between 240,000 and 650,000 Pa sn with a pseudo
plastic index varying between 0.17 and 0.30. Schwach and
Avérous [34] also used the power law model to model the
rheological behaviour of PLA at 130 and 150 �C. Consis-
tency was varying between 34,000 and 90 200 Pa sn while
pseudoplastic index was about 0.23. They evaluated the
activation energy at Ea = 67.5 kJ mol�1. Witzke [40] studied
the rheological behaviour of several linear amorphous PLA
with weight average molar mass varying between 75 and
400 kg mol�1. The activation energy was estimated at
Ea = 104 ± 13 kJ mol�1 at Tref = 175 �C and the power law
exponent describing the influence of weight average molar
mass was found to be a = 2.24 ± 0.25 with g0,ref = 97 ± 18
Pa s at Mw,ref = 100 kg mol�1. Cooper-White and Mackay
[8] also studied the influence of molar mass and tempera-
ture on the rheological behaviour of PLA. They found that
the Newtonian viscosity varies following a power law of



the weight average molar mass with an exponent a = 4 for
molar mass higher than the critical value Mc = 16 kg mol�1.

Dorgan et al. [13,11], Palade et al. [28], Lehermeier and
Dorgan [24], Dorgan et al. [12] studied different blends of
linear and branched PLA with various L:D ratio and molar
mass. The activation energies of linear (L:D ratio 96:4,
weight average molar mass Mw = 111 kg mol�1, polydis-
persity index I = 2.1) and branched (L:D ratio 96:4, weight
average molar mass Mw = 149 kg mol�1, polydispersity
index I = 2.9) PLA were respectively 71.9 kJ mol�1 and
77.9 kJ mol�1 at Tref = 180 �C. For linear PLA with
L:D = 100:0 (Mw = 40 to 800 kg mol�1), L:D = 98:2 (Mw =
120 kg mol�1) and L:D = 96:4 (Mw = 111 kg mol�1), they
found a power law exponent a = 3.7.

The purpose of this article is to establish the energy bal-
ance of the batch mixing process of neat PLA and to obtain
the influence of each process parameter (temperature,
rotor speed and mixing time) on the energy efficiency.
Moreover a comparison between Bousmina’s model and
other more traditional methods (rotational shear and cap-
illary rheometry) will be given.
3. Experimental

3.1. Material

The polymer used was a commercial grade of PLA from
NatureWorks

�
LLC (Ingeo™ 7000D). Thermal properties,

density and molar mass evolution during degradation were
determined in a previous work [23]. Glass transition tem-
perature Tg is 57 �C (this value is provided by Moldflow
Plastics Labs [27] to indicate the position of the glass tran-
sition which corresponds to a temperature range [21]),
melting temperature Tm is 151 �C and the melting enthalpy
is 34.7 kJ kg�1 corresponding to a degree of crystallinity of
37% [27]. Heat capacity before and after the glass transition
are respectively about 1.4 and 1.9 kJ kg�1 �C�1 [27]. Den-
sity at room temperature is 1240 kg m�3 and the volume
thermal expansion coefficient is 8.23.10�4 �C�1 [27].
Table 2
Weight average molar mass (kg mol�1) for the different compression
conditions [23].

10 min 20 min 30 min

170 �C 111 – 95
190 �C 102 – 86
210 �C – 66 54
3.2. Mixing process

PLA was mixed in a Haake Rheomix 3000 batch mixer
using two counter-rotating rotors with a gear ratio g of
2/3. The mixing time tmix was fixed at 10 min to study
the influence of rotor speed N (40, 50, 75, 100 and
150 rpm) and mixing temperature Tc (170 and 190 �C).
250 g of PLA was introduced in the 300 cm3 mixing cham-
ber. Depending on the temperature in steady state (from
175 �C to 215 �C), the density varies from 1050 to
1100 kg m�3 and the filling ratio between 76% and 78%.

