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a b s t r a c t 

Recent studies emphasize the importance of monitoring equipment/strategy for energy efficiency and 

quality control of polymer processing. New devices and new methods are proposed for temperature and 

viscosity measurements on a polymer production line. In this paper, an annular measuring device is used 

on an injection molding machine to detect material changes through temperature measurement. When 

the material becomes more viscous, the melt temperature increases due to the viscous dissipation in the 

production line. An original inverse method based on the viscous dissipation phenomenon is proposed for 

viscosity identification using temperature measurements of the annular device. The identification process 

successfully distinguishes the difference in viscosity between two different polymers, and the identifica- 

tion results are in good agreement with other viscosity curves available from the literature. 

© 2023 Elsevier Ltd. All rights reserved. 
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. Introduction 

In polymer production, the melt temperature and viscosity are 

mportant physical quantities for quality control and for reducing 

nergy consumption [1–4] . Moreover, these physical quantities de- 

end on the processing parameters and the composition of the 

elt. Production monitoring equipment and on-line/in-line charac- 

erization techniques are required. Although different studies have 

roposed technologies such as ultrasound, dielectric spectroscopy, 

agnetic resonance, NIR spectroscopy, etc., due to their difficul- 

ies in being calibrated and inserted into tools, they are not pop- 

lar choices in industrial applications. The most commonly used 

ensors on a polymer production line are still thermocouples and 

ressure sensors [5] . 

Various thermocouple-based devices have been designed for 

roduction monitoring. Slit or capillary ducts with thermocou- 

les installed on the wall do not disturb the polymer flow pass- 

ng through the ducts [ 6 , 7 ]. However, wall-mounted thermocouples 

an be insensitive to the melt temperature [8] . The thermocouple 

esh [9] measures the melt temperature at different radial posi- 

ions with a fast response time thanks to the thin but fragile struc- 

ure [10] . The thermal measurement cell [11] also performs radial 
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emperature measurements with a more solid structure and more 

isturbance to the flow [12] . 

Temperature measurement is not only useful for production 

onitoring but also important when identifying viscosity. Vis- 

ous dissipation, caused by shear in the flow, can affect the tem- 

erature field of the polymer melt and the identification result 

11] . Most on-line/in-line viscosity identification techniques em- 

loy classical rheometric geometries such as capillary die [13] or 

lit die [14] with pressure sensors. Some studies suggest using 

emperature variation due to viscous dissipation as information 

or viscosity identification [ 15 , 16 ]. However, intrusive thermocou- 

le measurements, having greater sensitivity to melt temperature 

ompared to wall-mounted thermocouples, may disturb the flow 

eld and make it impossible to apply classical rheological geome- 

ry models for viscosity identification. 

The annular measuring device [17] (TRAC : Thermo-Rheo Annu- 

ar Cell) is designed to work with an axisymmetric flow model for 

iscosity identification during polymer production [18] . On the one 

and, the polymer flow passing through the annular geometry re- 

ults in an informative and modelable viscous dissipation concen- 

ration around the central axis, and on the other hand, the tem- 

erature measurements by thermocouples mounted on the central 

xis are surrounded by the flow of polymer melt and are protected 

gainst thermal disturbances coming from the outer wall of the de- 

ice. The TRAC has shown its ability to measure small temperature 

https://doi.org/10.1016/j.ijheatmasstransfer.2023.123954
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2023.123954&domain=pdf
mailto:qiao.lin@univ-nantes.fr
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Fig. 2. TRAC mounted at the outlet of the injection unit. 
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ariations caused by changes in production parameters (plasticiza- 

ion condition, thermal regulation of the barrel, cycle time, etc.) 

17] . 

In this study, the TRAC is used as a monitoring tool on an in-

ection molding machine to detect material changes through tem- 

erature measurement. An original inverse method, based on the 

iscous dissipation phenomenon described in [18] , is proposed 

or viscosity identification using temperature measurements of the 

RAC on two different polymers : Polypropylene (abbreviation : PP) 

nd Polystyrene (abbreviation : PS). 

. Experimental setup 

.1. Instrumented annular duct 

The annular measuring device ( Fig. 1 ) used in this study is the

ame as the one in [17] . It has thermocouples T 1 −4 installed on 

he surface of the central axis for melt temperature measurement. 

hermocouples T 5 −8 are on the outer surface of the duct for ther- 

al regulation. All thermocouples are type K. The device is also 

quipped with two pressure sensors KISTLER 6159A ( P 1 and P 2 ) to 

easure the pressure drop of the flow. The inlet is on the left side

n Fig. 1 . 

