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A mathematical model for investigating the melt flow behaviour of thermoplastic natural rubber (TPNR) in a 
double feed system of a single-screw reciprocating injection unit using a specially written software is presented. 
The model enabled the prediction of processing parameters in the feed and main extruders, from which the 
optimum conditions for processing TPNR were obtained. The introduction of the double feed system also 
contributed to better mixing in the main extruder. © 1998 Elsevier Science Ltd. All rights reserved. 
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INTRODUCTION 

The current interest in polymer alloys and blends is, to a 
large extent, concerned with the dispersion and mixing of 
polymers on melt compounding processing equipment such 
as extruders 1. Much of this work centred on controlling 
microstructure at will for a wide range of systems under 
melt processing conditions. Another interest is the analysis 
of melt flow behaviour, particularly for thermoplastic 
polymers in single-screw extruders. After the pioneering 

2 work of Tadmor et al. , other researchers have produced 
mathematical models to describe such behaviour 3-s. 

An area which needs further development is the 
investigation of the melt flow behaviour during processing 
of a class of thermoplastic polymers known as thermoplastic 
natural rubbers (TPNRs). These polymer blends/alloys 
consist of thermoplastics, such as polypropylene (PP), 
alloyed with natural rubber (NR) with different thermo- 
plastic to NR ratios. The rationale of producing such blends 
was to harness the desirable properties of NR and the 
processability of thermoplastics. The work on TPNRs has 
been done predominantly by Elliott 9 11. The TPNR 
developed has since been commercialized as Vitacom ~ .  
Much of the published work on TPNRs to date has 
concentrated on their blend formulations in static mixing 
and correlating these with the ensuing morphology, as well 
as mechanical properties 9-13. The only work describing 
melt flow behaviour of TPNR (PP/NR) blends has been that 
of Kuriakose and De 14. In the Kuriakose and De study, the 
melt flow behaviour was evaluated in terms of rheological 
properties. 

In this particular study, two issues are addressed: (i) the 
melt flow behaviour of TPNRs in melt processing and (ii) 
the feeding of blends in the pre-plastication stage. The 
blends were fed into the feed extruders prior to plastication 
in the main extruder. The schematics of this set-up are 
explained further in the mathematical model, in which the 

* To whom correspondence should be addressed 

modifications to the original machine configuration are 
explained (see Figure 1). 

MATHEMATICAL MODEL 

Feed extruder 
The feed extruders were divided into two sections: (a) the 

solids conveying section and (b) the melting section, as 
shown in Figure 2. The 'Maddock melting mechanism', as 
shown in Figure 3, was used in the analysis of the feed 
extruder, which was presented by Tadmor and Gogos 15. In 
the present study, their analysis was used to predict the 
melting rate and the upper melt film thickness profiles along 
the feed extruder axis, and the amount of unmelted polymer 
at the end of the feed extruder. This information was 
subsequently used to determine the initial conditions of the 
main extruder. 

Assuming the down-channel velocity of a solid bed as Vsz, 
the relationship of the rate of melting, WL(Z), solid-bed 
width, X, and material properties is as follows1°: 

VbxPmU 2 [km( t  b - -  Tm) -~- U,/2]X 
WL(Z)= 2 [ ~ k * - ~ - C m ( T b - T m ) ~  ] (1) 

where  Vbr, km, Pm, Tb, Tin, T*, Cm, UI, U 2 and X* are the 
cross-channel directional barrel velocity, thermal conduc- 
tivity, melt density, barrel temperature, melting point, the 
dimensionless mean temperature, the specific heat of melt 
polymer, the reduction of the rate of melt removal of the 
film by drag flow as a result of temperature dependence and 
shear thinning of the viscosity, the rate of viscous dissipa- 
tion (per unit width) in the melt film and latent heat of 
fusion, respectively. The film thickness 6 is given as: 

{ [2km(Tb _ Tm) + U,] X }1/2 
6 = VbxUZPm IX* + CmT~(Tb - Tm)] (2) 

The initial dimensions of five zones were determined from 
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the following expressions: 

W(1 - R) 
W~0 = / / co  = HE0 = RWH/TrR~ - 1 (3) 

R = kAR A + kBR B (4) 

where kA, kB, W, H, Rp, RA and RB are the ratio of the PP 
component to the PP/NR blend, the ratio of the NR 
component to the PP/NR blend, the channel width, the 
channel depth, the mean radius of solids, and the amount 
of unmelted polymeric PP and NR, respectively. 

