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screw (where 0 = 17.64 degrees), for equivalent cross-channel velocity 

components such that: 

V. = V
x 
	 (2.13) 

Then V. . - V /72  
iz 

(2.14) 

i.e. a melting rate due to cross-channel barrel relative velocity in the 

screwback period is accompanied by a down-channel velocity component 

approximately 10 times greater than the corresponding up-channel 

velocity component occurring for the same melting rate due to cross- 

channel barrel relative velocity in the injection case. 	Also, since the 

rate of change of the solid bed width in the down-channel direction is 

slow in the normal screwback plasticating mechanism, 

<< 1 	 (2.15) 

it is not unreasonable to neglect the effect of the up-channel velocity 

component during injection on the_melting during the injection period, 

as a simplification to the real situation. 	Consequently, an estimation 

of the melting during injection could be made by considering the effect 

of cross-channel relative barrel velocity, and neglecting the up-channel 

component. 	Appendix B contains a simplified analysis of melting due to 

transverse flow alone, which was used to estimate the injection melting 

effect. 	The analysis is based on a simplification of the real situation 

but a more accurate formal analysis was outside the scope of the present 

work. 	However, as will be seen, reasonable estimation was possible 

using the simplified model. 

i.e. 
dX 
dz 
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By application of the analysis of Appendix A to the experimental 

conditions using the measured solid bed widths at the start of injection 

(P4), and assuming root film thicknesses equal to the mean of those 

measured at the start and end of injection, a reduced solid bed profile 

for the end of injection was predicted. 	This is shown in Figure 2.36, 

and good agreement is shown. 

From the predicted solid bed profile at the end of injection, it is 

then possible to predict the profile at the start of screwback by reducing 

the solid bed width at each section to the value at which, for the same 

total area of solid bed, the surface melt film is reduced to the 

equilibrium screwback condition, whilst maintaining throughout a constant 

root film thickness equal to that measured at the end of injection (P7). 

The change in initiation point of the melt film and the initial development 

of the melt film was estimated by assuming that the position at the start 

of injection of the beginning of the melt pool represented the limit of 

the barrel set temperature distribution of 2400C and that between that 

point and the centreline of the feed hopper, a linear temperature 

distribution occurred with the feed hopper position being at the feedstock 

temperature (2000 nominal). 	Hence, during the injection stroke, the 

film growth prior to the initial position along the screw of the melt 

pool could be estimated. 	By assuming that a melt pool was formed once 

the film had reached the stabilised thickness occurring during screwback,  

(rather than the higher thickness found in the later stages of injection 

melting) it was possible to estimate both the initiation point of the melt 

film by the end of injection, and hence the start of screwback (since the 

root film thicknesses actually occurring were used). 	The final 

predicted profile is shown in Figure 2.37 and compared with the actual 

profile measured in extraction P6. 	In this case, a reasonable degree of 
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agreement is again evident. 

Hence, the general conclusion evident from this part of the study 

is that the effect of the injection motion of the screw is sicnificant 

in that the additional melting resulting has been seen to be important 

in predicting the solid bed profile at the start of screwback. 

2.5.6 Experimental series El-E6, Gl, G3  

To conclude the present experimental work, it was decided to perform 

a study of the plasticating behaviour exhibited by the reciprocating-

screw for a small shot weight, and hence injection stroke. The study 

was performed using the machine operating on a true moulding cycle with 

the experimental mould. The study was performed in two sections 

corresponding to the two materials. 

The study using ABS is described in Figure 2.38. A series of 

extractions were performed during an overall cycle time of 40 seconds, at 

the start, middle and end of injection (E6, E5 and E4) and at the start, 

middle and end of screwback (E3, E2 and El). 	In view of the small shot 

weight (approximately 28% of the full capacity), a short injection time 

(5.0 seconds) and a short screwback time (3.4 seconds) were evident, and 

hence the cycle was dominated by the soak period (31.6 seconds). 

Screw extraction maps are shown in Figure 2.39, and reduced solid 

bed width plots for the start and end of screwback are shown in Figure 

2.40. 	Reduced solid bed width plots from other extractions are not 

shown, to avoid confusion of points. 

As is evident from Figures 2.39 and 2.40, the plasticating behaviour 

exhibited is vastly different from that observed previously for the larger 

shot weights. However, the observed behaviour can be predicted 

qualitatively quite easily in view of the findings of the previous work 
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in interpreting the cyclic changes. 

Assuming that for the very first cycle of the machine, for a small 

shot weight, the initial solid bed profile along the screw channel is 

represented by the most extreme case of an extrusion case distribution, 

it can be expected that at the end of a long soak period (31.6 seconds), 

the melting profile will be considerably changed toward a rapid melting 

profile, as shown. The following injection movement is relatively 

small, and so the change in profile during injection will not be 

particularly marked. However, the subsequent screwback period and stroke 

is also correspondingly short and so relatively little transition away 

from the rapid melting profile will occur. A further long soak period 

will result in an even more severely tapered melting profile, and hence 

after a large number of cycles, when a repeatable cycle is attained, the 

behaviour will be as that actaullly observed, i.e. a general rapidly 

tapered solid bed occurring throughout the cycle, with very little change 

occurring during the injection and screwback periods. 

Figure 2.41 shows the operating conditions for experiments G1 and 

G3, in which the conditions of experiments El to E6 were duplicated using 

polypropylene as the experimental material. Two extractions were 

performed, one at the start of screwback (G3) and one at the end of 

screwback (G1). 	The resulting reduced solid bed width plots are shown 

in Figure 2.42, and the same quantitative effects are evident as in the 

screwback behaviour of the previous experiments involving ABS. 

2.6 Conclusions  

It has been shown by the present work that, although partial 

agreement has been found with previously reported experimental work and 

theoretical proposed reciprocating-screw plasticating models, certain 
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aspects previously not considered have a significant effect on the 

plasticating behaviour. These aspects involve the axial motion of the 

screw during screwback and injection with respect to the changing 

boundary conditions seen by the screw, and in addition, a significant 

additional melting action resulting from the screw forward motion during 

injection. 

Relatively simple analyses have been derived and used to estimate 

the effects observed during conduction melting and injection melting, and 

a reasonable agreement found with the observed effects, but that 

particular care must be exercised in the selection of the boundary 

temperature conditions in the application of the analyses to the root 

melt film. 

The presence of a root melt film was seen in later stages of the 

melting process, and this, although reported for plasticating extruders, 

had not been considered in previous work on reciprocating-screw 

plastication. 

The findings were extended to the situation of a small shot weight 

cycle dominated by conduction melting and qualitative agreement of the 

findings observed. 
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Fig.2.3 SELECTION OF SCREW ORIGIN 

(a) On diagram of screw  

(b) On diaTtam of unwrapred scr'w channel  



FIG.2.4. GENERAL VIEW OF THE RECIPROCATING-SCREW MOULDING MACHINE 
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FIG.2.7, THE EXPERIMENTAL NOZZLE AND  DIE PIECES 

FIG.2.8. THE THREE COMPONENT EXTRACTION SET 
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FIG02.9 	OPERATING CONDITIONS FOR EXPERIMENTS J1-J12,K1-K9 

Material: ABS Type TSA84B 

Supplier: Sterling Moulding Materials. 

Barrel Set Temperature (all zones): 240 deg.C. 

Overall Cycle Time: 40.0 sec. 

Injection Stroke (Series K): 12,0 cm. 

Injection Time 	( 	"): 10.0 

Screw Delivery Pressure: 10 MN/M2  

DETAILS OF EXTRACTIONS: 

sec. 

(1450 lbf/in2) NOMINAL 

226 SCREW SPEED (RPM) 	! 116 153 

SCREWBACK TIME (sec) 20.0 15.0 10.0 
I 

Start of screwback (fixed screw) 
Extraction No. J4 J7 J10 
Displacement (cm) 12.0 12.0 12.0 
Time (sec) 

[ 
2,0 1.5 1.0 

Start of screwback (reciprocating) 
Extraction No. K1 K4 K7 
Displacement (cm) 	i 1.35 1.28 0.60 
Time (sec) , 1.9 1.4 0.4 

Middle of screwback (fixed scfew) 
Extraction No. J5 J8 	J11 
Displacement (cm) 	E 12.0 12.0 	12.0 
Time (sec) 10.0 7.5 	5.0 

Middle of screwback (reciprocating) 
Extraction 	No. K2 • K5 K8 
Displacement (cm) 6.36 6.24 	6.05 
Time (sec) 10.2 7.6 	4.9 ------------------ 
End of screwback (fixed screw) 

J6 J9 	J12 Extraction No. 
Displacement (cm) 12.0 12.0 	12.0 
Time (sec) 19.9 14.9 	10.0 

End of screwback (reciprocating) I 
Extraction No. K3 K6 	K9 
Displacement (cm) 	I 11.95 11.80 	12.0 
Time (sec) 19.9 .14.6 	10.0 

'Extrr,I ,n Ce-41+- lor- 
Extraction No. J1 J2 	J3 
Displacement (cm) 12.0 12.0 	12.0 
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FIG.2.25 	OPERATING CONDITIONS FOR EXPERIMENTS Pl-P7 

MaterialiPolypropylene Type 112/00 

Supplier: ICI Ltd.• 

Barrel Set Temperature (all zones): 240 deg.C. 

Overall Cycle Time: 40.0 sec. 

Injection Stroke: 12.0 cm. 

Injection Time; 10.0 sec. 

Screw Speed: 145 RPM. 

Screwback Time: 20.0 sec. 

Screw Delivery Pressure: 10 MN/m2  (1450 lbf/in2) Nominal. 

DETAILS OF EXTRACTIONS: 

Start of screwback 
Extraction No, 	P1 
Displacement (cm) 	1.17 
Time (sec) 	 1.4 

Middle of screwback 
Extraction No. 	P2 
Displacement (cm) 	6.90 
Time (sec) 	 9.8 

End of screwback 
Extraction No. 	P3 
Displacement (cm) 	11.90 
Time (sec) 	 19.5 

Start of injection 
Extraction no. 	P4 
Displacement (cm) 	10.10 
Time(sec) 	 1.5 

Middle of Injection 
Extraction No. 	P5 
Displacement (cm) 	5.76 
Time (sec) 	 5.1  

End of injection 
Extraction No. 	P6 
Displacement (cm) 	1.97 
Time (sec) 	 . 8.4 

Extrusion conditions 
Extraction No. 	P7 
Displacement (cm) 
	

12.0 
Ma: Throughput (gm/min) 
	

185.0 
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(a) START OF SCREWBACK 
	

(b) MIDDLE OF SCREWBACK 
	

(c) END OF SCREWBACK 
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FIG .20 31. 

THE MELTING MECHANISM DURING THE INJECTION MOULDING CYCLE 

A. START OF INJECTION (P4) 

B. MIDDLE OF  INJECTION (P5) 

C. END OF INJECTION(P6) 

D. START OF SCREWBACK (P1) 

E. IIDDLE OF SCREWBACK (1'2) 

1. END Ur' SCREWBACK (P3) 
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FIG.2.33 	MATERIAL PROPERTIES FOR THE EXPERIMENTAL POLYPROPYLENE 

Density of solid, es  ,kg/m3 875.0 

Specific heat of solid,Cps  ,J/kg.deg.0 2325.0 

Thermal conductivity of solid, ks, J/M.s.deg.0 0.215 

Melting point, Tm, deg.C. 160.0 

Latent heat of fusion,)1, J/kg. 54600.0 

Density of melt,e m, kg/m3 760.0 

Specific heat of melt, C
Pm' 

 J/kg.deg.C. 2800.0 

Thermal conductivity of melt, km, J/M.s.deg.C. 0.11 

Temperature of reference viscosity, T0, deg.C. 220.0 
, 

Reference viscosity,itto, 14.s./m
2 
 

Power law index, n, 

Temperature sensitivity of viscosity, b, (deg.0 
-1 

5864.0 

0.364 

0.0123 
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FIG.2.38 OPERATING CONDITIONS FOR EXPERIMENTS El-E6 

Material: ABS Type TSA84B 

Supplier: Sterling Moulding Materials. 

Barrel Set Temperature (all zones): 240 deg.C. 

Overall Cycle Time: 40.0 sec. 

Injection Stroke: 3.43 cm. 

Injection Time: 5.0 sec. 

Screw speed: 150 RPM 

Screwback Time: 3.4 sec. 

/ 	/ 	\ Screw Delivery Pressure: 2.83 MN/m2  (410 lbf/in2  ) 

DETAILS OF EXTRACTIONS 	 • 

Start of screwback 
Extraction No. 	E3 
Displacement (cm) 	9.48 
Time (sec) 	0.8 

Middle of screwback  
Extraction No. 	E2 
Displacement (cm) 	10.66 
Time (sec) 	1.8 

End of screwback 
Extraction No. 	El 
Displacement (cm) 	11.95 
Time (sec) 	3.4 

Start of injection 
Extraction No. 	E6 
Displacement. (cm) 	10.30 
Time (sec) 	0.5 

Middle of injection 
Extraction No. 	E5 
Displacement (cm) 	8.67 
Time (sec) 	2.5 

End of injection  
Extraction No. 	E4 
Displacement (cm) 	8.57 
Time (sec) 	4.7 
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FIG.2.41. 	OPERATING CONDITIONS FOR EXPERIMENTS G1 G3 

Material: Polypropylene Type 112/00 

Supplier: ICI Ltd. 

Barrel set temperature (all zones) 240 deg.C. 