The effective equivalent radius of the rotors was deter-
mined using the calibration procedure given by Bousmina
et al. [4] and was found to be 29.7 mm for an external
radius of 34 mm which satisfies the narrow gap hypothe-
sis. The length of the chamber is 84.1 mm. Shear rate cor-
responding to each rotor speed was obtained using Eq.
(19); in increasing order of rotor speed, it gives 30.7,
38.4, 57.6, 76.8 and 115.3 s�1.
The polymer pellets were introduced into the mixing
chamber when the rotors did not rotate. As soon as all
the material was loaded in the mixing chamber, the trial
started. The torque and the average polymer temperature
were recorded during each trial but pressure evolution
was not recorded.
3.3. Parallel plate rheometer

The samples were prepared by compression moulding
(Darragon 100 kt, 400 � 400 mm2) at 170 �C, 190 �C and
210 �C for 10 min, 20 min or 30 min thus obtaining differ-
ent degradation rates. 130 bar pressure was applied during
the last 3 min of the cycle. The plate dimension was
150 � 150 mm2 and its thickness was 4 mm and it was
cut into discs of 25 mm diameter. The weight average
molar mass for each plate was determined by SEC-MALS
in a previous work [23], the results are presented in
Table 2.

The rheological measurements were performed on an
ARES rheometer (Rheometric Scientific) using a parallel
plate geometry (25 mm diameter). 2 min after the sample
has been loaded, the gap is reduced from 5 to 1 mm and
the excess of material is removed within 2 min 30 s. Every
oscillatory shear test starts 2 min later, i.e. 6 min 30 s after
the sample was loaded. Thermal stability was measured at
0.1 Hz for each temperature for 15 min. At the highest
temperature, the range of shear rate had to be reduced in
order to shorten the trial and avoid degradation. Linear vis-
coelasticity region was established at 0.1 Hz from 0.01% to
100% strain. In order to determine the rheological behav-
iour and its temperature dependency, oscillatory tests
were performed at 166, 176, 186, 196 and 206 �C, at 1%
strain from 0.1 to 100 rad s�1.
3.4. Capillary rheometer

The samples prepared for the ARES measurements were
also used for capillary rheometry. The capillary measure-
ments were performed between 100 and 10,000 s�1 at
180 �C on a Goettfert Rheotester 1000 (Ecole des mines
de Paris, CEMEF, Sophia Antipolis, France) using several
dies (1 mm diameter and various L/D ratios: 10, 20 and
30). The barrel diameter was 12 mm and the successive
piston velocities were 0.01, 0.02, 0.04, 0.08, 0.16, 0.32,
0.64 and 1.28 mm s�1. A pressure sensor allowed to mea-
sure pressure inside the barrel between 5 and 50 MPa.
The stability criterion for pressure measurement considers
a relative variation lower than 5% for 10 s. Both Bagley and
Weissenberg–Rabinowitsch corrections were used to
obtain the viscosity as a function of the true shear rate.
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sent the Carreau-Yasuda fits.
4. Results and discussion

4.1. Melt rheology

The rheological behaviour of PLA was evaluated in order
to model both influence of temperature and molar mass
degradation that must be taken into account for process
modelling. Fig. 2 presents the viscosity curves at different
temperatures for two different weight average molar mass
obtained with the ARES rheometer between 0.1 and
100 rad s�1.

The shift factor a0TðTÞ ¼
g0ðTÞ

g0ðTref Þ
is calculated at the refer-

ence temperature of 180 �C for each temperature and
molar mass. The shift factor is then expressed with the
Arrhenius’s law (Eq. (17b)) to obtain the activation energy;
Fig. 3 presents the influence of the weight average molar
mass on the activation energy. An identical average value
of 85.3 ± 13.8 kJ mol�1 for all the different molar mass will
be used for the time–temperature superposition because
the influence of molar mass on activation energy should
not be taken into account in the Arrhenius’s law if we
assume Eqs. (20) and (21).

Once the time–temperature superposition is done, the
Cox-Merz rule is used to add the viscosity curves obtained
with the capillary rheometer between 100 and 10,000 s�1

at 180 �C (Fig. 4). The rheological behaviour is modelled
using the Carreau-Yasuda model (Eq. (16)) between 0.1
and 10,000 s�1 for each molar mass, power law index n
and Yasuda index a were fixed for the curve fitting at
0.094 (determined from the capillary tests) and 0.69 respec-
tively. The parameter a was not fixed in a first approach and
the modelling leaded to 0.69 ± 0.02 in every case while
molar mass was not reduced below 70 kg mol�1. For lower
molar mass, the results obtained for the capillary results
showed an important dispersion which was due to a very
low viscosity of those materials and they were not used
for the modelling. Because of the lack of data, it was decided
to fix the a parameter in those cases. According to Fig. 4 the
time–temperature superposition is rather well verified
except perhaps for 66.0 kg mol�1.