Main extruder 
The main extruder was divided into two sections with 

respect to its functions: (a) the mix-melting section and (b) 

the melt-conveying section, as shown in Figure 4. The 
locations of these sections along the screw axes depend 
upon the operating conditions, and therefore usually do not 
coincide with those of the geometrical sections. The 
mix-melting section was divided into five zones, as shown 
in Figure 5: (A) a dispersive solid-melt bed; (B) a melt 
pool; (C) a melt film between the barrel surface and the 
solid-melt bed; (D) a melt film between the screw surface 
and the solid-melt bed; and (E) a melt film between the 
screw flight and the solid-melt bed. Before the 
computation was effected, the following assumptions 
were presumed to hold true: (1) steady-state conditions 
prevailed; (2) the screw channel could be described by a 
local Cartesian system; (3) the melting region consisted 
of five distinct regions; (4) the polymer had a sharp 
melting point, Tm; (5) The down-channel velocity of the 
solid-melt bed varied with z; (6) the molten polymer was 
purely viscous; (7) the solid-melt interfaces were smooth 
and were at determinate physical conditions; (8) leakage 
flow from the flights could be neglected. Additional 
assumptions are given at the point where they enter the 
analysis. 

Zone A represents a solid-melt bed. The flow of thermal 
energy in the solid-melt bed is governed by the following 
expressions, assuming that WM >> HM: 

V~,I OTsl VMz OTs1 02Ts1 
- -  + - -- a -- y --< H~ (5) 

c¢ s Oy as Oz Oy 2 
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Y 

Vsy2 0Ts2• q_ __VMz OTs.~ _ 02Ts2 0 -- < y <-- a* (6) 
% Oy % OZ Oy 2 

where c~s, V~yl, V~y2, Tsb Ts2 and HM are the thermal 
diffusivity of the solid polymer, the effective radical 
movement of the interfaces AC and AE caused by melting, 
the temperature profiles in the solid-melt bed and the height 
of the solid-melt bed respectively; a* is the distance 
measured from the bed floor at which the temperature 
gradients vanished and the temperature profiles matched, 
i.e. 

L l ( y = a * , z )  = Ts2(y=a* ,z )  (7) 

WsyQV = a*) = 0 ( 8 )  

The solution of equations (5) and (6) may satisfy the 
following boundary conditions: 

T = Tf at z = 0 (9a) 

T = T m and 1;sy = - -  gsy 2 at y = 0 (9b) 

T =Tm and V~y = Wsy I at y = H M (9c) 

where Tf is the average feed temperature of the mixtures 
coming from the two feed extruders. It is assumed that, 
at the start of melting in the main extruder, heat 
balance within feeds had been reached. Tf is estimated 
from: 

Tf = (kATfACpA -F kBTfBCpB)/(kACpA -t- kBCpB) (10) 

where k, Cp and Tf~ are the ratio of each component to the 
blend, the heat capacity and mean temperature of each 
component, respectively. The subscripts A and B denote 
the two components of the blend. 

The down-channel solid-melt bed velocity VMz is 
estimated from the local flow rate and dimensions of the 

solid-melt bed, i.e. 

mAl: (11) 
VMzlz - PMWMIzHMIz 

where WMIz and HMIz are the width and height, respectively, 
of the solid-melt bed at the down-channel position z. 