Overall Cycle Time: 40.0 sec. 

Injection Stroke: 3.70 cm. 

Injection Time: 5.0 sec. 

Screw Speed: 150 RPM 

Screwback Time: 3.7 sec. 

Screw Delivery Pressure: 3.79 MN/m2  (550 lbf/in2) 

DETAILS OF EXTRACTIONS 

Start of screwback 
Extraction No G3 
Displacement (cm) 9.55 
Time (sec) 0.5 

End of screwback 
Extraction No. G1 
Displacement (cm) 12.0 
Time (see) 3.7 
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CHAPTER 3  

AN EXPERIMENTAL STUDY OF THE EFFECTS OF  

SCREW DESIGN ON RECIPROCATING-SCREW PLASTICATION 

3.1 Introduction 

In the previous chapter, an experimental methodology was developed 

to study the basic mechanism of plastication in a reciprocating-screw 

injection moulding machine. In the present chapter, the same 

methodology is applied to an experimental study of the effects of screw 

design parameters on the plasticating behaviour of a reciprocating-screw. 

The investigation is appropriate since, as reviewed in the previous 

chapter, published literature on reciprocating-screw plastication is 

somewhat sparse, particularly with regard to the effects of screw design 

parameters on plasticating behaviour. Some information was implicit in 

the experimental data of Donovan, Thomas and Leversen (1971) and 

Donovan (1974), but this is of rather limited value in the present 

context, as will be evident from the subsequent discussion of the choice 

of a method of comparison of different screws. However, considerable 

information has been published on the effects of screw design, and 

operating conditions, on plasticating in single screw extruders, and 

although the plasticating behaviour of a reciprocating injection 

moulding screw is considerably different from an extrusion screw, as was 

shown in the previous chapter, some of the findings from previous studies 

of the plasticating single screw extruder are useful in interpreting 

many of the findings of the present study. Two studies, in particular, 

were useful in this respect, these being by Tadmor and Klein (1970) and 

Edmondson (1973), and reference in this context will be made as 

appropriate in this chapter. 



-127 - 

Concerning parameters that may vary between different screw 

designs, it is appropriate to consider the distinction between two 

different classes of parameters. The first class consists of those 

parameters which affect the overall screw dimensions, such as the screw 

diameter and length. In order to experimentally study the effects of 

these parameters, major modifications would have been required to the 

injection moulding machine used for the project, and so owing to the cost 

and time delays that would have been incurred, it was decided that the 

present study could not encompass these parameters. 	However, it seems 

likely that such a study under appropriate circumstances could yield 

some practically valuable results, but it was felt that, in many ' 

respects, the decision not to consider the first class of parameter in 

the present study was warranted from a practical point of view, in 

addition to the cost and time factors involved. In particular, the 

determination of these parameters in the industrial environment generally 

involves considerations other than plasticating performance alone. The 

screw diameter may be limited by its compressive strength under axial 

loading, and both the screw diameter and length will affect the 

propensity of the screw and barrel to wear due to whirling and buckling. 

Whirling and buckling of extruder screws were considered by Fenner and 

Williams (1971) and from the findings presented, it appears that for 

injection moulding machines operating at high screw rotational speed and 

with high axial screw loadings, both whirling and buckling are 

significant considerations in the determination of overall screw 

dimensions. 

The second class of screw design parameters involve changes in the 

geometry of the helical screw channel for a screw of defined overall 

dimensions, and the present study is restricted to consideration of 
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parameters in this class. Of interest in this class of parameters are 

the screw helix angle, the number of channels in parallel, the number and 

types of functional 'zones' along the screw, not to be confuseJ with the 

temperature control zones, and the channel depths and lengths of the 

functional zones. As can be appreciated, the nature of the experimental 

methodology makes even a small number of comparative studies extremely 

time-consuming, and because of this, it was impractical to have studied 

the effects of all the design parameters in the second class. Instead, 

it was expedient to restrict attention to parameters from which the most 

practically useful results might be obtained, and not to consider certain 

other parameters, although of course, a study of the parameters not 

considered here would obviously be desirable for the sake of completeness. 

In selecting the parameters for consideration, it was felt that 

since the majority of proprietory injection moulding screws have a 

'square pitch' channel (with helix angle of 17.64°) and only one 

channel, a study involving different helix angles and with more than one 

channel would mean that the results obtained might be of rather lesser 

interest to machine manufacturers and users owing to the problems of 

retooling to produce radically different screw geometries involving 

multi-start screws with different helix angles. 	Of course, should such 

screws be found to offer specific advantages, it is likely that use would 

be made of them where appropriate, and so a study of these parameters 

would be practically useful, if only to confirm the possible practical 

usefulness of these different screw designs. However, such a study, in 

light of the previous considerations, might be considered as a longer 

term study than a study of other parameters more appropriate to 

conventional screws, and since the time span of the present study was 

limited, it was felt that it would be more appropriate to restrict 
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attention to parameters other than the number of parallel channels, and 

helix angle, in order to gain knowledge of more immediate interest. In 

this respect, it is appropriate to consider that the findings 3f Tadmor 

and Klein (1970) indicate that in the extrusion case, plasticating 

performance is affected less significantly by changes in the number of 

parallel channels and helix angle than by other parameters in the second 

class, and one might reasonably expect that, in the later stages of 

screwback at least where the reciprocating injection moulding screw 

plasticating behaviour is approaching that of the extrusion case, such 

findings could be reflected in the injection moulding case. 

Concerning the number and types of screw functional zones, it was 

similarly felt that a radical departure from the current convention of 

a constant depth feed section, a tapered compression section and a 

constant depth metering section might again be of rather less immediate 

practical interest, although again, such a study would certainly be 

useful for the sake of completeness. However, since other configurations 

tend to be used for limited special applications, for example 'vented' 

barrels with a screw design involving a decompression zone for materials 

with volatile impurities, and in view of the limited time Span of the 

present study, it was decided to restrict attention to screw designs 

involving these three conventional functional zones. 

Consequently, the experimental study was confined to the remaining ., 

parameters in the second class, that is to consideration of channel 

depths and the lengths of the functional zones. In the next section, a 

series of four experimental screws of different design are described, 

which were used in the present study in which effects of variation in 

some channel depths and functional zone lengths on reciprocating-screw 

plasticating behaviour could be investigated. 
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Before concluding this section, it is appropriate to mention a 

further important design parameter that could be considered as 

intermediate between the two classes of parameters. This is the 

clearance between the screw flight tips and the barrel, and is 

practically significant since as the screw and barrel wear, the clearance 

will increase. For the plasticating extruder, the theoretical results 

of Tadmor and Klein (1970) indicate that the plasticating behaviour is 

sensitive to the flight clearance, and one might reasonably expect that 

the flight clearance would be significant for the injection moulding 

case. However, the time required for the study of channel depths and 

functional zone lengths precluded consideration of flight clearance in 

the present study. 

3.2 The Experimental Screws and Method of Comparison  

A series of four different screws was used for the experimental 

study, and their geometries are summarised in Figure 3.1. 	In addition to 

having the same overall dimensions, i.e. a diameter of 32 mm and a 

nominal length to diameter ratio of 19:1, the screws shared a common 

metering zone length (Dimension 'A') of 4.31 turns. 	This was appropriate 

since a common metering zone length would enable changes in the relative 

lengths of the compression zone (Dimension '3') and the feed zone 

(Dimension 'C') to be studied more directly, and was also considered 

appropriate since the findings from the previous chapter indicated that 

over much of the screwback period of a typical moulding cycle, the 

melting profile along the screw channel is quite rapid. ,In this respect 

it was felt that practical benefit would be obtained by considering 

changes in functional zone lengths over portions of the screw in which 

melting occurs during a large part of the cycle, and so it was decided 
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that the metering section, in which melting often occurred relatively 

late in the cycle, would be maintained at a constant length. However, 

this did mean that the effects of changes in the metering zone length 

could not be considered in the present study. 

Considering in detail the geometric differences between the four 

screws, it is appropriate to mention that screw 1 was used in the 

experimental studies of the previous chapter, and was selected as a datum 

against which much of the present comparative study was made. This 

screw had a feed zone length of 12.81 turns and a compression zone length 

of 2.25 turns. 	The compression ratio, or the ratio of the feed zone 

channel depth to the metering zone channel depth, was 2.515:1. 

Screw 2 had the same metering zone and feed zone channel depths as 

screw 1, but with a shorter feed zone length of 8.31 turns. Consequently, 

the compression zone commenced at an earlier downchannel position than 

with screw 1, and the rate of change of channel depth with respect to 

downchannel position along the compression section was less. The 

ratio of the length of the compression zone in screw 2 to that dn screw 1 

was 3:1, but the compression ratio was the same in each case. 

Consequently, a study of the plasticating behaviour of screw 2 compared 

with that of screw 1 would enable the effects of an earlier starting, 

more gradual compression zone to be determined. 

Screw 3 had the same functional zone lengths as screw 1, but with 

all channel depths reduced in proportion so that the compression ratio 

was maintained at the same value of 2.515:1 in each case. 	The 

metering zone channel depth was reduced from the value of 1.75 mm in 

screw 1 to 1.5 mm in screw 3, and the feed zone channel depth from 4.4 mm 

to 3.775 mm. This corresponded to a reduction in channel depths of 

approximately 14.3% from screw 1 to screw 3. As a result, a comparative 
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study of screws 1 and 3 would enable the effects of changing overall 

channel depths to be. investigated. 

Screw 4 was designed with the same functional zone lengths as 

screw 2, and also with the same feed section channel depth. However, 

the metering section channel depth was reduced from 1.75 mm in screw 2 

to 1.5 mm in screw 4, with the corresponding increase in compression 

ratio from 2.515:1 in screw 2 to 2.935:1 in screw 4, i.e. an increase of 

16.6%. A coMparative study between screws 2 and 4 would consequently 

enable the effects of a change in the screw compression ratio to be 

investigated. 

At this point, it is appropriate to consider the basis of the 

comparative studies. In the industrial situation, one would presumably 

change the design of a reciprocating-screw to give some specific 

advantage, and in the present study, the plasticating behaviour of the 

reciprocating-screw is taken as one possible operating criterion in which 

the machine designer might reasonably expect to seek advantage as a 

result of design modifications. 	Consequently, in an experimental 

comparative study of different screw designs, one would look for changes 

in the plasticating behaviour that would be reflected in the final usage 

of the injection moulding machine, as as a result, it would be imperative 

that conditions under which the comparative study is made are not such 

that findings are inapplicable to the final machine use. 

In the present case, the comparative study is intended to give some 

indication of the effects of changing certain screw design parameters on 

the plasticating behaviour of a reciprocating injection moulding screw 

being used in the industrial situation of the manufacture of a moulded 

item, and as a result, it was necessary that the conditions under which 

the experimental study was to be performed were selected accordingly. 
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In the present case, it was felt appropriate that a uniform cycle 

time be used throughout since this would be representative of the 

practical situation of comparing different screws to manufacture the same 

article. As in the previous chapter, it was decided that an overall 

cycle time of 40.0 sec would be representative of the average cycle time 

in practice for a machine of 31- oz nominal shot weight. 	Also, it 

followed that it would be appropriate that the injection conditions were 

the same in each case, being selected at a 10 second injection time for 

the nominal maximum screw stroke of 12.0 cm, with an essentially constant 

injection rate. 

Considering the conditions pertaining during screwback, it was felt 

that a not unreasonable condition was that the back pressure (or the 

practical screw delivery pressure) should be the same in each case since 

most proprietory machines have facilities for independent control of 

back pressure. Consequently, the back pressure setting on an industrial 

machine is used as a determining parameter for the screwback period 

depending on the item being moulded, and so in view of the nature of the 

present study, it was reasonable to prescribe a constant back pressure 

throughout the study, and a nominal value of 10 MN/m2 was chosen as a 

reasonable mid point of the practical operating range. 

In view of the fact that the study essentially was to be performed 

to investigate the effect of screw design parameters on the plasticating 

performance of a reciprocating-screw used in the manufacture of some 

particular item, which would require essentially the same cooling time 

regardless of the screw design, it was reasonable that the same cycle 

proportions be maintained throughout, this meaning in this context that 

the same screwback time be used for each screw. 	This in fact is of 

particular importance since from the experimental point of view, it 
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meant that the screw speed would vary for different screw designs, and 

as a result, this represented a considerably different basis of 

comparison from that usual in the case of the plasticating extrusion 

screw, such as the studies by Tadmor and Klein (1970) and Edmondson 

(1973) in which comparisons were made primarily at the same screw 

speeds. These studies will be considered subsequently, but for the 

present, it is appropriate to consider the implications of the method 

of comparison selected above for the injection moulding case. In 

essence, the study is applicable to the situation which is likely to be 

particularly beneficial to the machine designer seeking to establish the 

effects of changing certain screw design parameters within the limits of 

the industrial use of the machine for the specific purpose of producing 

the same part. In this case, one would seek improvement in 

plasticating behaviour within the limits of a defined moulding cycle, 

and this is precisely the case of the present comparative study. The 

cycle times are uniform throughout, and additionally, the screws are 

operating at the same back pressure, and so it can be seen that the basis 

of the method of comparison is likely to be relevant to the actual 

situation of the machine designer. 