More details on the positioning of the sensors, dimensions of 

he duct, technical solutions, etc. can be found in [17] . 

.2. Injection machine and data acquisition equipment 

The injection molding machine is « MILACRON ELEKTRON 50 »

ith injection unit « IU-300 ». The maximal injection volume is 

13 cm 

3 and the maximal flow rate is 117 cm 

3 .s −1 . In reality, the

ntire stroke of the screw (160 mm) is not used. Therefore, the 

ctual volume per injection is below 113 cm 

3 . The maximal plasti- 

ization rate is 18 g.s −1 (20 cm 

3 .s −1 for a polymer with a density

f 900 kg.m 

−3 ). 

In this study, the mold is removed. The TRAC is mounted at the 

utlet of the injection unit ( Fig. 2 ). The polymer melt from the in-

ection unit passes through the TRAC and is expelled into the open 

ir (air shot) at the outlet of the TRAC. The signals of the thermo- 

ouples and the pressure sensors are gathered. We would like to 

ention that the TRAC is initially designed to replace the injection 

ozzle for in-line measurements. 

National Instruments « PXIe-1073 » is used to record signals, 

ith « PXIe-4353 » module connected to « TB-4353 » for thermo- 

ouples and « PXI-6220 » module connected to « SCB-68 » for pres- 

ure sensors. 

.3. Typical measurement result on an injection molding machine 

To facilitate the understanding of the figures that contain tem- 

erature and pressure measurements by the TRAC on an injection 

olding machine, a typical result is presented in this section with 
ig. 1. Schematic diagram of the TRAC (Thermo-Rheo Annular Cell) with sensors 

abeled. 

F

c

2 
xplanations of different characteristic parts of the measurement 

esult. 

Fig. 3 contains a classic plasticization-air shot cycle of the injec- 

ion machine. During the plasticization stage, the screw rotates to 

lasticize and send the material downstream while moving itself 

ack upstream in the barrel. When there is enough material accu- 

ulated in the space downstream of the screw, the plasticization 

tage ends. During the injection stage, the screw performs a linear 

otion in the axial direction and pushes the material out of the 

arrel like a piston. 

Index I in Fig. 3 shows a slight increase in pressure during the 

lasticization stage. The value of this pressure depends on the back 

ressure setting of the machine. Indeed, the pressure downstream 

f the screw increases when the screw rotates and sends the mate- 

ial downstream. When the pressure (measured by a machine sen- 

or downstream of the screw) reaches the back pressure setpoint, 

he screw moves back linearly (upstream) to increase the space 

ownstream between the screw and the barrel in order to regu- 

ate the pressure (measured by the machine sensor downstream 

f the screw) around the back pressure setpoint. This is why the 

ressure measured during the plasticization is not very stable. The 

easured temperatures vary little during the plasticization in this 

est configuration. 

Index II in Fig. 3 shows the air shot stage, where the pressure 

ises sharply, reaches a plateau and then drops rapidly. Depending 
ig. 3. Temperature and pressure measurements by the TRAC on an injection ma- 

hine. 
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Fig. 4. Air shot cycles (a) with PP, (b) with PP-PS blend and (c) with PS. 
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n production settings and material condition, the plateau may be- 

ome a curve. During the air shot, the temperatures measured on 

he central axis vary. This can be caused by the viscous dissipation 

n the TRAC or by the material entering the TRAC at a temperature 

ifferent from that of the central axis [17] . 

Between the plasticization stage (index I in Fig. 3 ) and the air 

hot stage (index II in Fig. 3 ), a dwell can be added so that the

emperature field of the plasticized material can be homogenized 

n the barrel. In a real injection cycle, there may be a packing stage

uring which the screw continues to apply pressure to the material 

fter filling the mold. The pressure sensors in the TRAC, positioned 

ownstream of the screw and upstream of the mold, should mea- 

ure a packing pressure after injection. In our case, as the mold is 

emoved, there is no packing stage. After the air shot, the pressure 

rops to zero in Fig. 3 (index II in Fig. 3 ). 

. Monitoring 

Tests are carried out to see whether the TRAC is capable of de- 

ecting a change in material during production by directly reading 

emperature measurements. During these tests, the setpoint tem- 

erature is at 195 °C. The injection molding machine performs suc- 

essive air shot cycles. In each cycle, we have the following actions: 

1. Plasticization at 60 rpm (screw rotation speed) with a back 

pressure of 2 bar; 

2. 10-s pause before each air shot; 

3. Air shot at 10 mm.s −1 (screw translation speed) over 112 mm 

of stroke (i.e. 7.07 cm 

3 .s −1 for a volume of 79.17 cm 

3 ); 

4. 15-s pause after each air shot. 

