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Introduction

Because of the flow complexity in a twin screw extruder, the experimental determination of the residence time distribution (RTD) is a relevant choice. It enables to evaluate material flow, quality of product, efficiency of chemical reaction and mixing performance.

Since decades, lots of experimental methods have been used to determine RTDs. In the literature, many authors only measured the overall RTD. In this paper, an efficient on-line method to characterize the flow in local zones is presented.

The mean residence time and the variance of RTD functions give interesting information to investigate the influence of operating conditions (throughput, screw speed) on the mixing quality.

In the present paper, the RTD functions of independent sections of the extruder are numerically convoluted and compared to the overall RTD function. The convolution theory enables to determine RTD functions corresponding to each independent section of the extruder despite some possible measurement difficulties.

To understand the flow behaviour, numerous models have been developed. We propose to develop a predictive model based on the statistical theory introduced by Chen et al.,1993a, 11993b. The model was validated for a non intermeshing counterrotating twin screw extruder by [START_REF] Chen | Residence Time Distribution in Non-intermeshing Counter-rotating twin screw Extruders[END_REF] upon considering C-chambers as independent elements. The RTD of each element was calculated based on the work of [START_REF] Janssen | Residence time distribution in a plasticating twin screw extruder[END_REF]. We propose to adapt it to an intermeshing corotating twin screw extruder. The overall RTD is the convolution of individual elements to be defined.

Theoretical backgrounds

A few words about the RTD functions

The RTD can be described quantitatively using the function, f(t), introduced by [START_REF] Danckwerts | Continuous Flow Systems: Distribution of Residence Times[END_REF].

f(t).dt represents the fraction, at the exit, of flow that has been in the extruder during a period comprised between t and t +dt.

It can be evaluated thanks to the data of concentration vs. time and the following equations [START_REF] Levenspiel | Chemical Reaction Engineering[END_REF]:

 =  0 c(t)dt c(t) f(t) (1)
The mean residence time is then given by :
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Dimensionless time can be defined:
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The variance represents the axial dispersion:

( ) f(t)dt t t σ 2 0 2 m t   - = (5) and, 2 m 2 t 2 t σ σ =  (6)
It can be related to the dispersion number, Peclet number, Pe. (Levenspiel et Smith,1957). 

Superposition of RTD functions

Consider n statistically independent screw elements with the individual RTD functions f1(t), f2(t), fn(t). This statistic independence requires perfect mixing or a uniform concentration at every boundary that connect two subsystems. Moreover each subsystem must be closed. So particles in the downstream subsystem do not communicate with adjacent ones. [START_REF] Chen | Residence Time Distribution in Non-intermeshing Counter-rotating twin screw Extruders[END_REF].

The overall RTD f(t) is equal in the Laplace domain [START_REF] Nauman | Mixing in continuous Flow System[END_REF]:

(s) f (s)...... f (s) f (s) f n 2 1 = (9)
In the time domain:

1 2 1 n 1 n 2 n n 1 n τ τ 0 1 n τ t 0 2 2 1 t 0 1 dτ ...dτ )dτ τ (τ )f (τ f ... ) (τ f ) (τ f f(t) 2 n 3 n 1  -  = - - - - - - -    - - (10) 

RTD Model

As a first approximation, the RTD in an individual turn of screw channel can be represented by the RTD model for a single screw extruder filled with a Newtonian melt, developed by Pinto and Tadmor [10], used by Wolf and White [11] and by Chen et al.[5].