However, other methods of comparison can be used, and in particular, 

a comparison might be made at a constant screw speed with correspondingly 

different screwback times, although the findings would not be 

representative of the industrial situation described above. However, 

such a study might prove useful in other design situations, and in 

addition, it may prove that the findings, at least in terms of, say, the ' 

rate of melting for different screw designs, are significantly different 

from those of the constant screwback time case. With this in mind, it 

was decided that a further study be incorporated in the present 
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experimental programme, in which the plasticating behaviour of the four 

experimental screws be compared at the same screw rotational speed and 

back pressure. The time necessary for a complete study of this behaviour 

in the moulding case was unfortunately beyond the scope of the present 

study, and so it was decided that the screws would be studied under 

extrusion conditions, since this would at least give some indication of 

the possible behaviour in the moulding situation, and would mean that the 

full study of the previous injection moulding comparison could be 

performed. 

At this stage, it is appropriate to consider the work of Edmondson 

(1973) in which a theoretical study was made of, in particular, the 

effects of compression ratio and compression zone length on single-screw 

extrusion plastication, since the findings might be relevant to the 

present case. As a basis for his comparative study, Edmondson considered 

the situation of variation in the geometric parameters for conditions of 

identical screw speed, as mentioned previously, but also for conditions 

of identical polymer flow rate. 	This, of course, is a theoretically 

valid method of comparison, but from the practical point of view, the 

situation being considered by Edmondson is considerably different from 

either the constant screw speed or the constant screwback time studies in 

the present work since implicit in Edmondson's study was that the screw 

pressure profiles, and the delivery pressure, were varied for each screw 

design, and as such did not correspond with the considerations of the 

injection moulding situation. 	Consequently, it would not be 

unreasonable if screw design changes found by Edmondson to show 

improvement in plasticating behaviour under the conditions of his 

comparative study showed different effects in the present study, since 

different standards are applied in the present case. 	In fact, the 
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practical usefulness of Edmondson's study might be somewhat' limited in 

the extrusion case since it was found that in some cases, pressure 

profiles were predicted that would be unlikely to occur in practice. 

Also, most extrusion situations involve a coupled extruder and die 

system, and as such, the output of the combined system will depend on 

the die characteristic, with a unique value of screw delivery pressure 

(in the absence of any artificial restriction) being required for a 

particular flOw rate through the die. Consequently, in this case, a 

theoretical comparison based on a constant flow rate, but without a 

prescribed constant delivery pressure condition, may not prove 

practically appropriate. 

Similarly, Tadmor and Klein (1970) based several theoretical 

studies on similar conditions of constant screw speed and flow rate and 

in these cases also, the practical usefulness of the findings may be 

limited. 

Finally, in view of this discussion, it is appropriate to consider 

the experimental findings of Donovan, Thomas and Leversen (1971) and 

Donovan (1974) in their studies of reciprocating-screw plastication. 

The studies were performed over a wide range of operating conditions and 

cycle times with the aim of using the studies to provide fundamental 

investigations of the plasticating process, and not to provide 

comparative studies of screw design corresponding to the present work. 

Consequently, although some implicit findings are useful for the present 

study, in general, the usefulness in the present context is limited. 

3.3 Experimental Procedure  

The experimental procedure used in this study was in essence the 

same as that used in the previous experimental study of general 
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reciprocating-screw plastication. A full description was presented in 

the previous chapter•, and so to repeat this here would be superfluous. 

Basically, the procedure can be summarised as the operation of the 

machine under the prescribed standard conditions, either cyclically with 

a constant screwback time of 20 sec in an overall cycle of 40 sec or 

under the constant screw speed extrusion conditions as required, and the 

subsequent interruption of the machine operation at the appropriate point 

in time at which pOint, the barrel and screw were rapidly cooled. The 

screw was subsequently removed from the barrel and the solid polymer 

ribbon cut into sections after plotting the position of solid material 

and melt along the screw channel. Measurements of the width of the 

solid bed were taken from the subsequently mounted and polished sections 

as a measure of the melting profile. 

It was considered desirable that more than one material be used as 

a feedstock, and as with the previous study, crystalline and an amorphous 

polymer were selected. -  The crystalline material used was the same 

polypropylene as in the previous study, and owing to the choice of 

standard test conditions, it was possible to use some results from the 

previous study of the plasticating behaviour of screw 1 with this 

material (test series P) which avoided the necessity of repeating a 

series of experiments to provide that information for the present study. 

However, supplies of the ABS material used in the previous study were 

inadequate for the present study, and so it was decided to select a 

different grade of ABS as the amorphous polymer for the present study, 

and consequently, it was necessary that the present experimental programme 

include trials with ABS on screw 1. 

Chronologically, the constant screwback time cyclic experiments were 

performed prior to the constant screw speed extrusion experiments, but it 
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is rather more convenient to present the results from the extrusion 

experiments before those from the cyclic experiments, and so this-is 

done subsequently. 

The operating conditions for the extrusion experiments are shown 

in Figure 3.2 for the ABS material and in Figure 3.3 for the polypropylene 

material respectively. The screw speed in all cases was arbitrarily 

set at 150 RPM since this is representative of the speed likely to be 

used in the practical operation of the moulding machine. For each 

case, the mean output rate was determined by collecting the output over 

a timed period, and then weighing the output. 

The operating conditions for the constant screwback time cyclic 

experiments are shown in Figure 3.4 for the ABS material and in 

Figure 3.5 for the polypropylene respectively. In each case, extractions 

were made at the start, middle and end of screwback in order to study 

melting profiles during the screwback period, and a series of extractions 

were also taken with the screw operating under the same conditions, 

rotating continuously as an extruder. This was done so as to be able 

to determine the condition to which the plasticating behaviour might be 

considered to be tending, as was fully discussed in the previous chapter. 

Figure 3.5 also contains the appropriate operating data for tests P1, P2, 

P3 and P7 which were performed in connection with the study of the 

previous chapter. These tests were performed under the same conditions 

as were required for screw 1 in the present case, and so avoided the 

necessity of repeating a series of tests in the present study for screw 1 

with polypropylene. 

In Figures 3.2 to 3.5, the times quoted are the times to the 

interruption of the machine operation from the start of screwback, and 

the displacements are the axial screw displacement from the fully 
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forward condition, as consistent with the conventions introduced in the 

previous chapter. 

During the cyclic experiments, injection was carried out through the 

special nozzle to atmosphere, thus enabling a uniform injection rate to 

be maintained, also as in the previous studies. 

As previously, it was possible to produce screw extraction maps 

(showing the position of solid and melt along the screw channel) only for 

the ABS material, since the polypropylene was precoloured. 

For the cyclic tests, axial pressure and temperature profiles were 

recorded as in the previous studies, but this was not done for the 

constant screw speed extrusion study owing to equipment damage. 

However, in this case, this was not felt to be a particularly serious 

disadvantage since it was still possible to quantify the melting profile 

from the sectioned extractions, which was of course the primary 

experimental objective. Also, as discussed in detail in the previous 

chapter, the pressure and temperature profiles served primarily as an 

indicating device in the previous study, and a detailed analysis was not 

essential in quantifying the plasticating behaviour if the full 

extraction and sectioning procedure was performed, as in the present 

situation. However, despite this, these results are presented wherever 

possible for the sake of completeness. 

3.4 Experimental Results and Discussion  

As is evident, the above experimental procedure was rather complex, 

and as a result, a large volume of experimental data was generated. 

This means that presentation of the data is in itself rather lengthy, and 

the comparisons involved are difficult since reference is made to data 

which is necessarily located in different figures in the present work. 
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To assist with the location of data, Figure 3.6 provides a master 

reference to the location of the appropriate types of information from 

which comparisons may be made. 

However, when comparing the reduced solid bed profiles (X/W plotted 

against channel position) this becomes difficult owing to the continuous 

nature of the plots, and so to assist in comparison, the concept of 

melt positions in introduced. It is convenient to define an x% position 

as the position along the screw channel at which the ratio of the width 

of the melt pool to the width of the channel is x%. 	By these means, 

it is possible to compare the melting behaviour of two screws quite 

simply, by comparing the positions along the screw channel at which the 

corresponding melting positions occur. For the present study, it was 

convenient to use the 25%, 50% and 75% melt positions as a basis for 

comparison. Also, a 0% melting position was defined as the point of 

formation of the melt pool and this was also used for comparative 

purposes. As was apparent from the previous chapter, the later stages 

of melting are often characterised by portions of solid bed interspersed 

in melt, toward the delivery end of the screw, and because of this, a 

100% melt position corresponding to the end of the solid bed was not 

practically definable. 	However, the 0%, 25%, 50% and 75% melt positions 

did enable reasonable comparison to be made. 

.3.4.1 Effects of changing compression zone length  

In this comparative study, comparison is made between the behaviour 

of screws 1 and 2. The solid bed profiles for the two screws can be 

plotted without confusion on the same diagrams for the constant screw 

speed extrusion comparison, and this is done in Figure 3.8 for the ABS 

experiments T1 and T2 and in Figure 3.11 for the polypropylene 
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experiments U1 and U2. Figure 3.7 shows the ABS screw extraction maps 

for all four screws .under the constant screw speed extrusion conditions. 

In Figure 3.32 are shown the 0%, 25%, 50% and 75% melt positions for 

screws 1 and 2 for both materials. The data for the datum screw 

(i.e. screw 1) is presented befo e that for the compared screw 

(i.e. screw 2), i.e. data for experiment T1 is presented before T2, and 

U1 before U2. 	This convention is used for all the percentage melt. 

position data in subsequent comparisons. The data that are directly 

comparable are linked together with a ) sign for ease of comparison, and 

also, the direction of the change is indicated by either a +, 0 or - 

sign, where the + sign indicates an increase in the appropriate percentage 

melt position along the screw between the compared screw and the datum, 

the 0 sign indicating no apparent change, and the - sign indicating a 

decrease in the percentage melt position. Consequently, a + sign can be 

interpreted as a decrease in melting in the compared screw as against the 

datum and a - sign shows an improvement in melting. 

It is evident both from the solid bed profiles in Figures 3.8 and 

3.11 and the data of Figure 3.32 that the melting performance of screw 2, 

with a shorter feed section length and hence a longer, more gently 

tapered compression zone, is somewhat better than of screw 1, under the 

conditions of identical screw speed, for both the ABS material and the 

polypropylene. 	However, it is significant that the output rate is 

14.7% lower for screw 2 with ABS and 15.6% lower with polypropylene. 

Consequently, one might reasonably expect that in a comparable moulding 

situation, a longer screwback time would be found in the case of screw 2 

as compared with screw 1. 	Under these conditions, an improved melting 

profile for screw 2 might be expected since, in the feed section, one 

would expect a slower solid bed velocity than for screw 1 (since the 

.•- 
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output rate is lower, but the feed section channel depth is the same as 

for screw 1). Since the screw speed is the same in each case, a greater 

relative velocity between the barrel and the solid bed would cccur for 

screw 2 than for screw 1, and consequently, dissipative effects in the 

barrel melt film would be greater in the case of screw 2 than screw 1, 

and hence faster melting might be expected. However, it appears from 

the percentage melt positions that the improvement in melting in screw 2 

over screw 1 is not particularly great, and this may be a result of the 

earlier start of the compression section. 	Edmondson found that, in 

general, there was a tendency for solid bed acceleration along compression 

sections in his theoretical study, and if this is the case in the present 

comparison, one would expect that the increasing velocity of the solid 

bed would result in a decreasing degree of viscous dissipation in the 

barrel melt film counteracting the earlier additional dissipation 

resulting from the lower solid bed velocity in the feed section. 

Consequently, since the melt pool forms along the compression section for 

screw 2, it seems that this is a possible reason for the improvement in 

melting with screw 2 being rather small, although apparent. 

Concerning the acceleration of the solid bed along a compression 

section, Edmondson showed a relationship between acceleration and 

solid bed fracture with solid bed fracture appearing to initiate in 

regions of high solid bed acceleration. 	One might expect a more gradual 

taper in the compression zone to reduce the tendency toward solid bed 

break-up, but in the present comparison, amy marked improvement in this 

respect is not evident between screws 1 and 2. 

Turning to the constant screwback time cyclic experiments, the screw 

extraction maps for the ABS experiments are shown in Figure 3.14 for 

screw 1, test series L, and Figure 3.15 for screw 2, test series M. 
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The corresponding melting profiles are shown in Figure 3.18 and 

Figure 3.19 respectively and the polypropylene melting profiles are 

shown in Figure 2.27, test series P, and Figure 3.22, test series Q. 