Zone B represents a melt pool. The flows were considered 
to be fully developed and low viscous dissipation prevailed 
in the slowly growing melt pool bounded by walls of 
constant temperature. The transverse flow may be 
approximated by: 

OP (B) 0 f (B) Ov~)'~ 
(12) 

The down-channel flow field is described by: 

The molten polymer was assumed to follow a power-law 
model, and the viscosity is given by: 

t/(B) = m0 exp [b(T R --  T(B))] 

× ~ f -y )  + ( ~ x - x  J + \ ~ - y  J (14) 

where m0, b, TR and n are the power-law constant, the 
temperature sensitivity, the reference temperature and the 
power-law index, respectively. 

The energy equation is given as: 

--  m ~ OX 2 Oy 2 j 

~f -y )  + \ ~ - x  J + \~--y J (15) 
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The solution of equations (12), (13) and (15) satisfies the 
following boundary conditions: 

v ! B ) = 0 ,  v ~ B ) = 0 ,  T ( B ) = T c  aty=0 (16a) 

v~B)= Vbz, V~ B)= --Vbx, T(B)=Tb a t y = H  (16b) 

V~ B) = 0,  T (B) = T c at x = 0 (16c) 

V~ B) = gMz , T (B) = T m at  x =  W M (16d )  

where Tc is the screw temperature, which is determined 
from the following empirical  expression I 1: 

To(z) = Tb[1 -- exp(c~z)] + Tf exp(az)  (17) 

where 

o~ - - - -  l n [ ( T  m - T b ) / ( T  f - Tb ) ] /Z '  (18)  

with Z'  the position at which the lower melt film begins to 
increase. 

Zones C, D and E represent the thin melt films 
surrounding the so l id -me l t  bed, as shown in Figure 5. 
Zone D can be treated as an extension of  zone E. Assuming 
that flows are fully developed in the down- and cross- 
channel directions (i.e. Ov~/Ox = 0 and Ovz/Oz = 0) and 
that the melt  films circulated around the so l i d -me l t  bed, the 
x- and z-components of  the momentum equations become: 

OP__ O (rlOvx~ (19) 
Ox Oy \ Oy J 

oP o / ouz'  
oz-  yt?Ty ) (20) 

The viscosity, ~, of  the melt is given by: 

i ( + ( o% 
~7 = m 0  exp[b(TR - 7")1 L \  Oy/ \~-y/ J (21) 

The energy transport equation is given as: 

pmCmvzu~.=km~y -l-rl OyJ \ OyJ J 

The boundary conditions for zone C were: 

v!C),. = VMz, Vx" (C) = 0, T = T m at y = H - H C (23a) 

v~ 0 = Vbz, v(~ O = -- Vbx, T = T b at y = H (23b) 

and the boundary conditions for zones D and E were: 

V (E) = 0, V~ E) = 0, T (E) = T c at y = 0 ( 24a )  

v (E) = 0, v~ E) = VMz , T (E) = T m at  y = H E ( 2 4 b )  

Table 1 Physical and thermal properties of polypropylene and natural 
rubber 

Material PP" NR t, 

Properties in the solid state 
Density (kg m-3) 905 920 
Specific heat, Cps (J kg i °C ~) 2400 1881 
Thermal conductivity, k~ (W m 1 °C 1) 0.235 0.192 
Heat of fusion (J kg-t)  58 000 64 000 
Melting point, Tm (°C) 170 80 
Coefficients of friction 0.67 1.75 

Properties in the molten state 
Density (kg m 3) 770 920 
Specific heat, Cpm (J kg I °C 1) 3074 1881 
Thermal conductivity, km (W m i o C i) 0.182 0.134 
Power-law index for viscosity, n 0.335 0.13 
Power-law constant for viscosity, m0 (Pa s n) 15 100 292 800 
Reference temperature, TR (°C) 205 100 
Temperature coefficient, b (K 1) 0.014 0.0201 

~GSE 111 AA polypropylene grade (for general compounding) obtained 
from Polypropylene Malaysia 
bSMR GP grade obtained in bale form (33 kg) from the Rubber Research 
Institute of Malaysia 

Table 2 Extruder configurations" 

Extruder Unit Main extruder Feed extruder 

Screw diameter mm 30 30 
Length in feed zone L D- l  10 10 
Length in transition zone L D -I 5 
Length in metering zone L D-  t 5 - -  