Although the mold is removed during these tests, pauses are 

dded in the action cycles to simulate the time spent during the 

acking and cooling stages in real production. The measurements 

f the TRAC are shown in Fig. 4 . For an easy reading of the fig-

re, only the temperatures measured by thermocouples T 1 and 

 4 are presented with the pressure measurements of sensors P 1 
nd P 2 . It should be noted that the temperature measurements on 

he central axis are protected from external thermal disturbances 

hanks to the surrounding polymer flow as a barrier [17] . During 

he plasticization, the polymer in the TRAC almost stops flowing 

nd the temperature measurements are susceptible to external dis- 

urbances. 

The material initially in the injection molding machine is 

olypropylene (TotalEnergies PPC 9642). About thirty cycles are 

arried out to stabilize the system. Then, Polystyrene (ATOFINA 

ACQRENE® 1540) is added to the injection molding machine’s 

opper without interrupting the air shot cycles ( Fig. 4a ). The PS 

n the hopper takes several cycles to pass through the barrel and 

each the TRAC, so the last cycle of Fig. 4a is still an air shot cy-

le with PP. The PP air shot cycles continue on the missing time- 

ine between those of Fig. 4a and b . Ten cycles after the addition

f PS, a change in the appearance of the material at the outlet of 

he TRAC is observed. This appearance changing cycle corresponds 

o the 3rd cycle in Fig. 4b , in which the air shot cycles are num-

ered. Fig. 4b shows a transient state as PS entering the TRAC. The 

ppearance changing of plastics is shown in Fig. 5 , with the same 

umbering related to that of Fig. 4b . 

After the addition of PS in the continuous air shot cycles of PP, 

he variation in appearance of the recovered plastics at the out- 

et of the nozzle ( Fig. 5 ) is consistent with the variation in the

ressure measured by the TRAC (starting from the 3rd cycle in 

ig. 4b ). The amplitude of the temperature variation during each 

ir shot increases. This is consistent with the increasing ampli- 

ude of the pressure variation, because Polystyrene (ATOFINA LAC- 

RENE® 1540) is more viscous than Polypropylene (TotalEnergies 

PC 9642). 
3

Fig. 4c represents air shot cycles with pure PS. We restart a new 

easurement timeline in Fig. 4c , because it takes a long time to 

ush the PP with the PS and make sure there is no PP residue in

he injection molding machine. We can see that the PS has higher 

elt temperature, higher pressure and higher temperature spikes 

uring the air shot cycles than the PP, when comparing Fig. 4c –a .

his increase in melt temperature and temperature spike ampli- 

ude is related to the fact that the PS causes more viscous dissi- 

ation, both in the TRAC and in the barrel during plasticization. In 

hese two cases, the temperature measurement can be correlated 

o the change of material in the production line. It is therefore pos- 

ible to use thermocouples, which are less expensive and require 

ess strict operating conditions than pressure sensors, to perform 

his type of process monitoring, provided that these thermocou- 

les are installed within the flow (for example, on the central axis 

f an annular geometry) to have sufficient measurement sensitiv- 

ty. 

Fig. 6a –c represents the 1st, the 4th and the 15th air shot cy- 

les of Fig. 4b . Fig. 6d is an air shot cycle of pure PS. The interest of

ressure sensors is shown in Fig. 6a –c , as the pressure measure- 

ent makes it possible to detect variations instantaneously during 

n air shot, compared to the temperature measurement which has 

 longer time constant. During the air shots, there is a pressure 
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Fig. 5. Appearance of air shot plastics. 

Fig. 6. Air shot of (a) the 1st, (b) the 4th and (c) the 15th cycles of Fig. 4b ; (d) air shot of pure PS. 
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lateau in Fig. 6a , a pressure ramp in Fig. 6b and a more complex

ressure curve in Fig. 6c . In Fig. 6d , a temperature fluctuation is

etected at the beginning of the air shot. This temperature fluctua- 

ion occurs at the same time as the pressure fluctuation measured 

y the pressure sensors. A possible explanation is that relatively 

old material enters the TRAC and increases the pressure due to 

he temperature dependence of viscosity. 

. Inverse characterization method for viscosity identification 

In the inverse characterization process based on the phe- 

omenon of viscous dissipation [18] , temperature data measured 

uring an air shot is used to identify the viscosity. Precisely, the 

entral axis generates viscous dissipation in the flow when the 

olymer melt passes through the TRAC. The temperature variation 

easured on the central axis can be correlated to the viscosity of 

he flow. Before introducing the viscous dissipation method, a di- 
4 
ect model needs to be defined to simulate an air shot/injection 

hrough the annular geometry. 