The percentage melt positions are shown in Figure 3.33. From the 

table of operating conditions, in Figure 3.4 and Figure 3.5, it can be 

seen that the operating speed of screw 2 is approximately 29.6% greater 

than that of screw 1 when using ABS and approximately 15.9% greater when 

using polypropylene, as was implied from the constant screw speed 

extrusion experiments. 	In this case, for both materials, it appears 

that early in the screwback portion of the cycle, some improvement in 

melting is apparent for screw 2 compared with screw 1, but this 

improvement reduces during the cycle, and at the end of the cycle, and in 

the corresponding extrusion case, it is questionable whether any 

improvement is present. It seems possible that higher bulk melt 

temperatures may be generated in the case of screw 2 owing to the higher 

screw speeds, as indicated in the temperature profiles in Figure 3.26 

and Figure 3.29 (for screw 2 with ABS and polypropylene respectively) 

compared against Figures 2.32 and 3.29 for screw 1, and hence greater 

melting occurs during the conduction period, and is consequently 

reflected at the start of screwback. However, it appears that this 

effect is lost during the later stages of screwback as the melting 

profiles tend toward the extrusion condition. 	It is interesting to 

compare the extrusion results in this case with those of the constant 

speed experiments discussed initially. 	For the ABS material, a decrease 

in speed has occurred for screw 1 of 13.3% and for screw 2, an increase 

of 10%, and for polypropylene, a decrease in speed of 3.3% for screw 1 

and an increase of 12% for screw 2. 	In the constant screw speed 

extrusion experiments, screw 2 had approximately 14.7% lower output than 
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screw 1 for ABS and 15.6% lower output for polypropylene, and in the 

present case, the output rates are the same in each case. Consequently, 

in general terms, it is evident that screw 1 is operating at slightly 

lower screw speeds than previously, with a slightly lower output rate, 

whereas screw 2 is operating at higher screw speeds and higher output 

rates. The fact that the slight improvement found for screw 2 against 

screw 1 in the constant screw speed case is not evident in the later 

stages of the constant screwback time case can be explained as a result 

of the combination of both an increased screw speed and output rate 

necessary for screw 2-in the constant screwback time study. This 

situation was considered by Tadmor and Klein (1970) in a theoretical 

study of the effect of increasing screw speed at a constant screw 

delivery pressure, in which they found that the increasing flow rate 

resulted in a lengthened melting profile that was usually sufficient to 

counteract and overcome the additional melting due to the higher screw 

speeds. In general terms, it was found that as the screw speed and 

output rate increased for the conditions specified, the melting profile 

was lengthened, and this corresponds with the above findings of the 

present study. 

Consequently, the inference from the present study is that the 

change in screw geometry from screw 1 to screw 2 (i.e. the incorporation 

of an earlier starting, more gently tapered compression zone) resulted in 

a slight improvement in melting performance under conditions of the same 

screw speed and back pressure, but a lower output rate resulted. When 

applying the screw modification to the case of a moulding machine on 

which cycle proportions must be maintained, it becomes necessary to 

increase the screw speed so that the output rate is increased to meet 

the demands of the cycle, in which case, improvements in plasticating are 
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only evident during the early stages of screwback.1  The deleterious 

effects of an increased flow rate counteract and overcome the effects of 

an increased screw speed on plastication in the later stages et 

screwback to an extent that improvement in plasticating is undetectable. 

3.4.2 Effects of changing overall channel depths  

In this study, screw 1 is again used as a datum against which the 

effects of the reduced channel depths of screw 3 are compared. 

Considering firstly the constant screw speed extrusion comparison, 

the screw extraction maps for the ABS experiments are shown in Figure 3.7 

(test T1 using screw 1 and T3 using screw 2) and the melting profiles 

plotted in Figure 3.9 for the ABS comparison and in Figure 3.12 for the 

polypropylene comparison (in which test U1 used screw 1 and test U3 

used screw 3). The percentage melt positions are shown in Figure 3.34. 

The results from the constant speed extrusion comparison indicate 

that the reduced channel depths of screw 3 have resulted in a general 

improvement in melting for both the ABS and polypropylene materials, and 

in fact, the improvement is rather greater than was the case in the study 

of the effects of changing the compression zone length. However, this 

is not to infer a general conclusion that a change in channel depths is 

more likely to result in greater improvement in melting than a change in 

compression zone length, rather that the geometric changes between screw 1 

and screw 3 happened to be more significant than between screw 1 and 

screw 2. A smaller change in channel depths than presently considered 

might show comparable order of magnitude changes to the previous study. 

It is apparent from the tables of operating conditions, Figure 3.2 

and Figure 3.3 that the reduction in channel depths of 14.3% from screw 1 

to screw 3 has resulted in a reduction in output rate of approximately 
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21.3% for the ABS material and 21.4% for the polypropylene material. 

Consequently, it can be seen that for the shallower channel case of -

screw 3, the solid bed velocity in the feed section has reduced by 

approximately 8.7% for the ABS case and 8.6% for the polypropylene case. 

As a result, since the screw rotational speed is the same in each case, 

a higher degree of dissipation would be expected in the barrel melt films 

for screw 3 as compared with screw 1, and as a result, improved melting 

profiles would be apparent, as is the case. However, as in the previous 

study, it may also be inferred that, to maintain this improvement in the 

moulding cycle, it would be necessary for screw 3 to operate on a longer 

screwback time than would be the case with screw 1, and this may not be 

practical. 

Concerning the constant screwback time cyclic comparison, the screw 

extraction maps for ABS for screw 1 are shown in Figure 3.14, test series 

L, and for screw 3 in Figure 3.16, test series N. 	The melting profiles 

are shown in Figure 3.18 and Figure 3.20, and the temperature and pressure 

profiles in Figures 3.25 and 3.27 respectively. 	The polypropylene 

melting profiles are shown for screw 1 in Figure 2.27, test series P, 

and for screw 2 in Figure 3.23, test series R, and the corresponding 

temperature and pressure profiles in Figure 2.32 and Figure 3.30 

respectively. 	The percentage melt positions are shown in Figure 3.35. 

In this case also, similar conclusions are evident to those of the 

previous study. 	It is apparent that an improvement in melting profile 

between screw 3 and screw 1 is only evident at the early stages of 

screwback, and that in the later stages, no significant improvement can 

be seen. 	The indications from comparison of the temperature profiles 

indicate that somewhat higher temperatures may be present in the case of 

screw 3 as compared with screw 1, due to the higher screw speeds, and this 
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presumably results in greater conductive melting during the soak period, 

and hence an apparent improvement in the melting profile at the start' of 

screwback. However, the imposition of a higher flow rate duping 

screwback has again apparently counteracted the improvement in melting 

resulting from the increased screw speed, with the effect that an 

improvement in melting is not apparent in the later stages of screwback. 

Overall, it seems that the same general conclusions for the previous 

study are appropriate in this case. It is evident that although the 

changes in screw geometry from screw 1 to screw 3 produce some 

improvement in the melting profile when operated at the same screw 

speed and back pressure, a disadvantage is present in that there is a 

reduction in output rate. As the screw speed and output rate are 

increased to correspond with the demands of a fixed moulding cycle, the 

deterioration in the melting profile due to the increase flow rate 

overcomes the improvement resulting from the higher screw speed in the 

later stages of screwback. An improvement is only apparent in the early 

stages of screwback, reflecting the increased conductive melting during 

the soak period. 

3.4.3 Effects of changing screw compression ratio  

In this case, screw 2 is used as a datum against which the higher 

compression ratio screw 4 is compared. 

For the constant screw speed extrusion comparison, the screw 

extraction maps for ABS are shown in Figure 3.7, for tests T2, screw 2, 

and T4, screw 4. 	The melting profiles are shown in Figure 3.10 for the 

ABS comparison and Figure 3.13 for the polypropylene comparison, in 

which U2 used screw 2 and U4 used screw 4. 	The percentage melt positions 

are shown in Figure 3.36. 
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It can be seen that the increase in compression ratio from 2.515 

in screw 2 to 2.935"in screw 4 has lead to an improvement in the melting 

profile, but again, a disadvantage can be seen in that the ou'iput rate 

has been reduced by 9.6% in the case of the ABS material and 6.1% in the 

case of the polypropylene. It is inferred that to maintain a comparable 

improvement in a moulding cycle, screw 4 would require a longer screwback 

time than screw 2. As in the previous case, a reduction in the solid 

bed velocity can be inferred for screw 4 compared with screw 2, and hence 

an increase in the relative velocity of the bal.rel to the solid bed. 

As a result, an increase in dissipative effects would be expected in the 

barrel melt film, and hence an improvement in the melting profile, as 

was in fact the case. 

Turning to the constant screwback time cyclic comparison, the screw 

extraction maps for the ABS experiments are shown in Figure 3.15 for 

screw 2, test series M, and in Figure 3.17 for screw 4, test series 0. 

The corresponding melting profiles are shown in Figure 3.19 and Figure 

3.21, and the temperature and pressure profiles in Figure 3.26 and 

Figure 3.28 respectively. 	For the polypropylene experiments, the 

melting profiles are shown in Figure 3.22 for screw 2 and Figure 3.24 

for screw 4, and the corresponding temperature and pressure profiles in 

Figure 3.29 and Figure 3.30 respectively. 	The percentage melt positions 

are shown in Figure 3.37. 

In this case, an overall improvement in melting is apparent for both 

materials throughout the screwback period, but it is evident that during 

screwback, the improvement becomes less marked. As in the previous 

studies, it was found that an increase in screw speed was necessary to 

maintain the higher flow rate demanded by the moulding cycle, and as 

previously, it seems likely that the lessening of improvement in the 
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plasticating behaviour between screw 4 and screw 2 in the later stages of 

screwback is the result of the disadvantageous increase in flow rate 

counteracting the advantageous increase in screw speed. The temperature 

profiles indicate somewhat higher temperatures for screw 4 thatn screw 2 

and as a result, it seems again likely that this is the cause of the 

improved behaviour at the start of screwback, with greater conductive 

melting during the soak period. 

However, it is concluded that although some slight improvement in 

plasticating behaviour was remaining at the end of screwback, the 

overall behaviour is considerably influenced by the demands of the fixed 

cycle. 	Certainly, an improvement in melting profile comparable with 

that observed in the constant screw speed comparison was not found in the 

later stages of screwback, with the advantages expected from the 

geometric changes between screw 2 and screw 4 having been counteracted 

by the changes in operating conditions necessitated by the demands of the 

moulding cycle. 

3.5 Conclusions 

It is apparent from the study described in the present chapter that 

the usefulness of findings from a particular comparative study of screw 

designs are related to the basis of the comparison used. 	In the present 

study, a method of comparison based on a constant screw speed and delivery 

pressure showed that improvements in extrusion plastication could be 

gained by an increase in the compression zone length, a reduction in the 

overall channel depths or an increase in the compression ratio. 	In each 

case, however, there was a corresponding reduction in the screw output 

rate, inferring that to maintain the same degree of improvement in the 

moulding case, some extension of screwback time would be required. 	Since 
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in many cases, this is impractical, a study was made of the effects of 

these geometric changes on plasticating behaviour in the practically 

realistic case of a fixed moulding cycle, requiring adjustment of screw 

operating conditions to maintain fixed cycle proportions. In these 

cases, it was found that the requirements of the cycle reduced, and in 

some instances negated, the improvements in plasticating behaviour due to 

the geometric changes made in the screws in the present study. 

Consequently, it is evident that particular emphasis must be given to the 

selection of the design standards by which geometric screw modifications 

are evaluated, in order that findings are practically realistic. 
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FIG.3.1. THE EXPERIMENTAL SCREW GEOMETRIES 

1-DIAMETER D 
	 -: DIAMETER E 

A 

Notes Dimension A is determined between end of compression section and runout of screw flight. Dimensions in mm. 

METERING 	COMPRESSION 

LENGTH 1NO.OF !DIAMETER ;CHANNEL LENGTH NO.OF 	LENGTH' NO.OF DIAMETER CHANNEL 
1 	1 

(mm) 

1 138 

2 138 

3 133 

4 138 

F 

i SCREW 
NO 

FEED 

A 	ITURNS 1 	D 	HEIGHT 	B 	TURNS 	C 	i TURNS 	E 	HEIGU 
1 	i (mm) 	(mm) 	(mm) 	 (mm ) 1 	 (;mm) 	(mm) 

i 

12.81 23,2 4.4 2.515 

266 	8,31 	23.2 	4.4 	2.515 

410 12.81 24.45 3.775 2.515 

	

266 I 8.31 23.2 	4.4 	2.935 
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FIG.3.2. OPERATING CONDITIONS FOR THE CONSTANT SCREW SPEED 

13USIONEXPEX ) 

-Materials ABS Type TSA85B 

Supplier: Sterling Moulding Materials 

Barrel Set Temperature (all zones): 240 deg.C. 

Screw Speed: 150 RPM 

Screw Delivery Pressure: 10 MN/M2  (1450 lbf/in2) nominal 

Screw Displacement: 12.0 cm. 

Details of Extractions 

Screw No. 1 2 3 4 

Output (gm/min) 340.5 290.5 266.5 262.5 

Extraction no. T1 T2 T3 T4 
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FIG.303. OPERATING CONDITIONS FOR THE CONSTANT SCREW SPEED 

EXTRUSION EXPERIMENTS Ui, U2, U3, U4 (POLYPROPYLENE)  

Material: Polypropylene Type 112/00 

Supplier: ICI Ltd, 

Barrel Set Temperaturel(all zones): 240 deg.C. 

Screw Speed: 150 RPM 

Screw Delivery Pressure: 10 MN/m2  (1450 lbf/in2) nominal 

Screw Displacement: 12.0 cm 

Details of Extractions 

Screw No. 1 2 3 4 

Output (gm/Min) 189.0 159.5 148.1 149.7 

Extraction No. U1 U2 U3 U4 
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-

FIC.3.4. OPERATING CONDITIONS FOR THE CONSTANT SCREWBACK TIME 

CYCLIC EXPERIMENVSi   SERIE L, M, N, 0 (ABS) 

Materials ABS Type TSA85B 

Suppliers Sterling Moulding Materials. 

. Barrel Set Temperatures (all zones)s 240 deg.C. 

Overall Cycle Time: 40.0 sec. 

Injection Stroke: 12.0 cm, 

Screw Delivery.Pressure: 

Screwback Time: 20.0 sec. 