Helix angle degree 17.8 17.8 
Channel width mm 25.9 25.9 
Channel depth in feed zone mm 5 5 
Channel depth in metering mm 2.0 - -  
zone 
Flight width mm 3.0 3.0 
Flight clearance (radical) mm 0.06 0.06 
Screw lead mm 30.38 30.38 

aExtruder configurations were based on the Arburg 850-210 A 320D 
injection moulding machine originally equipped with a single-screw 
extruder 

Table 3 Operating conditions 

Extruder Unit Main extruder Feed extruder Feed extruder 
(TPNR) (PP) (NR) 

Barrel °C 180-210 180-190 95 - 105 
temperature 
Screw °C 41.1-210 25 25 
temperature 
Average feed °C 41.1-57.6 25 25 
temperature 
Heating turn 2 3 5 
started from 
Screw speed rpm 80-100 4.5-43.8 4.3-42 
Throughout kg h ~ 8.85-12.75 0.885-11.475 0.885-11.475 

NUMERICAL SCHEME 

The melting profiles in the feed extruder can be obtained by 
solving equations (1) and (2) numerically, using the 
Newton-Raphson method. In order to compute the velocity, 
the pressure and temperature distributions in the five zones 
along the main extruder, we numerically solved the system 
equations using the over-relaxation method. The computa- 
tional algorithm that we have employed is very similar to 
that of Elbirli et  al. 6, with the one important difference 
being that we have used an integration method to solve the 
equations of motion. In the present investigation, at each 

incremental axial position Az, equations (12), (l 3), (19) and 
(20) were first solved for the velocity distributions in zones 
B, C, D and E, using the fourth-order Runge-Kutta method, 
subject to the boundary conditions in equations (16a-d), 
(23a and b) and (24a and b), respectively. The temperature 
distributions were then determined by rewriting equations 
(15) and (22) in finite difference form and solved using the 
Crank-Nicolson method. 

It should be pointed out that the velocity and temperature 
distributions were coupled, making the numerical solution 
of system equations iterative in nature. 
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RESULTS AND DISCUSSION 

The TPNRs used in this study were PP/NR blends of 10:90, 
30:70, 50:50, 70:30 and 90:10 ratios. The physical 
properties were determined from the following expression: 

GAB ~--- kA G A -F kBGB (25) 

and the rheological properties were estimated by: 

log 7/AB = k A log I"]A -J- kB log I'/B (26) 

where G is a physical property such as density, specific heat, 
etc., k is the ratio of each component to the blend and ~/is the 
apparent shear viscosity. The subscripts A, B and AB denote 

PP, NR and PP/NR blends, respectively. The characteristics 
of the two basic materials are given in Table 1. Tables 2 
and 3 summarize, respectively, the extruder configurations 
and operating conditions which were employed in the 
simulation. 

The whole mathematical model was based on the 
assumption that steady-state conditions prevailed. It was 

into the noted that the melting model taking account 
unsteady state has been developed by Pearson 6, but since 
the system equations were very complex, the steady-state 
model was adopted in this study. 

The analysis in the feed extruder adopted Tadmor's 
model, bearing in mind the modified versions of Elbirli 6 and 
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Cox and Fenner ~7, which assumed that the solid bed was 
rigid. The parameter used was X/W (see Figure 3), which is 
the reduced solid-bed width. In this study, the geometry of  
the feed extruder was designed to give an X/W value 
reported to be in the range which can hold the Maddock 
melting mechanism 18't9, a value greater than 0.20.The 
results of  the computation in the feed extruders are given in 
Figures 6-9. Figures 6 and 7 give predictions of  the effect 
of  screw speed on the melting profiles of  PP and NR in the 
feed extruders. It was seen that the amount of  melted 
polymer increased with the screw speed. This was reasonable, 
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TPNR melts in the main extruder 

since smaller values of  screw speed indicated longer 
residence times of  the polymer in the extruder, allowing 
more time for the solid polymer to melt, resulting in a faster 
rate of  decrease in the solid-bed width along the extruder 
axis. Due to the geometry of  the extruder, the polymer was 
melted by heat from the hot barrel more than by viscous 
shear heating. A comparison of  Figures 6 and 7 led us to 
conclude that the effects of  screw speed on the melting of PP 
and NR in the feed extruders were nearly identical. 