The influence of molar mass on Newtonian viscosity g0

and relaxation time k0 is shown in Fig. 5 and modelled using
a power law (Eq. (21)), the reference molar mass was chosen
at 100 kg mol�1. The slope was determined at 4.43 and 4.72
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Fig. 2. Viscosity curves of PLA. (a) Mw = 111
in the case of Newtonian viscosity and relaxation time
respectively. As the determination of Newtonian viscosity
is more reliable than the determination of the relaxation
time, the first value was used for the modelling. Table 3
summarises the different parameters used to describe the
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kg mol�1 and (b) Mw = 54 kg mol�1.
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Fig. 5. Influence of weight average molecular weight on (a) Newtonian viscosity and (b) relaxation time obtained with the Carreau-Yasuda fits. Lines
represent the power law fitting.

Table 3
Carreau-Yasuda parameters of PLA at reference temperature Tref = 180 �C
and reference weight average molar mass Mw,ref = 100 kg mol�1.

g0,ref (Pa s) k0,ref (s) Ea (kJ mol�1) a a n

3084 0.0084 85.3 4.43 0.69 0.094
rheological behaviour and its dependency on shear rate,
temperature and molar mass as defined by Eq. (21).

At high shear rate the Carreau-Yasuda tends towards a
power law model with a power law index n. In our study
the value determined previously (0.094) does not fulfil
the hypothesis made to use Newtonian approximation of
Bousmina’s model for the mixing process (28% error on
shear rate in this case). In order to use Eqs. (8) and (9) to
model the mixing process, the shear thinning behaviour
of PLA must be evaluated in the range of shear rate occur-
ring in the batch mixer (10 and 150 s�1) in order to verify if
the power law index is greater than 0.3. The rheological
behaviour is then also modelled between 10 and 150 s�1

using the power law based model (Eq. (20)) in order to
satisfy the Bousmina’s model hypothesis. However, this
range of shear rate corresponds to the transition between
the Newtonian behaviour and the shear thinning behav-
iour; the onset of shear thinning being also dependent on
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Fig. 6. (a) Consistency and (b) power law index as a function of temperature
Arrhenius’s fits.
the temperature, the slope in the shear-thinning region,
i.e. the average power law index also varies with the
temperature. Moreover, the curvature of the transition
region cannot be described with a power law which limits
the validity of this modelling. Fig. 6 shows the influence of
weight average molar mass and temperature on both
power law parameters between 10 and 150 s�1. The power
law index varies between 0.5 and 1 in the defined range of
shear rate and temperature. The hypothesis of a moder-
ately shear-thinning fluid is then validated (n > 0.3). The
Arrhenius’s fit on the consistency gives an activation
energy Ea = 97.6 ± 5.0 kJ mol�1 which is slightly higher
than the value obtained from the viscosity in the Newto-
nian plateau.

Fig. 7 shows the influence of weight average molar mass
on the consistency at the reference temperature, the power
law fit gives an equivalent slope as previously (a = 4.42)
with a consistency at reference temperature and weight
average molar mass of 5110 Pa sn.
4.2. Mixing process

4.2.1. Data correction
At least four trials were made for each couple of tem-

perature and rotor speed [T; N]. In order to calculate an
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average torque without reducing the peak height, it was
necessary to calculate an average peak time and to readjust
on time scale all the data using this value. An average
torque is then calculated and smoothed by calculating a
local average on seven time steps.

Temperature data are used to separate the melting phase
(transient state) from the mixing phase (steady state). When
the polymer temperature reaches the chamber temperature
Tc, we consider that the melting phase is over (t = t1). How-
ever, the measurement of temperature during the melting
phase is not reliable (Fig. 8) and needs to be corrected. In
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Fig. 8. Data correction for process modelling.
order to do that, we consider that the polymer is at the
melting temperature when the torque falls to C(tmelt) =
[C(tpeak) + C(t1)]/2; indeed, one can then suppose that half
of the polymer has melt and that its average temperature
is the melting temperature.