.1. Direct model 

The direct model for the inverse method is slightly different 

rom the one used in the previous study [17] : 

• The initial temperature field and the Dirichlet conditions are 

determined by interpolation of the measurements of the ther- 

mocouples. 
• The thermal conductivity, the density and the isobar specific 

heat capacity of the fluid domain are constant and are those 

of the database of the « Autodesk® Moldflow® » software at 

the regulation temperature of the injection molding machine. 

The direct model [17] is designed to be close to the reality. 

owever, it assumes that inlet temperature is constant. For the in- 

et temperature to be stable over time during an air shot, the plas- 
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Fig. 7. [ ̇ γ̄ , η] space and [ n , ln( K )] space conversion. 
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icization stage of the experiments is carried out with a slow rota- 

ion speed of the screw (20 rpm). The plasticized material there- 

ore does not heat up too much due to the viscous dissipation in 

he barrel and has enough time for the temperature field to be- 

ome uniform before the air shot. 

The power law ( Eq. (1) ) [ 19 , 20 ] is used to describe the rheolog-

cal behavior of the polymer melt in the direct model, 

= K 

˙ γ̄
n −1 

(1) 

ith η the viscosity and 

˙ γ̄ the generalized shear rate. Neverthe- 

ess, the end result obtained by the viscosity identification method 

escribed in the next section is not a power-law curve, but a set 

f viscosity points for different shear rate values. The power-law 

odeling is for intermediate steps of the method. 

.2. Viscous dissipation method 

This section is based on the phenomenon of viscous dissipation 

escribed in the previous research (Section 3.1 of [18] ). 

If the temperature of the polymer melt entering the TRAC is 

ery different from the temperature of the central axis, the tem- 

erature variation on the central axis will be mainly caused by 

he flow-axis convective exchange, induced by the temperature of 

he polymer melt, and the information of the viscous dissipation 

ill be masked. When the inlet temperature of the polymer melt 

s close to the temperature of the central axis, the phenomenon 

f viscous dissipation is dominant to cause the temperature vari- 

tion on the central axis. The temperature variation measured on 

he central axis, due to the viscous dissipation in the flow, can be 

xploited to obtain a critical point ( ̇ γ̄ c , ηc ) on the viscosity curve 

f the polymer for each air shot [18] . 

There are different ways to design the algorithm of the identifi- 

ation process. Knowing that the same temperature measurements 

n the central axis for a given flow rate lead to an infinity of possi-

le power-law curves, passing through a common point: the criti- 

al point ( ̇ γ̄ c , ηc ) [18] , the strategy here is to identify two different

ower-law curves and find out the intersection ( Fig. 7 ). 

In the previous research [18] , the [ n, ln (K) ] space is used to per-

orm analysis. The critical point ( ̇ γ̄ c , ηc ) , can be transformed into 

 straight line in the [ n, ln (K) ] space Fig. 7 ) according to Eq. (2) ,

hich is in fact the power law ( (1) on a logarithmic scale with

n (K) and n as variables. The straight line in the [ n, ln (K) ] space 

epresents also an isovalue line of the temperature measurement. 

n ( K ) = − ln 

(
˙ γ̄ c 

)
n + ln ( ηc ) + ln 

(
˙ γ̄ c 

)
(2) 

Consequently, the identification of a critical point can be 

chieved via the identification of a line in the [ n, ln (K) ] space. 
5 
hese are just two different mathematical points of view of the 

ame calculation process. The identification process of a critical 

oint is thus: 

1. Temperature measurements for an air shot at a given flow rate 

(index II of Fig. 3 ) 

2. Define the cost function J v as Eq. (3) , 

J v = 

∑ N t 
j=1 

∑ N Th 

i =1 

(
T i, j − T ∗

i, j 

)2 

N T h N t 
(3) 

ith N T h the number of thermocouples, N t the number of reg- 

stered instants, T i, j the temperature calculated from the direct 

odel and T ∗
i, j 

the temperature measured by thermocouple num- 

er i at time number j. 

3. Find the value of K 1 which minimizes the cost function J v by 

inverse method, with the value of n 1 fixed 

4. Find the value of K 2 which minimizes the cost function J v by 

inverse method, with the value of n 2 fixed 

5. By injecting the values of ( n 1 , ln ( K 1 ) ) and ( n 2 , ln ( K 2 ) ) into 

Eq. (2) , identify the critical point ( ̇ γ̄ c , ηc ) with Eqs. (4) and (5) .