Figures 8 and 9 give predictions of  the effect of  barrel 
temperature on the melting profiles of  PP and NR in the feed 
extruders. As shown in Figure 8, even with a small change 
in barrel temperature (5°C), the effect on processing PP was 
significant. However, differences of  barrel temperatures in 
the feed extruder did not seem to affect the reduced solid- 
bed width of  NR along the extruder axis (Figure 9). This 
may be attributed to the following: (1) the thermal 
conductivity of  NR was greater than that of  thermoplastics 
and (2) the geometry of  the feed extruder enabled a greater 
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volume of melt. A comparison between the two figures led 
us to conclude that the effect of barrel temperature on 
processing PP was much more significant than that of NR. 

Figures 10-13 show the effect of blend composition on 
the processing of PP/NR blends. NR was fed at a 
temperature of 100°C, whilst PP was fed at 185°C. The 
temperature of the inlet of the main extruder was 185°C, 
with a screw speed of 90 rpm. It can be seen from Figure 10 
that the rate of increase in feed temperature decreased with 
an increase in PP content. Figure 11 shows plots of reduced 
mass flow rate of the solid-melt bed, mAz/Mt, where mAz is 
the mass flow rate of the solid-melt bed in the z-direction 
and M t is the total mass flow rate, versus distance along the 
main extruder axis for various PP/NR blends. When the 
melting was assumed to be essentially complete, i.e. when 
the value of mA=/Mt became less than 0.05. It can be seen 
from Figure 11 that the melting rates of PP/NR blends with 
10:90 and 90:10 ratios were slower than those of other PP/ 
NR blends. The large difference between the two 
composites of PP/NR blends was attributed to a relatively 
slower melting rate. 

Figure 12 shows plots of axial pressure difference versus 
distance along the main extruder axis for various PP/NR 
blends. It was noted that the pressure in the melting section 
increased along the main extruder axis and the rate of 
increase in the axial pressure increased with PP content. To 
obtain the theoretical values of the axial pressure profiles, a 
constant value of melt density was used. In this respect, our 
results are similar to those of Lee 2°. Even though the melt 
density is known to vary with temperature, theoretically 
predicted axial pressure profiles obtained by Lee were found 
to be unchanged from those obtained with a constant value 
of melt density. This was attributed to the fact that the melt 
viscosity had a much stronger temperature dependency than 
the melt density. Figure 13 shows, for a specified barrel 
temperature, Tb = 185/195/205°C, and screw speed N = 
90 rpm, predicted average temperature profiles of TPNR 
melts along the extruder axis during the mix-melting 
process in the main extruder for various PP/NR blends. It 
was observed that the temperature changes of TPNR melts 
during melting increased with PP content. When the PP 
content in PP/NR blends was less than 50%, the processing 
characteristics of TPNR were more akin to those of 
elastomers, as the blends began to show the melt behaviour 
of elastomers. 

CONCLUSIONS 

It was inferred from the present study that both design and 
processing parameters influenced the amount of molten 

polymer in the system, measured as X/W, the reduced solid- 
bed width. Changes in screw speed in processing affected 
both PP and NR; the higher the screw speed, the greater the 
values of X/W. The value of X/W was affected more at 
higher screw speeds. This phenomenon was observed for 
both the feed and the main extruders. Blend compositions 
affected melt characteristics, the critical composition being 
a ratio of 50:50 (PP/NR). The introduction of the feed 
system enabled melting to be completed in the 'feed' section 
of the main extruder, resulting in a larger melt conveying 
zone. The larger melt conveying zone would enable the 
system to offer better mixing of the blends. Though not 
exhaustive, the computation provided a basis for the 
selection of optimum processing conditions for these 
interesting classes of materials. 
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