DETAILS 3T EXTRACTIONS' 

1CMN/M
2 
(1450 lbf/in2) nom nal 

1 	2 	3 4 Screw No, 

Screw Speed (RFM) 130 165 177 184 

Start of screwback 
Extraction No. L1 M1 N1 01 
Displacement (cm) 0.86 0.85 0,72 0.89 
Time (sec) 1,3 1,3 1.0 1.3 

Middle of screwback 
Extraction No. L2 M2 N2 02 
Displacenent (cm) 6,14 6,01 6,10 6.10 
Time (sec) 10.0 9.9 10.2 9.9 

End of screwback 
Extraction No. L3 M3 N3 03 
Displacement (cm) 11,96 11,97 11.88 11.95 
Time (sec) 19.7 19,7 19.5 19,6 

Extrusion conditions 
Extraction Nc. L4 	" M4 N4 C4 	' 
Displacement (cm) 12.0 12,0 12.0 12.0 
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FIG.3.5. OFMATING CONDITIONS FOR THE CONSTANT SCREWBACK TIME 

CYCLIC EXPERIMENTS, SERIES Q, R, S (POLYPROPYLENE) 

Also shown are conditions for series P  

Materials Polypropylene Type 1.12/00 

Supplier; ICI Ltd. 

Barrel Set Temperature (all zones): 240 deg.C. 

Overall Cycle Time: 40.0 sec. 

Injection Strokes 12.0 cm. 

Screw Delivery Pressure: 10 MN/M2  (1450 lbf/in2) nominal. 

Screwback Time: 20.0 sec. 

DETAILS CF EXTRACTIONS 

Screw No. 

Screw Speed (RPM) 

Start of screwback 
Extraction No. 	(P1) 
Displacement (cm) 	(1.17) 
Time (sec) 	(1.4) 

Middle of screwback  
Extraction No. 	(P2) 
Displacement (cm) 	(6.90) 
Time (sec) 	(908) 

End of screwback 
Extraction No. 	(P3) 
Displacement (cm) 	(11090) 
Time (sec) 	(19,5) 

Extrusion conditions  
Extraction No. 	

0.0) Displacement (cm) 

2 • 3 4 

168 189 184 

Q1 111 S1 
1.22 1.14 1.25 
1.5 1.4 1.6 

Q2 R2 S2 
6.63 6.47 6.52 
1001 909 10.1 

Q3 R3 S3 
11096 11.92 11,94 
19.7 1906 19.2 

Q4 R4 S4 
12.0 12.0 12.0 
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FIG.3.6. REFERENCE SHEET TO LOCATION OF EXPERIMENTAL DATA.. 

EXPERT:7,NT 
NUMBER 

SCREW 
NO. 

EXTRACTION 
MAPS 

SOLID BED 
WIDTH 

PRESSURE AND 
TEMPERATURE 
PROFILES 

T1* 

T2* 

T3* 

T4*  

1 

2 

3 

4 

fig.3.7 

fig.3.7 

fig.3.7 

fig.3.7 

fig.3.8,3.9 

fig.308,3.10 

fig.3.9 

fig.3.10 

U1* 1 fig.3.11,3.12 

U2* 2 fig.3.11,3.13 

U3* 3 fig.3.12 

U4* 4 fig.3.13 

Series L 1 fig.3.14 fig.3.18 fig.3.25 

2 fig.3.15 fig.3.19 fig03.26 

" 	N' 3 fig.3.16 fig.3.20 fig.3.27 

0#  4 fig.3.17 fig.3.21 fig.3.28 

1 fig.2,27 fig.2.32 

2 fig.3.22 fig$3.29 

R
# 3 fig.3.23 fig.3.30  

4 fig.3.24 fig.3.31 

* = constant screw speed extrusion comparison experiments 

= constant screwback time cyclic comrarison experiments 
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FIG.3.32. COMPRESSION ZONE  LENGTH  COMPARISON  UNDER CONSTANT SCREW 

SPEED EXTRUSION CONDITIONS - PERCENTAGE MELT POSITIONS.  
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F10,3.33. COMPRESSION ZONE LENGTH CCMPARISON UNDER CONSTANT SCREWBACK 

TIME  CYCLIC CMITIONS PECENTAGE MELT POSITIONS  
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FIG.3.34. OVERALL CHANNEL DEPTHS COMPARISON UNDER CONSTANT SCREW 

SPEED EXTRUSION CONDITIONS - PERCENTAGE MELT POSITIONS  
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FIC.3.35. OVERALL CHANNEL DEPTHS COMPARISON UNDER CONSTANT SCREWBACK 

TIME CYCLIC CONDITIONS - PERCENTAGE MELT POSITIONS  
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FIG.3.16. COMPRESSION RATIO COMPARISON UNDER CONSTANT SC-1—J SPEED 

EXTRUSION CONDITIONS - PERCENTAGE MELT POSITIONS 
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FIG13.'37. COMPP7SSION RATIO CCMPARISON UNDER CONSTANT SCREWBACK 

TIME CYCLIC CONDITIONS - PERCENTAGE MELT POSITIONS  
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CHAPTER 4 

POLYMER MELT FLOW IN INJECTION MOULDING NOZZLES  

4.1 Introduction  

The injection moulding nozzle represents the interface between the 

plasticating unit and the injection mould, and the characteristics of 

the nozzle have significant effects on the moulding behaviour of a 

plasticating unit/mould system. To predict the flow behaviour of polymer 

in a mould cavity, it is necessary to know the state of the polymer at the 

point of entry to the cavity; hence the behaviour of polymer flowing 

through the sprue and runner system (which conceptually is an extension 

of the nozzle), together with the nozzle itself is of prime importance. 

The nozzle provides a mechanical connection between the plasticating 

unit and the mould and, so as to minimise heat conduction from the 

plasticating unit to the mould, is generally of a small physical size. 

The sprue and runners are also usually of small diameter so as to 

maximise the polymer available to fill the mould cavity, and the nozzle 

land is generally the area of greatest restriction in the,flow path of 

polymer from the plasticating unit to the mould, other than the 

immediate point of entry to the mould cavity (the gate). 

It is usually necessary, to inject polymer into the mould cavity 

rapidly, so as to minimise heat conduction into the cavity walls during 

the mould filling stage since any freezing of polymer in the cavity 

before complete filling can lead to rejected mouldings. 	Consequently, 

very high shear rates can exist in the nozzle system (including the 

sprue and runners) which, through conversion of mechanical to thermal 

energy by viscous dissipation, can result in locally high polymer 

temperatures. 	Most commercial polymers are susceptible to some degree 
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of thermal degradation and consequently it is important to determine 

the thermal history.of the polymer prior to entry to the mould cavity. 

Polymer suffering from a sufficient degree of degradation can lead to 

mouldings visually unacceptable or physically suspect. 

A further point of consideration is that the injection pressure 

available in the plasticating unit is often limited by the compressive 

strength of the screw under axial loading (when acting as a piston in 

the barrel). 	Consequently, in order to maximise the injection pressure 

at the point of entry to the mould, it is necessaty to minimise the 

pressure drop through the nozzle system prior to that point. 

As a result of these considerations, it can be seen that a study 

of polymer flow through an injection moulding nozzle system can have 

useful practical applications for design purposes, since it is 

necessary to know the thermal history of the polymer together with the 

pressure losses in the nozzle system in determining the state of the 

polymer entering the mould cavity. 

Before proceeding with the present study of the nozzle flow 

situation, it is appropriate to consider existing published works, 

since many of the findings in the literature are relevant to the 

present work. 
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4.2 Literature Review  

Much of the design methodology of the polymer melt flow path in 

injection moulding nozzles is based on qualitative consideratims, and 

published work specifically on this topic reflect this approach. 

Paggi (1957) listed various design considerations including the 

minimisation of pressure drop through the nozzle and the avoidance of 

points of stagnation in the flow path which could lead to polymer 

degradation. Qualitative consideration to these points was also given 

by Walker and Martin (1966) and Rubin (1972), the latter work also 

including qualitative consideration of special purpose nozzles for 

specific applications. 	A further special nozzle was described 

qualitatively by the Phillips Chemical Company (1962), but quantitative 

analyses specifically of nozzle flow for practical design purposes are 

absent from the literature. 

The basis of analysis of melt flow in an injection moulding nozzle 

is the setting up of the appropriate governing equations and their 

solution, and consequently it is appropriate to consider similar analyses 

of other physical situations which are relevant to the nozzle problem. 

Many of the published works on axi-symmetric polymer melt flow have 

been concerned with continuous (steady) situations. 	Generally, owing 

to mathematical complexity, exact solutions have been restricted to 

idealised situations, involving simple geometries in which heat transfer,  

and energy conversion effects are not significant. 	Some solutions for 

'power-law' polymer melt flows were given by McKelvey (1962) and 

Brydson (1970), and for viscoelastic flow in uniformly converging 

geometries by Cogswell and Lamb (1970) and Cogswell (1972). 	However, 

mathematical intractability precludes the derivation of exact solutions 

in practical situations of flow through complex geometries in which heat 
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transfer and energy conversion effects are likely to be important. 

Recent studies of these effects in steady polymer flows by Skelland (1971), 

Griskey (1971) and Griskey, Choi and Siskovic (1973) indicated their 

significance in practical situations. 

As a result of the difficulty of deriving exact solutions to real 

flow problems, much recent work has been concerned with numerical 

solutions. A finite-difference numerical study of heat transfer 

coupling effects between a dissipative fluid flow and its boundaries was 

performed over a wide range of operating conditions by Martin (1970) for 

a Newtonian fluid in rectangular coordinate geometry and from these 

results could be inferred some of the qualitative effects of changes in 

injection rate on the relative magnitudes of the various heat transfer 

and dissipative effects for the nozzle flow case. 

Morette and Gogos (1968) reported a relevant finite-difference 

study of the steady capillary flow of rigid PVC in which provision was 

made for the effects of thermal degradation on the viscosity of the 

polymer. 	A 'power-law' viscosity model was used for non-degraded 

polymer in which provision was made for exponential pressure and 

temperature dependence of viscosity, and the model was further modified 

to allow for degradation effects on viscosity by the use of an 

experimentally determined temperature dependent induction time. 

However, the procedure followed for the numerical solution involved 

calculation of the velocity profile after having calculated the 

temperature distribution at a section. 	The calculated velocity profiles 

showed a second maximum near the wall which is physically unrealistic 

since at this point, the shear rate and shear stress would be zero. 

Fenner (1970) considered a study of steady isothermal polymer flow 

in wire coating dies, and extending the findings to the more extreme 
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case of flow through an injection moulding nozzle, temperature profiles 

in the nozzle case are certain to develop much slower than do velocity 

profiles, and so the procedure followed in the present work ut_lises this 

assumption to overcome the limitation found by Morette and Gogos. 

Mennig (1972.) studied steady flows of polymer melts through axi-

symmetric dies both using a finite difference numerical analysis and 

experimentally. The constitutive equation for the polymer flow used 

was the Weissenberg-Rabinowitsch model, and additionally, allowance was 

made for temperature dependence of viscosity. However, in view of the 

very high injection pressures possible in the nozzle situation, 

constitutive equation including pressure dependence effects of viscosity 

would be advantageous. For the steady flow cases considered, which 

involved relatively low pressures, Mennig obtained good correlation 

between predicted and observed results. 

A different practical situation was considered by Kim, Darby and 

Wilson (1973) in the study of blow moulding dies. 	In this case also, 

the heat transfer and dissipative effects were shown to be significant. 

In view of the complex geometries involved, a numerical procedure was 

used in which the geometry of the die was considered as a series of 

independent smaller dies, each of which were analysed separately in 

sequence with boundary conditions relating each small die to the next. 

This approach could be useful in the case of a nozzle/sprue/runner system_  

of extreme geometrical complexity. 

The works considered so far have been based on finite-difference 

numerical procedures, but in fact, other methods have been applied to 

polymer melt flow problems, and in this respect, the finite element 

method has been successful, as reported by Palit (1969,1972) and Palit 

and Fenner (1972a,b). 	However, geometric considerations and 
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simplifying assumptions in the present study of injection moulding 

nozzle flow in which, only one nonzero velocity component is present lead 

to the selection of a finite difference approach as being appropriate, 

particularly with respect to computihg economy. 

The particular problem of nozzle flow, however, involves flow 

. development both with respect to position through the nozzle and with 

respect to time. 	Wilkinson (1974) described some of the resulting 

additional complexity compared with the steady flow case, and 

consequently, the steady flow analyses considered previously are not 

directly applicable to the nozzle situation. 	Instead, it is appropriate 

to consider other related polymer melt flow situations more closely 

related to the present study. 

The primary related topic that has been studied is injection mould 

filling, and several workers have considered this problem. 	Pearson 

(1966) derived an explicit finite difference procedure for the case of 

radial flow in a uniform depth cavity using a 'power-law' constitutive 

equation. 	However, calculated results were not shown. 

Harry and Parrrot (1969,1970) considered the case of a 

rectangular mould cavity with polymer entry across the full width of one 

side. 	A 'power-law' constitutive equation was used with allowance for 

temperature dependence of visocisty, and the polymer flow rate was varied 

to correspond with that on a machine that was subsequently used for an 

experimental study. 	However, the analysis was essentially one- 

dimensional, and did not allow for the effects at the side wall of the 

cavity. 	Consequently, correlation with experimental results was rather 

poor for deep cavities, although correlation improved with decreasing 

cavity depth. 

Berger and Gogos (1971) derived analyses for a sprue/runner/mould 
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system for radial spreading flow for isothermal and non-isothermal 

Newtonian and 'power-law' fluids neglecting temperature dependent 

effects of viscosity, but no predicted results were shown. 