4.2.2. Double-Couette approximation
Viscosity is calculated using Eq. (8) and Fig. 9 presents

its evolution during mixing for different rotor speeds and
temperatures. It is not calculated during the melting phase
because it is necessary to assume that the entire polymer is
in molten state in order to use Bousmina’s model. It can be
noticed here that the melting phase is greatly shortened
with an increasing rotor speed (the end of the melting
phase corresponds for a given rotor speed to the time at
the beginning of the curve) but is less affected by tempera-
ture confirming that melting is mainly induced by dissipa-
tive processes. It appears that the viscosity decreases when
the chamber temperature increases and a similar trend is
observed for the rotor speed. It can be also noticed that vis-
cosity does not reach a plateau in steady-state which is
probably due to the degradation occurring during mixing.

Eqs. (20) and (21) were also used to predict the
evolution of viscosity over mixing taking into account the
variation of temperature and weight average molar mass
using the parameters obtained with the conventional rhe-
ometers. The evolution of weight average molar mass over
mixing was modelled using Wachsen’s model using the
parameters presented in Table 1. In order to take into
account the self-heating induced by the viscous dissipation,
the experimental measurement of temperature was used.

Fig. 10 shows the correlation between Bousmina’s
model and modelled (power law, Carreau-Yasuda) viscosi-
ties. It appears that both models (named CY6 (ARES) and
PL4 (ARES)) with those parameters do not fit correctly the
curves, especially at 170 �C where viscosity is greatly over-
estimated. The weak correlation is explained by the lack of
precision of molar mass measurements (about 10%). It has
two consequences: (1) an error on molar mass prediction
will influence the viscosity with a 4.43 power (according
to Eq. (21)) and (2) Newtonian viscosity and relaxation time
(CY6) or consistency (PL4) at reference molar mass are the
most important parameters for each model and their values
also depend on weight average molar mass determination
precision. In order to compensate the effect of molar mass
uncertainty on rheological behaviour, those significant
parameters were optimised to obtain a better correlation
with Bousmina’s model. In the two cases, the minimisation
of the least squares residual is made with Matlab

�
R2010a

using a nonlinear multivariable optimisation function
based on a Nelder-Mead simplex algorithm. The optimised
values of Newtonian viscosity and relaxation time for
Carreau-Yasuda modelling are respectively 3780 Pa s and
0.0539 s. The optimised consistency for power-law model-
ling is 7530 Pa sn for a power law index of 0.58. CY6 model
with optimised parameters shows a good correlation with
viscosity calculated according to Bousmina’s model what-
ever the rotor speed and mixing temperature (see Fig. 10
CY6 (optim) and PL4 (optim) models). The optimisation
made with the PL4 model tends to underestimate the vis-
cosity when the rotor speed and temperature are increased.
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4.2.3. Estimation of heat transfer in steady-state
The viscous dissipation (W ¼ g _c2VP where Vp is the vol-

ume of molten polymer, if we assume the shear rate to be
quite homogeneous in the narrow gap between the rotors
and the wall of the mixing chamber) is estimated using vis-
cosity and shear rate calculations. The variation of polymer
volume is taken into account using the volume thermal
expansion coefficient. As expected, viscous dissipation
increases with increasing rotor speed and decreases with
temperature.

Eqs. (11) and (14) are used to calculate the heat transfer
coefficient between the wall of the mixing chamber and
the polymer. Practically, it was not possible to measure
in a repeatable way the temperature at the rotors surface
at the end of the trials because of the presence of polymer
on it; as a result Eq. (12) could not be used. The hypothesis
corresponding to Eq. (10) considers that there is no
exchange between the rotors and the polymer; which is
obviously not realistic. Fig. 11 shows the calculated values
of convective heat transfer coefficient during the five last
minutes of the trial for different rotor speeds at each tem-
perature. The heat transfer coefficient is not significantly
affected by the process parameters. It seems to tend
towards a limit value after 10 min. This shows that the
steady state in terms of thermal exchange is not yet
reached. An average convective heat transfer coefficient
of 3090 W m�2 K�1 was estimated on the three last min-
utes of the trials and used for the calculation of STE. This
value is much higher than the values between 500 and
1500 W m�2 K�1 reported in the literature for twin-screw
extrusion [38]. It could be explained by higher thermal
exchange occurring at the rotors surface as they are not
regulated. The temperature at the surface of the rotors
was measured before and after the trials using a laser
pyrometer and was found to increase about 10–30 �C dur-
ing mixing.