˙ γ̄ c = exp 

(
ln ( K 1 ) − ln ( K 2 ) 

n 2 − n 1 

)
(4) 

ηc = exp 

(
ln ( K 1 ) − ln ( K 2 ) 

n 2 − n 1 

n 1 + ln ( K 1 ) + 

ln ( K 2 ) − ln ( K 1 ) 

n 2 − n 1 

)

(5) 

n 1 and n 2 are fixed at 0.3 and 0.5 in the method, because this 

nterval is close to the values of n for materials commonly used 

n injection molding [21] . The fact of taking this relatively small 

nterval makes it possible to limit the error of the viscosity iden- 

ification in the case where the isoline of the temperature in the 

 n, ln (K) ] space is not quite a straight line, because of possible ne- 

lected phenomena in our model [18] . This is equivalent to a lin- 

arization in a small interval. 

.2.1. Sensitivity of critical point calculation to estimation errors of 

 1 and K 2 

To study the estimation error of the mentioned identification 

rocess, we introduce an error factor x on the estimation of K 1 . 

e denote the erroneous critical shear rate as ˙ γ̄ ∗
c , when having xK 1 

nstead of K 1 in Eq. (4) . The critical shear rate shift on a logarithmic

cale due to the estimation error is defined as � ln 

˙ γ̄ c ( Eq. (6) ). 

ln 

˙ γ̄ c = ln 

˙ γ̄ ∗
c − ln 

˙ γ̄ c = 

ln x 

n 2 − n 1 

(6) 

η∗
c is the erroneous critical viscosity, by using xK 1 instead of K 1 

n Eq. (5) . The critical viscosity shift on a logarithmic scale can be 

ritten as Eq. (7) . 

ln ηc = ln η∗
c − ln ηc = ( n 2 − 1 ) � ln 

˙ γ̄ c (7) 

Using the same principle, when we have xK 2 instead of K 2 in 

qs. (4) and (5) , the critical point shift is described by Eqs. (8) and

9) . 

ln 

˙ γ̄ c = − ln x 

n 2 − n 1 

(8) 

ln ηc = ( n 1 − 1 ) � ln 

˙ γ̄ c (9) 

We choose to express the critical viscosity shift in the form 

f Eqs. (7) and (9) , because the power law (1) can also be trans-

ormed into a similar differential form as Eq. (10) . 

ln η = ( n − 1 ) � ln 

˙ γ̄ (10) 
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Fig. 8. Critical point shift in case of overestimation of K 1 or K 2 . 
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Eq. (10) represents a linear relationship between � ln η and 

ln 

˙ γ̄ . This linear relationship having a slope of ( n − 1 ) is in fact 

he power law having an index n on a logarithmic scale. If the val-

es of n 1 and n 2 are close to that of n , Eqs. (7) and (9) become

lmost Eq. (10) . That is to say, the estimation errors shift the criti- 

al point in a direction close to the slope of the power law. Despite

he estimation errors, the critical point will always be close to the 

ought viscosity curve. It is therefore advantageous to choose val- 

es of n 1 and n 2 close to the value of n of the power law to be

dentified (if n can be roughly pre-estimated). 

An example is given in Fig. 8 for a shear-thinning material 

n < 1) . An overestimation of K 1 leads to an overestimation of ˙ γ̄ c 

nd an underestimation of ηc , with a slope of ( n 2 − 1 ) . An over-

stimation of K 2 corresponds to an underestimation of ˙ γ̄ c and an 

verestimation of ηc , with a slope of ( n 1 − 1 ) . 
ig. 9. Iso-lines of ln ( �T ) at the end of a two-second injection with an one-degree pertu

 . 6 ), for thermocouples T 1 , T 2 , T 3 et T 4 . 

6 
.2.2. Influence of the inlet temperature uncertainty 

We remind that this method of viscous dissipation is valid 

hen the phenomenon of viscous dissipation is dominant, com- 

ared to the phenomenon of convection [18] . That is, when the 

emperature of the central axis is close to the inlet temperature 

f the flow. In reality, it is difficult to precisely control the melt 

emperature on a production line. A shift in the inlet temperature 

auses extra convective exchange between the flow and the cen- 

ral axis. This extra convective exchange can bend the temperature 

solines in the region where the values of K and n are small (« Con- 

ection dominant zone » [18] ), i.e. for less viscous materials gener- 

ting less viscous dissipation. 