Kamal and Kenig (1972a,b,c) developed a more sophisticated model 

including latent heat effects for 'power-law' fluids with temperature 

dependent viscosity for radial flow and showed reasonable correlation with 

experimental results. 

From these various studies, it is evident that time-dependence can 

be successfully incorporated into numerical analyses of polymer flow. 

However, certain differences exist between the situations of injection • 

mould filling and nozzle flow. 	In particular, the mould filling 

problem involves a moving free polymer surface and the analysis is 

performed on a closed system, bounded partly by the free surface. In 

the case of the nozzle problem, the nozzle represents a control volume 

through which the polymer flows, with new polymer entering as other 

polymer leaves the control volume. Consequently, the boundary conditions 

and methods of solution differ between the two cases. 

The nozzle problem physically is a propagation problem for which the 

solution is obtained from a prescribed initial state and boundary 

conditions. 	Generalised forms of initial value problems and general 

numerical procedures for solution were considered by Ames (1969) and 

Coulson and Richardson (1971) which are relevant to the particular case 

of nozzle flow. 

It is evident from the above review that the nozzle flow problem 

exhibits differences from other similar situations for which solutions 

have been reported in the literature, and consequently, it was felt that 

a study of polymer melt flow in an injection moulding nozzle was 

justifiable. 	Details of the analysis are presented in succeeding sections. 
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4.3 Method of Analysis  

4.3.1 Simplifying assumptions  

The flow of polymer melt through an injection moulding noazle is a 

developing one, both with respect to axial position through the nozzle 

and with respect to time. 	Consequently, the full analysis is complex, 

but certain simplifying assumptions are made from physical consideration of 

the problem which enable the procedure to be more tractable. The 

assumptions are as follows: 

(i) The Reynolds number is likely to be small (less than the 

order of 10
-3) inferring that inertial forces are negligible 

in comparison with viscous forces. 

(ii) The Peclet number is likely to be large (greater than the 

order of 10
3) inferring that thermal convection effects tend 

to dominate thermal conduction effects in the energy equation. 

From (i) and (ii) is inferred that velocity profiles develop in the 

axial direction at a very much faster rate than do temperature profiles. 

As a result, a further simplifying assumption is: 

(iii) The lubrication approximation, (see, for example, Pearson 

(1966)), can be applied to the velocity profile at a 

particular axial cross-section, i.e. it is assumed that the 

velocity profile can be considered as locally fully developed. 

The main problem in using the lubrication approximation for the 

velocity profile is the failure to take proper account of geometric 

convergence of the nozzle region. 	In particular, the accuracy of the 
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lubrication approximation is likely to decrease as the rate of change of 

cross-sectional area with respect to the axial coordinate increases. 

However, injection moulding nozzles usually have a length to inlet radius 

ratio of the order of 10 or greater. Consequently, a limiting case of a 

constant taper nozzle involves a convergent half angle taper of the order 

• of 60, and so in this case, the lubrication approximation seems reasonable. 

Alternatively, nozzle designs usually incorporate a more rapid convergent 

section followed by a very slowly convergent or (generally) parallel 

section, again with a length to inlet radius ratio of the order of 10. 

In this case, the error introduced by the application of the lubrication 

approximation to velocity profiles in the rapid convergent section is 

likely to be small when the flow of polymer melt is considered for the 

complete nozzle. 

Concerning the application of the lubrication approximation to the 

temperature profiles, it can be estimated using the order of magnitude 

estimation proposed by Pearson (1966) that the length of nozzle required 

for full development of the temperature profile is of the order of the 

product of nozzle radius and Peclet number. 	Normally, the nozzle length 

is very small in comparison with this length, and so the application of 

the lubrication approximation to temperature profiles is not justified. 

Concerning the velocity profiles, a further assumption is: 

(iv) The velocity is zero at the nozzle wall. 

The existence of non-zero wall velocities has been considered as a 

consequence of viscoelastic behaviour, Pearson (1966) and Brydson (1970), 

being often referred to as 'slip'. 	However, the mechanism of slip is 

not well understood, apparently depending on the material and surface 
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finish of the nozzle wall, and occurring at a critical value of wall 

shear stress. 	If slip occurs at a constant value of wall shear stress, 

and should this stress be attained in the nozzle, inaccuracies may result 

in the present analysis. 	In fact, high wall shear stresses are likely 

in most injection moulding nozzle flows, and so the failure to account 

for slip may be a source of error. However, in view of the present 

sparse knowledge, a realistic estimation of the possible significance of 

slip is impractical. 

4.3.2 Problem formulation  

Figure 4.1 shows a symmetric half-section of the nozzle where the 

overall length is L and the inlet radius r1. 	The (r,C2,z) coordinates 

are as shown, and r(z) is the boundary radius at a particular 

section, z = n. 

Concerning the mode of operation of the machine, it is assumed: 

(v) The volumetric flowrate is constant with respect to both the 

axial coordinate (z) and time (t), i.e. 

r 

Q - 2n 
Jr 
 wr dr = constant 
	

( 4.1) 
o 

where w is the velocity component in the z-direction. 	The 

implicit assumption here that the polymer is incompressible 

will be considered in detail subsequently. 

^ 1, 

In practice, the volumetric flowrate through the nozzle is often 

not constant, although its actual variation with time will depend on the 

particular mould being used. 	However, the constant flow rate assumption 
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is considered here as an approximation to the mould filling stage, since 

the greatest change.in volumetric flow rate occurs in practice after the 

mould has filled. 

4.3.3 The equation of motion  

The general equation of motion in the z-direction for cylindrical 

coordinates is taken from Bird, Stewart and Lightfoot (1960) as: 

	

/Ow 	ow 	v ow 
14
Ow. 	OP 

p + u — + —+—) = —- 

	

at 	Or r on 	Oz 	Oz 

t1  / 	
oTnz  oT 

, 
1/4 — 	( rT ) + 	+ 	zz ) + p g 
r Or 	rz 	r OD 	oz (4.2) 

where p:= density 

p = pressure 

u, v = r, 0 velocity components respectively 

Trz 'r = shear stresses in z-direction exerted on fluid surfaces 
QZ 

of constant r, D respectively 

T = normal stress in z-direction exerted on a fluid surface zz 

of constant z 

g = z-component of total body force per unit mass 

Applying the lubrication approximation for the present axially 

symmetric geometry and with negligible body forces, the only non-trivial 

equation of motion exists in the z-direction, and (4.2) reduces to: 

1 d 
(r T) = P 

 r dr 

?)..E where P
z 

= 	(<0) 9nd T = T Oz 	rz 

( 41. 3 ) 
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4.3.4 The equation of energy  

The full energy conservation equation for axi-symmetric fully-

developed flow, after Fenner (1970) is: 

	

bT 	bT 	b T 
-) = k V2 , T + p C (-- + u 	+ w - 	

dw 

	

p bt 	br 	Oz 	J 
(T 

 dr)  
(4.4) 

convection 	conduction 	dissipation 

where other (zero) terms have been omitted from the dissipation, and 

u = 0 from the lubrication approximation, where: 

C = specific heat at constant pressure 

k = thermal conductivity 

T =_temperature 

J = mechanical equivalent of heat 

and 72 T 	
1 6 (r  -T) 
r br 	br 

bz2 
(4.5) 

From assumption (ii), it is reasonable to neglect axial conduction 

in comparison with axial convection and so (4.4) reduces to: 

	

,OT 
	al) 	k 	, 	bT, 	1 , dw ), p 	 w 	= 	 r —) + - T — 

	

p at 	bz r br 	br J 	dr (4.6) 
0  

4.3.5 The constitutive equation  

It is necessary at this stage to propose a constitutive equation for 

the polymer melt by which the response of the material to an applied 

stress can be determined. The flow behaviour of most polymer melts is 
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complex, exhibiting various degrees of both elastic and viscous effects and 

various viscoelastic rheological equations have been proposed, as listed 

by, for example, McKelvey (1966) and Brydson (1970). 	However, analyses 

involving viscoelasticity become quite complicated owing to the requirement 

for a minimum of two independent parameters, one to characterise elastic 

behaviour, and one to characterise viscous behaviour, and in addition, the 

determination of these parameters involves considerable effort for real 

polymers and data for commercially available polymers is scant. 

However, as discussed in section 4.2, good agreement has been 

attained in similar flow situations by assuming purely viscous flow, and 

so in view of the better computing economy resulting, it is assumed that: 

(vi) Elastic effects are small in comparison with viscous effects. 

Also it would be expected physically that viscous effects would 

increase in significance as shear rates in the system increase, and so in 

view of the high shear rates usual in injection moulding nozzles, further 

justification for the assumption is inferred. 

Consequently, it is assumed that the polymer is characterised by the 

rheological equation: 

dw 
P,  ar 

(4.7) 

in which p is a material property. 

It has been found experimentally, see Fenner (1970), that over 

appropriate shear rate ranges, a power-law equation can be proposed of 

the form: 
1 n-1 

dw 
C1 1dr 

(4.8) 
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where C
1 

and n are functions of temperature and pressure. 

The dependence.of melt viscosity upon temperature is usually 

represented, Fenner (1970), by the equation: 

= C
2 

exp (E/RT) 
	

(4.9) 

where C
2 
is a function of the pressure and shear rate, R is the gas 

constant, and E the activation energy. The dependence of melt viscosity 

on pressure is normally represented by the equation: 

P,  = C3 exp (ap) 
	

(4.10) 

where C
3 

is a function of temperature and shear rate, a is the pressure 

coefficient of viscosity, 

Hence, equations 

P, 	= 

and 

(4.8),  

1 	dw 
y
o 
' dr 

p the pressure. 

(4.9) 	and 	(4.10) 

n-1 
exp (a (p 

are combined to give: 

pc)) 	- b 	(T - T0)) (4.11) 

where p,c)  is the reference viscosity at the reference shear rate yo, 

reference pressure p
o 

and reference temperature T
o
, and b is the 

temperature coefficient of viscosity. 	Equation (4.11) is of the same 

form as that used by Mbrette and Gogos (1968). 

Having introduced into equation (4.11) the pressure dependence of 

viscosity, it is appropriate to consider briefly the mechanism by which 

the viscosity is influenced by pressure. 	It seems likely, Carley (1961), 

that the viscosity change is related to the change in molecular packing 

due to compression of the material under pressure, i.e. a Primary effect 

of compression of the material is an increase in viscosity, particularly 
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for complex fluids. 	It is to be noted that the assumption of a pressure 

dependent constitutive equation physically invokes actual compression of 

the material. A secondary effect of compression is that an increase in 

density will occur, which implies a reduction in volumetric flow rate, 

i.e. a change in velocity profile, and hence a change in the viscous 

dissipation effect. However, it can be estimated using the equations 

of state by Spencer and Gilmore (1950) that for many commercial polymers, 

in particular polyolefins, a nozzle pressure drop of 50 MN/m
2 
would 

involve a density change of the order of 3%. 	This pressure drop is 

likely to be a reasonable upper limit to that found in practice, and so 

an upper limit of the error introduced by neglecting any change in melt 

density on the dissipation is likely to be of the order of 6%. 

Consequently, in order to simplify the formulation of the problem,.it is 

assumed: 

(vii) The melt is constant density. 

(This assumption was implicit in assumtion (v) and equation (4.1)). 

However, by use of a constitutive equation of the form of (4.11), the 

important effect of melt compression on viscosity can be considered 

without invalidating assumption (vii). 

4.3.6 Dimensionless variables  

For the purpose of examining relative magnitudes, and to facilitate 

algebraic manipulation, it is convenient to introduce dimensionless 

variables as follows: 

A 
r 

z z 
r 

e = t* (4.12) 
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r 
 

where v 	2 say, and t* = 
TE ri  

Also 
	T* = b (T - Tbo

) 
	

(4.13) 

where Tbo 
= nozzle wall temperature at z = 0 

Also 	P*  = a (p Pbo) 
	 (4.14) 

where pbo  = pressure at z = 0 

Also, a mean shear stress T is defined at a mean shear rate y, 

temperature Tbo  and pressure pbo, where 

Y 	r1 
 

such that, 

1 
Yo ri 

1 	

r
1 

n-1 - 
. 	. exp (a (pbo  - p o • ) 	b (Tbo-  To)) (4.15) -  

hence, 

 

n-1 r1 dw 
(— . -) exp (a (p - pbo) - b (T Tbo)) 

  

 

r 
dw 1  
dr 

   

o 

  

n-1 
dW 

(7-) exp (p* - T*) aR 

 

   

1 = -- 
Sn  

dW 
dR (4.16) 

   

where S = — is the relative section radius. r
1 
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Hence, the energy equation (4.6) can now be written in terms of the 

dimensionless variables to give: 

	

C OT*  ,OT* 	1 	W. 	OT* 	k 	1 	(a  oT.)  
p V k- 	. 	+ - ---) = 

b 	b e 	r 	r ' OZ 	A2 ' R • OR 	OR 
1 1 	br 

	

T y  (T 	dW 
r1)  

	

J 	' dR ' A 

i.e. 