4.2.4. Specific mechanical and thermal energy input
SME is calculated using Eq. (6). Fig. 12 shows the influ-

ence of both parameters (T;x) on the input of mechanical
energy. SME increases with the rotor speed but decreases
when the chamber temperature is increased. SME
increases faster during the melting phase than during the
mixing phase.

STE is calculated using an expression equivalent to Eq.
(7) in which the rotors and walls have the same tempera-
ture surface (which is the set mixing temperature) and
convective heat transfer coefficient. Fig. 13 presents the
evolution of STE during mixing for different rotor speeds
and mixing temperatures; it clearly appears that STE
increases until the end of the melting phase and decreases
during the mixing phase due to a polymer temperature
higher than the chamber temperature. The hypothesis of
a convective heat transfer during the melting phase is
not very realistic because the molten polymer does not fill
the mixing chamber. However, in first approximation, the
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Fig. 11. Convective heat transfer coefficient at the chamber surface at different rotor speeds from 40 to 150 rpm at (a) 170 �C and (b) 190 �C.
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same heat transfer coefficient can be used for the two
phases. A further improvement could be to estimate the
heat transfer during melting in terms of conductive ther-
mal exchange at the pellet surface, the diameter of the
solid pellet decreasing with increase of pellet temperature
[30]. STE at the end of melting phase is slightly reduced by
the increase of rotor speed and the thermal energy dissi-
pated during the mixing phase is sharply increased. This
is due to an increasing shear rate (proportional to the rotor
speed) that also increases the polymer self-heating. The
increase of the mixing temperature tends to decrease this
dissipation of thermal energy.
4.2.5. Energy balance and energy efficiency
Fig. 14 presents the repartition of energy input for the

different rotor speeds and temperatures. It varies between
400 and 1400 kJ kg�1 which is lower than the values rang-
ing from 1400 and 1900 kJ kg�1 reported in the literature
for twin-screw extrusion [20]. It can be observed that the
total energy consumption is strongly increased with an
increasing rotor speed while it slightly decreases with an
increasing temperature. The total energy input during the
melting phase (addition of melting thermal and mechani-
cal energy) is not significantly affected by the process
parameters and remains constant about 350 ± 40 kJ kg�1.
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Fig. 14. Repartition of total energy input as a function of rotor speed at (a) 170 �C and (b) 190 �C after 10 min mixing.

Table 4
Energy efficiency of PLA melting at various rotor speeds and temperatures.

(T;N) (�C) 40 rpm 50 rpm 75 rpm 100 rpm 150 rpm

170 0.95 0.88 0.88 0.84 0.71
190 1 1.09 0.91 0.83 0.84
This value is very close to the theoretical energy consumed
by the polymer (expressed by the numerator of Eq. (9))
which is estimated at 295 and 345 kJ kg�1 for mixing tem-
peratures at 170 and 190 �C respectively. The ratio of
mechanical energy input over total energy input during
the melting phase varies between 75% and 95% depending
on the process parameters. As expected, it is increased
with an increasing rotor speed and decreased with an
increasing temperature. The total energy input during the
mixing phase varies from 50 to 1000 kJ kg�1. It increases
with an increasing rotor speed and it decreases with an
increasing temperature confirming that energy consump-
tion during mixing is a function of shear stress. The ratio
between melting and mixing energy varies between 0.4
and 2.9 depending on process parameters. STE (Specific
Thermal Energy input based on Eq. (7)) during the mixing
phase represents in every case 33% of the total energy
input during the mixing phase. This energy is considered
equal to viscous dissipation assuming steady state (STE is
named viscous dissipation in Fig. 14). The last part for
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Fig. 15. Energy efficiency for the mixing process at various rotor speeds from 40
mixing phase is SME (Specific Mechanical Energy input
based on Eq. (1)) and named mixing energy in Fig. 14.