To better visualize this « bending effect », a campaign of numer- 

cal simulations is performed under the same conditions as those 

f the previous research (Fig. 3 of [18] ), but with an one-degree 

erturbation on the inlet temperature. The variation of tempera- 

ure at the end of a two-second injection (at 30 cm 

3 .s −1 ) com-

ared to the initial temperature field is noted as �T . The isolines 

f ln ( �T ) for thermocouples T 1 −4 are shown in Fig. 9 . 

In Fig. 9 , it is confirmed that the measurements of thermocou- 

les T 1 −4 give almost the same critical shear rate (slope of the 

straight part » of the isoline, see Eq. (2) ) on viscous dissipation 

18] and that the further downstream the thermocouple is, the less 

t is influenced (less curved isoline) by convection caused by the 

nlet temperature offset (coherent with the results of the convec- 

ion study in [22] ), especially if we observe the isolines passing 

hrough the circled reference point ( ln (K) = 6 . 0625 and n = 0 . 6 ).

hanks to the fact that these two phenomena (viscous dissipation 

nd convection) do not have the same sensitivity distribution on 

ll thermocouples, it is possible to determine the inlet tempera- 

ure and the value of K at the same time in the inverse method 

instead of entering an arbitrary inlet temperature in the direct 

odel). In this paper, the inlet temperature T in is considered con- 
rbation on the inlet temperature (the circled reference point : ln (K) = 6 . 0625 ; n = 
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Fig. 10. Measured temperature profiles and those calculated from identified viscos- 

ity parameters for an air shot at 56.5 cm 

3 .s −1 (« iden0.3 » for the identification with 

n 1 fixed at 0.3; « iden0.5 » for the identification with n 2 fixed at 0.5). 
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Fig. 11. Measured temperature profiles and those calculated from K 2 values for an 

air shot at 56.5 cm 

3 .s −1 (« iden0.5 » for the identification with n 2 fixed at 0.5; «

K ∗120% » for a value of K 2 20% higher). 
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tant in space (on the inlet boundary of the direct model [17] ) and

n time. 

Step 3 of the method is thus modified: 

- Find the values of K 1 and T in which minimize the cost function 

J v by inverse method, with the value of n 1 fixed 

ecause the sensitivity to the inlet temperature T in is stronger 

hen the value of n is small (For each isoline in Fig. 9 , the smaller

he value of n , the more curved the isoline is). 

Step 4 of the method is also modified: 

- Find the value of K 2 which minimizes the cost function J v by 

inverse method, with the value of n 2 fixed and the value of T in 
set to that identified in step 3. 

In step 3, the Polak-Ribière’s version of the conjugate gradient 

lgorithm [ 23 , 24 ] coupled with the strong Wolfe criteria [ 25 , 26 ]

s used to identify the values of K 1 and T in . In step 4, since there

s only the value of K 2 to identify, the one-dimension Newton’s 

ethod is used. 

.2.3. Validation of steps 1–4 of the viscous dissipation identification 

ethod 

An example is given ( Fig. 10 ) to show the measured tempera- 

ure profiles along with the simulated temperature profiles from 

he identified K 1 and K 2 values. The example is based on an air 

hot at 56.5 cm 

3 . s − 1 for a total volume of 88.7 cm 

3 . The material

s PPC 9642. For the convenience of reading, only two of the four 

hermocouples T 1 −4 are shown. 

In Fig. 10 , « Ti_iden0.3 » stands for the temperature profile of 

hermocouple T i , calculated from K 1 identified with n 1 fixed at 0.3 

modified step 3 of the viscous dissipation identification method). 

imilarly, « Ti_iden0.5 » corresponds to an identification of K 2 with 

 2 fixed at 0.5 (modified step 4 of the viscous dissipation identifi- 

ation method). 

The results of « iden0.3 » and « iden0.5 » are close to the mea- 

ured (reference) temperature profiles, as they are on the same 

emperature isoline in the [ n, ln (K) ] space. The identified K - n pairs 

re 9540.3–0.3 and 3917.6–0.5, respectively. We recall that there 

re an infinity of K - n pairs to reproduce the same temperature 

easurements on the central axis (Here, we need two K - n pairs 

o complete step 5 of the viscous dissipation identification method 

nd obtain one critical point). 

The pair 3917.6–0.5 is used to verify the sensitivity. If the value 

f K 2 is incorrectly estimated and is 20% larger, i.e. 4701.1 Pa.s n , the

alculated temperature profiles will be offset from the reference 
7

rofiles. In Fig. 11 , the temperature profiles calculated with a value 

f K 2 20% larger (4701.1 Pa.s n ) are labeled « K 

∗120% » and compared 

o the original temperature profiles. 