The equations are based on parallel plates model and constant depth of the channel. The distribution function f(t) is represented by:
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where a=y/H (a<2/3), y measures the distance from the screw root and H the channel depth,  represents the helix angle, L is the axial length, Vb is the barrel velocity, Vz the down channel velocity component of the barrel,

The ratio of pressure to drag flow, noted , is defined by the equation 14 and is related to the flow rate through the relation 15:

Θ) (1 2 WHv Q z + = (14) z P μ 1 6v H Θ z   - = (15) 
where  represents the viscosity.

f1(t) f2(t) fn(t)



The time is related to a by:

) ) 3a 2a (1 a a(1 ) 3a 2a 3(1 1 3a cosθ sinθ 1 Θ) (1 3v L t 0,5 2 0,5 2 z - + + - - + + -  + = (16)
The mean residence time is equal to

cosθ sinθ 1 Θ) (1 v 2L t z m  + = (17)

Experimental

The extruder is a Clextral BC21 fully intermeshing corotating twin screw extruder. The length of the barrel is 900 mm, the diameter 25 mm, the centerline 21 mm.

Figure 1 presents the screw profile used for studying the influence of operating conditions (Screw profile A) and the other for the convolution and deconvolution studies (Screw profile B). It also indicates the injection and detection locations. anthracene and polyethylene, and a macrotracer: anthracene bearing polyethylene. [START_REF] Kadri | On-line measurement of the residence time distribution in screw extruders[END_REF] A batch is also made with polyethylene. This macrotracer ensures to have the same rheological behaviour as polyethylene.

Optical fibers
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Figure 4. Fluorescent macrotracer preparation

Tracers are injected at different locations along the extruder. At the feed throat, pellets of tracer are injected as a pulse. In the melt zone, pellets are melt and injected thanks to an air pulse jet.

The detection system is shown on the figure 5. 

Results and discussion

Validation of the technique of detection

The screw profile used is shown figure 1 (Screw profile A).

Validation of the system

The reproducibility of the measurements has been checked.

Figure 6.Local and overall RTD functions

As expected, the distribution is wider and the mean residence time is longer for the overall RTD detection.

Validation of the tracer

Figure 7. Equivalence of RTD functions for macrotracer and microtracer

The macrotracer gives the same signal as the microtracer. For the other experiments the microtracer will be used. 

Influence of operating conditions

As expected, an increase in screw speed makes the mean residence and the dispersion time decrease. A throughput increase makes the mean residence time and the dispersion decrease.

Specific throughput

In reactive extrusion, the quality of a product is related to the quality of mixing. Specific throughput is an operating parameter for characterizing distributive mixing and is defined as the ratio of volumetric flow rate to screw speed, Q/N, (Bigio). 

Verification of the convolution theory

The convolution theory can be verified between independent elements. In our experiments, staggered elements included to the screw profile at the beginning of zone 7 (figure 1, Screw profile B) enable to obtain perfect mixing (almost in two dimensions).

In theory, f must be equal to the convolution result of f1 and f2. Figure 12 shows the principle of the convolution.

Figure 12. Convolution

The operating conditions are: Q=20,7 g/min and N=200 rpm. The tracer used is a masterbatch of polyethylene and microtracer (1% wt). The quantity injected is 0,1 g.

Experiment number

Injection location Detection location N1 Feed throat Z7 N2 Z7 die N3

Feed throat die

Table 1. Operating conditions

The convolution of f1 and f2 has been numerically calculated and compared to the RTD function obtained in the experiment N3.

Figure 13. Convolution validation

The theory of convolution between two independent elements has been verified. We aim at using the theory of convolution and deconvolution to find a predictive model for RTD screw twin screw elements. The RTD model developed by Pinto and Tadmor allows to calculate the RTD distribution for each half-turn of screw channel. In the operating conditions, 0.26m/s πDN v b = = .

.25m/s 0 cosθ v v b z =  = . Q=20.7 g/min corresponds to a volumetric flow rate 0.3625 cm 3 /s. 942 . 0 =  which represents a difference of pressure vs. viscosity for the section z7-z9 of 37798  Pa. This result proves the existence of a fully filled length. This value will be determined in the future.

The mean residence time can be calculated for each half turn. Z is 6.27 cm. Therefore, the calculated tm equals 8.65 s.

The experimental overall mean residence time is 86.4 s. It corresponds to about 10 independent elements.