Cp v r1 (OT* + W bT")- (R 
k 

 
8e 	OZ - S2 R °R 	°R  

— — 2 b T yri 1 Idw 
Jk 	n+1 dR 

n+1 

 

exp (p* - T*) 

   

i.e. 

be 
OT* 

+ W 
 O 

bz
T*, Pe ,  1 	(R

=  S2 K OR OR 

exp (p* - T*) 	(4.17) 

where Peclet number 
C v r1  

1  Pe 
k 

(4.18) 

y 2 

Brinkman number Br - 	Jk 
	 (z1.1.9) 

Also, a further dimensionless group, referred to as the pressure 

sensitivity product, is defined as: 

Br dW n+1 

n+1 dR 
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4.3.7 Velocity analysis  

From equation (4.3), 

T 
r P

z 
2 (4.21) 

since 'r = 0 at r = 0 for axial symmetry. 

Hence, 

	

I 	
A 

	

dW n-1 ; 	dW " 
p (p* - T*) 	

r R Pz 
 _ 

2T 

Defining now a dimensionless pressure gradient n such that: 

P
z 
r
1 n 

1 

Sn 

(4.22) 

dRand since 

	

	< 0 and Tt
p 
< 0, then: dR 

n R 

	

(— dW 
	

c'vp (o* — T*) 	— Sn+1. 

	

dR 	 2 

s1+1/n R  
(- dR ) exp (22i.  - 

n 	n 
) 

2
1/n 

Hence, 

R  
1/n 51+1/n 	 1/n jr T* 

W = - (- 	) 	R 	exp (— - 	) dR + C4  
21/n 	

n n 
0 

And since W = 0 at R = 1, from (iv): 

1 
1/n 1+1/n 

S •  jr n 	T* * n  i=-- 111 = ( - Tu ) 	R1 	exp (— - 	) dR 
2 P 1/n 

	

	n n 
R 

(4.23) 
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Now, from (4.1), 

hence, 

1 
2 A — Q = 2n r v jr W.R.dR 

0 

1 

1 = 2S2 	W.R.dR 

therefore, 

1 r  
1/n 53+1/n 1 
	

1/n 	T* p* 
1 = (- n ) 	

j 
R 	R 	exp (— - --) dR dR (4.24) 

	

21/n-1 	n n 

Now, since at a particular section and time, the temperature profile 

T*(R) is known, the integration can be performed numerically, in the 

present work using Simpson's rule, yielding it directly. 	Hence, at a 

given time, the pressure can be evaluated as: 

A z 

	

- pbo = 	jr (- Pz) dz 

0 

i•e• 

A 
where p is 

ps =Ta 

0 

the pressure, 

np 	.P 	f 	n 	dZ 	(4.25) 
s 	p 

0 

P* is the dimensionless pressure and Z is the 

dimensionless axial coordinate at the section z = 2. 

Combining equations (4.23) and (4.25), and since at a particular 

section, p* is constant: 

1 
r 	T* 
j1/n exp ( —) dR 

W = 1 

  

(4.26) 
2S 2 1 	T* 

R f R
-/n 

 exp (—n
) dR} dR 
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Hence, since at a particular section, the temperature profile is known, 

the velocity distribution can be evaluated. 

4.3.8 Temperature analysis  

Equation (4.17) can be rewritten as: 

S2 Pe ALI + W b2I-) = 1 	b 	OT* 	1-n IdW n+1  
be 	bZ 	• ,s-  T 	OR, + Br.S 

dR I 	exp (p* - T*) 

(4.27) 

convection 	conduction 	dissipation 

Equation (4.27) can be solved numerically, and owing to the use of 

constant Z and 0 increments, a finite difference method is the most 

appropriate. 

The equation is three-dimensional, involving 0, Z and R, but in the 

following finite difference formulation, it is possible to express the 

temperatures at a particular time in terms of temperatures at that time 

and the previous time increment only. Consequently, the problem can be 

solved by the use of two two-dimensional meshes (i.e. R- and Z-dimensions) 

with one mesh for time t, the other for time t + At, where At is the real 

time increment. Figure 4.2 shows the form of the mesh at time t, where 

the solution domain is considered to be divided by a regular rectangular 

grid, the size of each cell being AZ x AR. 

Now, considering a point (i,j) in the finite difference mesh, with 

i = 1, 2, ..., M.; j = 1, 2, ..., M.. 	The dissipation term can be 

expressed as: 

13.=Br. S. 1-n dW 
1 	dR 

n+1 
. exp (ID! 	- T* .) 	(4.28) 

i,j 17.7 	1,3 
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The conduction term can be expressed as: 

o2T* 1 oTs 
C.= . 
1,3 	{oR21 	• 

(4.29) 

Using central difference approximations for the derivatives, (4.29) can 

be expressed as: 

Ti +1 
! 	- 	

1  2T! .+ Ti! 	Ti
! 	- 

 Ti ,j 	,j-1 	 ,j+1 	 1 
(4.30) C. ,3 

• 	
(AR)2 	

2R. AR
,j-  
 

in which the truncation error for the second derivative is 0(AR
2) and 

for the first derivative 0(AR). 

The convection terms can be expressed by forward-difference 

approximations for the derivatives as: 

bT* ( 
be  
---) 

i,j,0  • 

T! 
	Ti,. 1,3,v+Acr 	

/ 0  
AO (4.31) 

T! 	. - T.  6T 1 * 	1+1,3 	1,J) (W 	). . 	W1  . . ( oz ,3 . 	,3 	AZ (4.32) 

where truncation errors are 0(0), 0(AZ) respectively. Hence, the 

system is approximated to 0(AR,AZ,AO). 

Before considering the full two-dimensional development, it is 

appropriate to examine the procedures for one-dimensional flow development. 

For propagating in the Z-direction only, the simplest formulation 

would be: 

612 * 
S 2. Pe (W ---) . = C. . + D. 
m Z 1,J 	1,3 	1/J 

where Sni 	• 
	S. 1+ 

(4.33) 
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This can be solved explicitly for Ti+1,j
, but in practice explicit 

methods are unstable except for extremely small Z-increments, Ames (1969), 

and consequently, better c omputing economy will result from tie use of a 

more stable implicit function, such as the Crank and Nicholson form: 

O 
S 2 Pe (W -

T*
--). . = i (C. . + C. , .) + D. m  OZ 1,3 	1,3 	1+1,3 	17.1 

(4.34) 

The method is now implicit in that (4.34) involves three temperatures at 

(i+1) in the C.. -term, and the individual temperatures at this section 1+1,j 

must be obtained by solving a set of linear simultaneous equations (one 

for each value of j). 

Similarly, for propagating in the 0-direction only, an analogous 

formulation is: 

S.2 Pe (OT --7-). 	= z (C. 	),+ (C. 	), „ + D. 
6° 	u I,j 	I,j u+Au 	I,j (4.35) 

In these formulations, the dissipation term is not averaged since 

its value is not known until after the temperature profile has been 

found. 

In connection with stability, the solution scheme may become unstable 

if AZ and A9 are too large. 	Yates (1968) found that for the problem of 

Temperature Development in Single-Screw Extruders, the stability 

parameter 

X 	
AZ  

z S2 Pe (AR)2 
(4.36) 

• should be less than 4, for the situation analogous to that of equation 

(4.34). 	Similarly, one would expect the stability parameter: 
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X 	A9  
0 - 

S2 Pe (AR)2  
(4.37) 

to exhibit the same general characteristic. 	In the subsequent 

application of the analysis, the mesh parameters AZ, AO and AR are 

selected in accordance with this, and generally, are maintained at one 

or more orders of magnitude smaller. 

For the combined problem of nozzle flow, involving flow development 

both with respect to Z and 9, the situation in the z-e plane can be shown 

diagrammatically as in Figure 4.3. 

In order to find (TI+1,j)01.0, propagation is performed from both 

(i,j,0+0) and (i+1,j,0). 

Consequently, the formulation for the nozzle problem is: 

2 	bT*) 	2 , oT*)  Pe Si+1  (7- ill.,j,9 + sm  °I1 ---6Tii,j,0+6,01 = fl(Di+1,j)0 + (Di,j)0+,64 

+ 	(C
1
. 	) + (C. 	)

0 	
9(r 

-1-1,j 9 	1,j 0+  1+1,3 0+AO (4.38) 

Hence: 
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Pe S2 	
T * 	 I* 	* 

i+1,j,O+AO 	1+1,1 + Pe S 2 	
T 

W. 	
i+1,j,O+Ae  - T 

. 	 . A 
1+1 	AO 	m 1,3,11,+0 	AZ 

 

n+1_ 
exp (p1+1,j,0  - TI+1,j,0)] 

i+1,j,u 

Br [s1-n IdW 
= 2 	1+1 dR 

 

  

n+1 
! 	0 n  - T* 

i,j,e+AO exp (P 1,J, +Av 	i,j,e+AO
)] + [S1-n  1 

dW 
dR 

  

T! 	n — 2T! 	+ T! 
1 1+1,j+1,e+Ac 1+11,9+AO i+1,j-1,e-A9  4. 7  

(AR)2 

T! 	- T* 
1+1,1+1,19+0 	i+1,j-1te+A9  

2R_ (AR) 
J 

T* 	. 	- 2T! 	. 	+ T! 	T! 	- T! 
• 1   i+1,i+1,9 1 +1,j, 

	

i+1,j-1,0 	1+1,j+1,0 	1+1,1-1,0  
4 	

(AR)2 
 

2R. (AR) 
J 

T! . 	- 2Tt i  1+1 0+0 	i,1,0+A0 	TI,j-1,0+A0 	T;,1+1,e+Ae — 
Ti 

 

,,+1,9+A0 
 2R. (AR) 

(4.39) 

Although equation (4.39) is algebraically rather complicated, the basic 

form in terms of the unknown temperatures is a tridiagonal system of linear 

equations: 

m. X. 	+0. X. + y. X. 	b. 	(4.40) 
J-1 J J J .3+1  

where X. = (T
1
! 	.) 
+1, 3 0+AO. 

No equations are obtained for the boundary points j 	1, j = M1, and 
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so there is no singularity problem at R. = 0 . 

Since the system of equations (4.40) is tridiagonal, the method of 

solution is straightforward: 

Let . X. + t. 0. . X3 
  

X. 	. 0. 	. X. + v. -1 	3-1  

(4.41) 

(4.42) 

Then, using (4.42) to eliminate 	from (4.40): 

a. (0j-1. X. + 	*j_1 ) + R.  X. + y.. X. 	= b. 
J J J+1  

i.e. 

	

6. 	y.
J 1 
X.+1 - aj. 

X. _ 	/  
(3 . 	a.  .. 0j-1) J 	-1

) 
 

(4.43) 

Hence, by comparison of (4.43) with (4.41): 

 

 

- y. 

 

0j - (i3 	a.. 0.
J-1 

 ) 

b. - a.. t 
t 	

. 
J 	1-1  . 

(p3 
. + a.. 0

J
. ) -1  

(4.44) 

(4.45) 

Hence, all the 0. and *. can be determined if 01 and *1 are known. 	From 
3 

consideration of axial symmetry, it can be seen that: 

OT* 
aR - 0 at R = 0 	(4.46) 

Hence, by using the forward difference approximation: 
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at R = 0 gives: 

	

T! . - 	. 
( bT* ) 	 1,7+1 	1,3  

. 	
. 

	

i,j • 	AR 

= X2 
 

(4.47) 

(4.48) 

Hence 
	01  = 1 	and 	= 0 	(4.49) 

4.3.8.1 Nozzle wall boundary conditions  

Two limiting cases can be considered for the nozzle wall boundary 

condition. The first involves the maintenance of the nozzle wall 

at a constant temperature along the direction of flow, by physical 

.means. 

In this case, the boundary condition is: 

T = T
b (barrel temperature) at R = 1 

(4.50) 

i.e. X = T* 
M. 	b 
J 

i.e. since Xm  is known, and having computed0. and * for all 
J 

1 < j < M., the temperatures can be obtained for j = M. - 1, 

2, .... 1. 
J 

The second case involves an 'insulated wall condition' in 

which the temperature gradient at the nozzle wall is assumed to be 

zero. 

In this case the boundary condition is: 
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OT* 
OR - 0 at R = 1 
	(4.51) 

Hence, by using the backward different approximation: 

It! - T! 
(
L1.

-) 	
1j / 1,j-1  

OR i,j - 	AR 

at R = 1 gives: 

n-1  X 	
1N, 	

X
N.- 	(1 - Q Is -1) 

(4.52) 

(4.53) 

Hence, the temperature distribution can now be found for 

j = M. 	2, M. - 3, .... 1. 

The two cases will be considered in the subsequent application 

of the procedure. 	It is appropriate to consider both these cases 

since it is likely that most practical nozzle flows will fall between 

the two cases, and from this point of view, these cases can be 

considered as practical limits. 

4.3.9 Energy balance  

In order to perform an estimation of the numerical accuracy of the 

solution, an energy balance can be performed to interrelate the various 

parameters generated by the analysis. 	The fact that the energy balance 

uses formulations different from the solution itself infers that the 

energy balance is a fairly independent check on numerical accuracy. 

The terms that make up the energy balance are as follows: 

-/'. 

Mechanical Power input EH  . Jrt  e . p . dt 

0 

( 4.54) 
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which can be rewritten in terms of the dimensionless variables as: 

' 3 — g 
n r T f 

1 - pM. 
1  (p* 	* ) de EM  - 	P
s 1 

0 

(.4.55) 

Heat output by convection: 

E 	= JCpQ 
cony 	A  (Tout -. 	) dt (4.56) 

where I. n  and  out  refer to z = 0 and z = L respectively and 

Jr
T = 2n — 	w r T dr (4.57) 

out 

Hence, equation (4.56) can be rewritten as: 

0

E
cony Br = Pe  T 2nr

1  3 
 jr 	

IZ

jr
= 1. 

