
EXPERIMENTAL

Powdered TiOz (2 g) was pressed into a small pellet
with a ten-ton laboratory press, so that it could be added
to the extruder as a pulse. The APV MP2030 co-rotating,
30-mm fully intermeshing, self-wiping, twin-screw extru­
der was operated at a mass flow rate of 4 kg/h, and the

This equation is valid for the mean average value of
RT only with the provision that the RTD is a normal
distribution. However, the RTD from an extrusion pro­
cess is a skewed normal distribution, with a longer tail
at the high values of time (t), and therefore the value
obtained for the residence time is the "median" and not
the "mean" average. The "median" average is an over­
estimation of the "mean" average residence time in the
current system. A second problem with this method is
that the operator has to discern the point at which all of
the tracer has disappeared (tmax)' which in practice is dif­
ficult and can result in error.

A previous report by Hendra et aI.3 in the literature
described the application of Raman spectroscopy to the
in-line analysis of molten poly(ethylene terephthalate) us­
ing a specially constructed glass die. In this study, the
effects in Raman spectra were interpreted in terms of
changes in molecular shape caused by varying shear rate
and melt temperature. However, no studies were made of
the RTD in the system.

A novel technique for the determination of the RTD
for an extrusion process has been explored and reported
in the current study, where off-line Raman spectroscopic
measurements were employed to determine the concen­
tration of a tracer in high-density polyethylene (BP
HD5050ea). It was necessary for the tracer to satisfy the
following requirements:

• It must have an intense Raman signal close to a ref­
erence band in the base polymer.

• The Raman signal should not be masked by a band in
the base polymer.

• Effective mixing with the base polymer has to occur.
• It must be nonreactive under extrusion conditions.
• It must be capable of being pulsed into the feed port.

It was found that titanium dioxide (TiOz, BDH) mixed
with polyethylene under the extrusion conditions and had
strong Raman scattering at v(TiO) 650 cm-I.

Application of Raman Spectroscopy
for Determining Residence Time
Distributions in Extruder Reactors

N. J. WARD, H. G. M. EDWARDS,*
A. F. JOHNSON, D. J. FLEMING,
and P. D. COATES
Interdisciplinary Research Centre in Polymer Science
and Technology, University of Bradford, Richmond
Road, Bradford, West Yorkshire BD7 IDP, u.K.

Index Headings: Raman spectroscopy; Residence time distribution;
Tracer; Extrusion.

INTRODUCTION

The time that a polymeric material spends in the barrel
of an extruder is known as its residence time. In an ideal
plug flow reactor, all elements of the fluid travel at the
same velocity, and the residence time of each fluid ele­
ment is the same. 1 However, the velocity profile devel­
oped in twin-screw extruders is nonideal because of back­
mixing, as well as the slow exchange of bulk material to
and from a polymer film on the barrel wall or screw
surfaces. Consequently, a distribution of residence times
is produced for the polymer, and this distribution is
known as the exit age distribution or residence time dis­
tribution (RTD). The measurement of the RTD in an ex­
truder usually involves a stimulus-response method.z The
extrusion process is subjected to a pulse input of a tracer
at the feed port. The concentration of the tracer in the
extrudate is then recorded as a function of time. A graph­
ical plot of the tracer concentration against extrusion time
produces the RTD curve. Some tracers which have been
employed in the literature and the relevant property mea­
sured are given in Table 1.

The average residence time can be determined during
the extrusion process by the addition of a pulse of carbon
masterbatch (time, t = 0). The time when the extrudate
changes color (t = tmin) and the time when the extrudate
returns to its original color (t = tmax) are recorded. The
average residence time (RT) may be calculated from Eq. 1:
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R T = (tmax + tmin)
2 (1)
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