It can be seen in Fig. 11 that the temperature profiles with 

 2 increased by 20% differ from the experimental measurements. 

he differences stand out in front of the measurement noise (of 

ach thermocouple) having a standard deviation of 0.03 K. We can 

herefore confirm that the inverse method and the experimental 

onditions allow us to obtain K - n pairs that minimize the cost 

unction J v . 

.3. Viscosity identification results and discussion 

Table 1 summarizes the inlet temperatures T in , K 1 values (with 

 1 = 0.3) and K 2 values (with n 2 = 0.5) identified in the air shot

ests of PPC 9642: 

• with a setpoint temperature at 195 °C 

◦ for four different flow rate setpoints (14.1 cm 

3 . s −1 , 28.3 

cm 

3 . s −1 , 42.4 cm 

3 . s −1 and 56.5 cm 

3 . s −1 ) 
• with a setpoint temperature at 205 °C 

◦ for two different flow rate setpoints (42.4 cm 

3 . s −1 and 56.5 

cm 

3 . s −1 ) 

The volume of each air shot is the same. The duration is longer 

or air shots at lower flow rate. 

By performing step 5 of the viscous dissipation identification 

ethod on each of these air shots at different flow rates, critical 

oints can be obtained ( Table 1 ). 

It should be noted that for the same flow rate, the identified 

alue of ˙ γ̄ c should not change much [18] . In table 1 , the value of
˙ ¯ c varies slightly for tests with the same flow rate setpoint. This 

ariation is related to the numerical error of the inverse method 

 Fig. 8 ), to the duration of the measurement signals used in the 

nverse method [18] and also to the different initial temperature 

eld and T in in the finite element model for each test (because of 

he « slope bending effect » in Fig. 9 ). 

In Fig. 12 , the critical points of Polypropylene PPC 9642 are 

hown (with two setpoint temperatures at 195 °C and 205 °C). Two 

iscosity curves (Cross-WLF model [ 27 , 28 ], at 195 °C and 205 °C)

f PPC 9642 from the « Autodesk® Moldflow® » software database 

re also presented in Fig. 12 for validation of the viscosity iden- 

ification method. Two other Cross-WLF law curves of PPC 9642 

t 195 °C and 205 °C, obtained by a rheometric nozzle (« Rheo- 

ozzle ») mounted on an injection molding machine [ 29 , 30 ], are

lso plotted in the same figure. We would like to highlight that the 

heometric nozzle uses a pressure sensor to perform the viscosity 

easurement. 
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Table 1 

Summary of parameters identified for Polypropylene PPC 9642 air shot tests. 

Flow rate setpoint (cm 

3 . s − 1 ) T in ( °C) K 1 (Pa.s n ) K 2 (Pa.s n ) ˙ γ̄ c (s −1 ) ηc (Pa.s) 

Setpoint temperature at 195 °C 
14.1 193.73 8310.2 4457.9 22.5 939.6 

28.3 195.31 9353.8 4537.6 37.2 743.8 

42.4 194.65 9111.8 4015.4 60.2 517.6 

56.5 194.51 9540.3 3917.6 85.7 423.3 

Setpoint temperature at 205 °C 
42.4 204.49 8187.3 3625.3 58.7 473.0 

56.5 204.25 8648.5 3607.3 79.2 405.3 

Fig. 12. Identified critical points of Polypropylene (PPC 9642) along with viscos- 

ity curves in the database of the software « Autodesk® Moldflow® » and viscosity 

curves identified by a rheometric nozzle [ 29 , 30 ] (« Rheo-nozzle »). 
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The Cross-WLF model [ 27 , 28 ] used in Fig. 12 is written as

q. (11) 

= 

η0 

1 + 

(
η0 

τ ∗ ˙ γ
)1 −n 

(11) 

ith η0 = D 1 exp ( − A 1 ( T −T ∗) 
A 2 +( T −T ∗) ) . And the parameters for PPC 9642 

re shown in table 2 . 

The fact that the identified critical points are close to the «

oldflow » and « Rheo-nozzle » curves in Fig. 12 is encouraging 

or the validation of this new identification method. 