In fact, 10.66 half turns effectively constitute the section zone 7-zone 9. Indeed 1 turn represents 3L/4 so 4L represents 5.33 turns.

The appropriate individual elements may correspond to each half-turn of the screw elements.

The model has been verified with the mean residence time, it must now be extended to the residence time distribution.

The RTD function for each half turn modelled by the equations of Pinto and Tadmor ( 1970) is represented at the figure 14.

Figure 14. RTD function for a half turn

The first particle which will reach the following half turn with a delay equal to Z/vz = 0.25 s. The first step is to make the convolution of f(t) with f(t) delayed of 0.25 s. The result is convoluted with f(t) delayed of 0.5 s compared to the first function and so on. We aim at approaching the experimental RTD and to find the number of individual half turns necessary to model the screw elements. Some improvements have to be made to the model. The conditions of applications of the theory of convolution have to be defined.

The effective percent channel fill and the filled length have to be determined in the future. For the partially filled section, it will be assumed to have a plug flow behaviour and for the fully filled we can apply the model we used in this paper.

Thanks to the convolution theory, each section of an intermeshing twin screw extruder can be reached by a deconvolution method.
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 10 Figure 10. Influence of the quantity of tracer injected
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 9 Figure 9. Influence of specific throughput at the die

  with the determination of local RTD. It shows the validity of the fluorescence method. It validates the theory of convolution and uses it to model screw elements.

Examination of the predictive model

We propose to model a twin-screw zone composed of conveying screw elements.

The theory of convolution can be used between statistically independent elements. Convenient individual zones have to be chosen to model the screw elements (between zone 7 and zone 9).

The flow is supposed to be sufficiently randomized in the apex area. The RTD functions in any two adjacent half-turns of the screw channel [START_REF] Chen | Residence Time Distribution in Non-intermeshing Counter-rotating twin screw Extruders[END_REF] are independent. So, a comparison between the multiple convolution of those individual elements and the overall RTD can be made. The number of elements has to be calculated to fit the overall signal.

Two models can be proposed depending on the degree of fill. The first one represents the flow behaviour as a plug flow. The second one considers the RTD of each individual element can be represented by the RTD model introduced by [START_REF] Pinto | Mixing and Residence Time Distribution in Melt Screw Extruders[END_REF] for a single screw extruder filled with a Newtonian melt.

Before introducing the models, the studied section is described.

The screw profile is shown at the figure 1. The zone 7-zone 9 section that we investigate to model, is composed of 4 screw elements. The geometrical characteristics of each element are the following: Length L=5cm, Channel depth H=0.5 cm Channel width W=1 cm Diameter D=25 mm Pitch Ls=25 mm Helix distance Z=6.27 cm, The calculated angle helix  is equal to 17.7° (tan=Ls/ D) The operating conditions are: Q=20.7 g/min and N=200 rpm. The HDPE density is equal to d=0.952 g/cm 3

The first model is applied supposing that the section zone 7-zone 9 is partially filled. The flow behaviour can be compared to a plug flow. The experimental mean residence time obtained for this section is equal to 86.4 s.

The distance made by a particle for each half-turn would be  sin 2 1 4

3L

The axial distance of 4 screw elements is 4L.

So, if the rheological behaviour was the same as a plug flow the particle would reach the end after 2/3 turns. The screw speed equals N= 200 rpm. The effective mean residence time should be 1.6 s, which is much shorter than the experimentally measured mean residence time (86.4 s). Moreover, the experimental RTD distribution obtained for this section does not look like a Dirac as the curve N1 shows on the figure 13.A plug flow behaviour must be rejected. That screw section was probably not partially filled over its entire length. It would be composed of a partially filled zone followed by a fully filled one.

For the second model, the zone 7 -zone 9 part is supposed to be fully filled in the entire length and we consider the RTD of each individual element can be represented by the RTD model introduced by [START_REF] Pinto | Mixing and Residence Time Distribution in Melt Screw Extruders[END_REF] for a single screw extruder filled with a Newtonian melt.