Energy efficiency at the end of the melting phase for
each couple of parameters T and x is calculated according
to Eq. (9) and presented in Table 4. It can be noticed that
the efficiency of the melting phase increases with the mix-
ing chamber temperature whether it decreases when the
rotor speed is increased. It is supposed that the energy lost
during the melting phase is partially dissipated through
vibrations of the mixing chamber that become really
important when the rotor speed is increased. Those values
are close to 1 in every case (even higher in some cases),
showing that the criterion chosen to separate the melting
and the mixing phases is rather good (i.e. the polymer
temperature measured by a probe reaches the mixing set
temperature). However, in some cases, it was impossible
to find the point at which the separation is made because
the temperature measurement was always above the
mixing temperature and it was necessary to set it some-
how arbitrarily. In order to avoid this difficulty and to be
sure that the calculated efficiency is never greater than
one, it would be possible to set the separation between
melting and mixing based on an energetic criterion, i.e.
mixing starts when the total energy input reaches the
energy consumed by the polymer to reach the mixing set
temperature, but this supposes to neglect the energy losses
due to the vibrations of the mixing chamber occurring dur-
ing the melting phase at high rotor speeds.
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to 150 rpm at (a) 170 �C and (b) 190 �C as a function of polymer viscosity.



Fig. 15 shows the variation of efficiency as a function of
viscosity (estimated according to Bousmina’s model) dur-
ing the mixing phase. We consider here that the theoretical
energy required for mixing is zero since the polymer is not
filled. So we calculate the mixing efficiency according to
Eq. (9) considering the SDE at the end of the melting phase
as a reference. The mixing efficiency at time t is then
obtained by the ratio between SDE at end of melting phase
and SDE at time t during the mixing phase. It appears that
for a given chamber temperature and an increasing rotor
speed, the efficiency curve is shifted towards the low vis-
cosities and inferior levels of efficiency and still keeps the
same slope. Oppositely, for a given screw speed and an
increasing chamber temperature, the efficiency increases
and the viscosity decreases. The slopes of the curves are
also stronger. It would be possible to imagine the use of
‘‘shift factors’’ to obtain ‘‘master curves’’ of energy effi-
ciency for every rotor speed and mixing temperature. For
a given viscosity, the energy efficiency is increased with
the rotor speed and temperature. It is then possible to opti-
mise the process parameters considering that viscosity
needs to be as low as possible to obtain an efficient mixing,
degradation must be limited and energy efficiency must be
maximised.

5. Conclusion

A method to determine the complete energy balance of
the melting and mixing processes in a batch mixer was
proposed. This method is based on the determination of
viscosity and shear rate in the batch mixer proposed by
Bousmina et al. [4] and allowing the estimation of the vis-
cous dissipation in the mixer. It was supposed that, in
steady state, the viscous dissipation is compensated by
the heat transfer through the wall surface and this assump-
tion was used to determine an equivalent convective heat
transfer coefficient at the wall surface. The overall energy
balance could then be obtained.

In the case of neat PLA mixing, it was found that the
energy consumption is increased with an increasing rotor
speed and decreased with an increasing temperature. The
energy consumed for the melting of the polymer pellets
is not strongly affected by the process parameters and
the energy efficiency of the melting phase is closed to 1.
The small decrease of energy efficiency observed when
rotor speed was increased was related to the important
vibrations of the mixing chamber during the melting
phase. A new criterion based on energy to separate the
melting phase and the mixing phase could be proposed
to overcome this problem: the end of melting occurring
when energy input reaches the SDE. A method to optimise
the process parameters was proposed from the curves of
energy efficiency versus viscosity. Viscosity must be mini-
mised to obtain a good mixing, considering that degrada-
tion must be limited and energy efficiency maximised.

The rheological behaviour was also determined using
traditional rheometers in order to be compared to the
curves obtained using Bousmina’s model. This behaviour
was described using both power-law and Carreau-Yasuda
models. A large overestimation was observed especially at
lower temperatures and it was attributed to the lack of
precision on the measurement of weight average molar
mass used to determine the parameters of the degradation
model and some parameters of the rheological models.
Newtonian viscosity and relaxation time in Carreau-Yasuda
model and consistency in power-law model were
optimised to fit the curves.

This work is a preliminary and necessary step in the
study of mixing efficiency of thermoplastic composites
compounding either with a twin-screw extruder or an
internal mixer.
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