We also note, in Fig. 12 , that the viscosities resulting from 

he Cross-WLF law curves identified by the rheometric nozzle are 

ower than those of the « Autodesk® Moldflow® » software. In- 

eed, the temperature measurement at the wall of the rheometric 

ozzle is far from being representative of the melt temperature. 

onsequently, viscosity measurements with the rheometric nozzle, 

sing capillary rheometry, do not take into account the increase in 

emperature of the polymer due to viscous dissipation in the capil- 

ary dies. When the temperature of the polymer is higher, the vis- 

osity of the polymer decreases. The rheometric nozzle can there- 

ore underestimate the viscosity by neglecting the increase in tem- 

erature of the polymer during the tests. 
able 2 

ross-WLF model parameters in the database of the software « Autodesk® Mold- 

ow® » and identified by a rheometric nozzle [ 29 , 30 ] for PPC 9642. 

Moldflow Rheo-nozzle 

A 1 39.822 19.590 

A 2 (K) 51.6 51.6 

D 1 (Pa.s) 2.0935E + 17 1.0410E + 10 

T ∗ (K) 263.15 263.15 

τ ∗ (Pa) 19,996.2 19,100.0 

n 0.3387 0.2600 

i

v

o

a

l

m

t

T

w

t

p

8 
When the setpoint temperature is increased to 205 °C, the crit- 

cal points obtained are less viscous. In order to compare the iden- 

ified viscosities at different setpoint temperatures (195 °C and 

05 °C) with respect to the same critical shear rate, the identi- 

ed critical points at 42.4 and 56.5 cm 

3 .s −1 ( table 1 , Fig. 12 ) are

sed to obtain a critical viscosity at ˙ γ̄ c = 70 s −1 by interpolation 

or each setpoint temperature. The viscosity obtained by interpola- 

ion is noted as η∗
c . We obtain : 

• η∗
c, 195 

= 474 . 6 Pa.s for a setpoint temperature at 195 °C 

• η∗
c, 205 

= 431 . 3 Pa.s for a setpoint temperature at 205 °C. 

The viscosity drops by 10% [ ( η∗
c, 195 − η∗

c, 205 ) /η
∗
c, 205 ] due to 

he temperature increase. According to the Cross-WLF model of «

oldflow », this ratio on the viscosity decrease is 14.8% for a shear 

ate at 70 s −1 . According to the Cross-WLF model identified by the 

heometric nozzle, this ratio is 6.4% for the same shear rate. The 

esult obtained by the new viscous dissipation method is consis- 

ent with the « Moldflow » model and that obtained by the rheo- 

etric nozzle. 

The same viscosity identification process is carried out for 

olystyrene (ATOFINA LACQRENE® 1540), with a setpoint temper- 

ture at 195 °C and a flow rate of 14.1 cm 

3 .s −1 . The flow rate is set

o a low value to avoid damaging the annular die with the flow 

f Polystyrene (ATOFINA LACQRENE® 1540) which is more viscous 

han Polypropylene (PPC 9642). The identified inlet temperature is 

96.31 °C. The values of K 1 and K 2 are 18,591.5 and 10,223.5 Pa.s n ,

hich lead to a critical viscosity value of 2292.5 Pa.s for a critical 

hear rate value of 19.9 s −1 . 

This result shows that, under the same air shot conditions, if 

PC 9642 in the production line is replaced by LACQRENE® 1540, 

he identified critical viscosity value will become 2.4 times higher. 

he proposed method is able to measure the viscosity variation 

uring polymer production, without using any pressure measure- 

ent. 

. Conclusion 

The annular device (described in [17] ) is used to measure tem- 

erature and pressure variations during air shot cycles on an injec- 

ion molding machine. The results show that it is possible to detect 

 change in the polymer melt (PS impurity in PP) by directly read- 

ng the temperature curves measured on the central axis of the de- 

ice, because a variation of the melt viscosity will lead to a change 

f viscous dissipation in the barrel and in the annular geometry. 

Based on the viscous dissipation phenomenon described in [18] , 

n inverse method is proposed to identify the viscosity and in- 

et temperature of polymer melts, by using temperature measure- 

ents on the central axis of the annular device. This method is 

ested on Polypropylene (PPC 9642) at two different tem peratures. 

he identified critical viscosity points of PPC 9642 are consistent 

ith the viscosity curves in the material database of the « Au- 

odesk® Moldflow® » software and those identified in [ 29 , 30 ]. The 

roposed method is also able to measure the difference in viscos- 
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ty between Polypropylene (PPC 9642) and Polystyrene (ATOFINA 

ACQRENE® 1540). 

Hence, this paper puts forward a new method of viscosity iden- 

ification only based on temperature measurement and exploita- 

ion of invariant and critical values. It is all the more remarkable 

hat the experiments are performed to detect and identify varia- 

ions in viscosity under the real conditions of a polymer produc- 

ion line. 
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