W.S2.R.T*.dR 

0 	0 

R=1  
jr W.S2.R.T*.dR 

  

A de in (4.58) 

   

Heat output by conduction: 

E
cond 

Jk jr jr (- T
r  2n 	dz.dt 	(4.59) Or .   

0 0 

which can be rewritten as: 

E
cond Br 

1 
= 	. T . 2nr13

J J 	

bT. 
bR R=1. dZ.de (4.60) 

— 

0 0 

The gain in internal energy of the system is: 

0 Z 
qu max 
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L 

EI.nt , 
	)1 (J p Cp  27r T dr dz)t=t ^ - E o 	(4.61) 

0 0 

where Eo 
is the internal energy at t = 0. 	(4.61) is rewritten as: 

R.1 max 
Pe —  

E. 	. Br = — T• 2nr
1
3  ir Jr 	(S2.R.T*.dR.dZ)0= - A 	E 

int 	 0 	0 
0 0 

(4.62) 

Now, from the principle of the conservation of energy, it is expected 

that: 

EM 	E
cony 

+ Econd 
+ E. 

Int 
(4.63) 

Hence, an error term can be evaluated as: 

 

 

- Econy  - Econd  - E. 
x 100% 	(4.64) 

 

E
M  

The various energy balance terms (4.55), (4.58), (4.60), (4.62) can be 

found numerically. 	In the present case, the intcrations were performed 

using Simpson's rule. 

For the case of the conductive energy term, the backward difference 

approximation was used: 

. 	4T! . 	+ T! 
1 
 . 

(oT*, 	1,1-1 	,]-2  
OR i,j • 

	Ti 
	

2(AR) 
(4.65) 

being evaluated at R = 1. 

The foregoing analyses have- been performed to enable a study of 

polymer melt flow through an injection moulding nozzle. 	Using these 

analyses, a computer program was written to enable the application to 

realistic flow situations, for which a flow chart is shown in Figures 4.4 
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and 4.5. It can be seen that it is necessary to specify an initial 

temperature distribution throughout the nozzle, together with an initial 

pressure at the entry to the nozzle. 	During the computation, an entry 

temperature profile and pressure must be specified at the entry to the 

nozzle, and propagation is carried out subject to the defined boundary 

conditions. 	As a result, the nozzle outlet pressure and temperature 

distribution are found as a function of time. A point to be considered 

at this stage concerns the non-dimensionalising of the pressure in terms 

of the inlet pressure, equation (4.14). 	In most injection moulding 

machines, the injection stroke is performed by applying an essentially 

constant force to the reciprocating screw. Since the pressure drop 

between the end of the moving screw and the nozzle inlet is likely to 

be small in comparison with the pressure drop through the nozzle, the 

assumption of a constant nozzle inlet pressure is likely to be quite 

realistic, and this is consistent with the present analysis. However, 

it may be possible in certain situations to define the pressure 

elsewhere in the system as a reference, for example, to define the nozzle 

outlet pressure at a constant value. 	In this case, an iterative 

approach to the problem is required, through which an estimate of the 

inlet pressure is made and a corresponding outlet pressure calculated. 

In the general case that this calculated value does not correspond to the 

defined condition, a re-estimation of the inlet pressure must be made, 

and the procedure repeated until a sufficiently good agreement is 

obtained. 	As a result, computing times are substantially increased, and 

consequently for the present work, this approach was not used. The 

following section considers the application of the analysis to a 

geometrically simple nozzle, by means of which the effects of changing 

program variables is ascertained. 
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4.4 Parallel Nozzle Simulation  

In order to study the effects of variation of certain variables in 

the foregoing analysis, the situation was considered for flow 	polymer 

melt through a parallel nozzle. 

Since most injection moulding nozzles have a length to inlet radius 

ratio of the order of 10:1, it was decided to specify a parallel nozzle 

geometry of this size, the inlet radius being specified as 0.01 m as 

shown in Figure 4.6. A wide range of different physical flow conditions 

can be considered as occurring in practice, but a reasonable range for 

investigation in the present study can be described by the following 

ranges of parameters: 

For Pe, from the order of 103 to 10
5 	

(4.66) 

For Br, from the order of 100 to 102 
	

(4.67) 

For n, from the order of 0.25 to 1.0 
	

(4.68) 

However, prior to•investigation of the effects of variation of 

these parameters in the analysis, it was appropriate to consider the 

choice of mesh size, and to this end, the parameters were fixed at their 

logarithmic midpoints, i.e. 

Pe = 10
4 

Br = 10
1 

(4.69) 

n = 0.5 

Under these prescribed conditions, the mesh increments OR and AZ 

were varied, and the effects of these variations were observed on both 

the dimensionless temperature profile and the dimensionless bulk mean 
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temperature, as defined by (4.57), at the nozzle outlet, 

following initial conditions: 

for the 

T* 	0 for all r,z at 0 = 0 (4.70) 

p* = 	0 at z = 0, 	0 . 0 

and subject to the following boundary conditions: 

(4.71) 

T* = 	0 for all r,0 at z = 0 (4.72) 

p* 	0 for all 0 at z ---, 0 (4.73) 

In addition, the values of AR, AO, AZ were selected so that: 

X
z 	4.0 
	

(4.74) 

Xe  ‘, 4.0 
	

(4.75) 

where xz, X0  are defined by (4.36), (4.37) respectively. 

Concerning the energy balance formulation, the various terms 

E 	, 
	

E. 	were evaluated over each time increment, rather than cony 	int 

by using their values over the total time period, since this enabled 

their relative magnitudes to be studied as a function of time, i.e. the 

limits of integration w.r.t. 8 in equations (4.55), (4.58) and (4.60) 

were now 8 - AO, A. 

4.4.1 Specified barrel temperature boundary condition  

For this section of the study, the barrel temperature was specified 

at a constant value (corresponding with (4.50)), in which: 
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X 	= T* = 0.0 for all z, E) 
	

(4.76) 

J 

Consequently, boundary and initial conditions being specified, it was 

possible to consider the effects of variation in the mesh sizes. The 

variations in AR were specified by the following range: 

	

M. = 6, 11, 21 
	 (4.77) 

to give 5, 10, 20 mesh increments over the radius of the nozzle 

respectively, and similarly, the variations in AZ were specified by: 

M.
1 	6, 11, 21 
	

(4.78) 

to give 5, 10, 20 mesh increments in the axial direction. 

TostudytheeffectsofvariationinAZ,thevalueofM.was set 

at 21 (i.e. the radially finest mesh), and the bulk-  mean temperature 

rise through the nozzle and the outlet temperature profile considered. 

These are plotted later for the case of Mi  = 21. However, it was found 

that the difference between this case and M, = 6 was a difference of 
1 

0.18% on the developed bulk mean temperature rise, and a difference of 

0.99 on the peak temperature at the outlet (with Mi  = 6 being the 

larger). 	Consequently, these differences would not be evident on 

plotted curves, and hence the values were not expressed graphically. 

However, .the larger difference in the actual temperature than the 

	

bulk mean temperature is of interest. 	In fact, from the form of (4.57) 

it can be seen that the product of velocity and temperature is involved 

in the bulk mean temperature, and as will be shown and discussed later, 
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the area of highest temperature occurs in an area of relatively low 

velocity, and so a variation in temperature profile in which the largest 

absolute variation occurs in an area of low velocity is likely to be 

masked in the formulation of the bulk mean temperature. 	Consequently, 

it is appropriate to consider the absolute values of temperature (i.e. the 

profile) in addition to the practically useful bulk mean temperature. 

In fact, the energy balance provides a useful means of studying the 

convergence of the temperature profile, and Figure 4.7 shows the energy 

balance error against dimensionless time for the three different cases of 

(4.78). 	The form of these curves will be considered in detail later. 

However, it can be seen that the error term is relatively insensitive to 

the axial mesh step length, and good agreement in particular can be seen 

between FL = 11 and M. = 21 (a difference of approximately 0.45% for 

0 = 100.0), indicating that for the particular geometry considered, the 

derivatives of pressure and temperature with respect to the axial 

coordinate are well represented. 	The stability parameters were: 

X0  - - 0.4, X-008' 
 00/10'07forM.=5, 11, 21 respectively. 	The 

low values of X in these cases also reflect the insensitivity to the 

number of axial mesh steps. 

However, it was decided that for the remainder of the present study, 

the axially finest mesh would be used, i.e. Mi  = 21. 

For the radial direction, care in selection of the appropriate me-s .  

step length must be taken, since the rate of. variation in temperature 

with respect to the radial coordinate can be severe. 	To investigate the 

effectofradialmeshstepsize,tbevaluesofM.specified in (4.77) were 

used. 	Figure 4.8 shows the dimensionless bulk mean temperature rise 

through the nozzle against dimensionless time for these cases. 	It can 

be seen that significant underestimation occurs for a radially coarse 
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mesh, but improvement is found as the radial mesh step size is reduced. 

Good agreement seems to be found between the cases NI. = 11 and.
3 
 = 21, 

but it is possible that this is the result of the formulation as 

discussed above. 	Consequently, in order to provide a more sensitive 

indication, the developed dimensionless temperature profiles are shown 

1 and Figure 4.11 for 

M. = 21 (for 0 = 100.0) at the nozzle outlet. 	These show quite clearly 

the effect of selecting too large a radial mesh step. The dimensionless 

temperature peak occurs close to the wall since at the wall, the greatest 

shear rate occurs, and hence the greatest dissipation. 	However, 

conduction is taking place at the wall as shown by the negative 

dimensionless temperature gradient at this point and hence the maximum 

dimensionless temperature occurs, not at the wall but at some point, 

away from the wall. 	Concerning the dimensionless temperature values at 

the points common to each mesh, it can be seen that there is good 

agreement between each mesh, but that for a coarse mesh, the 

representation of the dimensionless temperature between in particular the 

(M
..--.1)apdthe(N.)points is very inadequate. 	In fact, even for the 

M. = 21 mesh, it is possible that the representation of the profile 

close to the wall may be inadequate for some applications, since it is 

still difficult to accurately estimate the dimensionless temperature 

maximum. 	A further limitation may well be that the representation of 

the dimensionless temperature gradient at the wall is significantly 

underestimated, since the boundary condition (4.76) infers physically 

a severe temperature gradient. 

However, a better estimation of the accuracy of the representation 

can be made through the energy balance method, and this will be 

considered now. 
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Figure 4.12 shows the energy balance error evaluated from (4.64) 

for the three values of M.. One would expect that as the representation 

of the physical situation by the finite difference approximation improVes, 

the energy balance error would converge to an infinitesimal value, and 

that for a given number of axial increments, the error would converge 

to some non-zero value as the radial mesh step size is decreased, with 

the residual value depending upon the accuracy to which the axial 

approximation represents the physical variation in the axial direction. 

In fact, it can be seen from Figure 4.12 that as the mesh step size is 

decreased(i.e.asM.is increased) the error term reduces in magnitude. 

However, it is likely that even with 20 radial mesh steps in the present 

situation, some inaccuracy will be reflected by the energy balance, from 

the earlier consideration of the radial temperature profiles, and this 

is supported in Figure 4.12. A second point of interest is that the 

error term varies as a function of time, i.e. as the relative 

magnitudes of the contributory terms in the energy balance vary. In 

order to study this in more detail, it is convenient to consider the 

various terms in (4.64) independently. 	Since the form of (4.64) 

involves the ratio of the convective, conductive and. internal energy 

terms to the mechanical energy term, it is appropriate to consider the 

absolute value of the mechanical energy term only. 	The other terms will 

be considered as ratios where: 

Convective Energy Ratio 

Conductive Energy Ratio 

Internal Energy Ratio 

. 

= 

= 

E 	/E 
conyM 

E
cond

/E
M 

E. 	/E 
Int 	M 

(4.79) 

(4.80) 

(4.81) 

Figure 4.13 shows the dimensionless mechanical energy term. as a 
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function of dimensionless time (false zero). 	It can be seen that the 

mechanical energy term reduces in magnitude with time. This is expected 

since from (4.55) it can be seen that EM  is proportional to the nozzle 

pressure drop (for constant Q and AO), and since as the temperatures 

within the nozzle develop with time (as will be reflected by the 

dimensionless bulk mean temperature rise), the form of (4.11) infers that 

the viscosity of the polymer will reduce, and hence a physically smaller 

pressure drop through the nozzle will maintain the same volumetric (and 

mass) flow rate. 	The early difference between the coarse mesh and the 

fine mesh (i.e. M. = 6 and M. = 21) is small since little temperature 

development has occurred. 	However, as the temperature profiles develop 

with time, the better representation of temperature profiles obtained 

with the finer mesh results in a better representation of the reduction 

in pressure drop needed to maintain the same flow rate. 

Figure 4.14 shows the convective energy ratio as a function of 

dimensionless time. It can be seen that as the temperatures develop 

with respect to time toward a constant value, the convective energy term 

grows toward a constant dominant value, as the magnitude of the internal 

energy term would be expected to reduce to zero. The convective energy 

ratioshowsgoodagreementbetweenthecasesM--11andM. --21, as 

would be expected from the form of (4.58) in light of the findings for 

the bulk mean temperature rise. 	Consequently, it can be inferred that 

for the present case, the convective energy ratio would be rather 

insensitive to the radial mesh refinement in the same way as the bulk 

mean temperature rise. 

Figure 4.15 shows the internal energy ratio as a function of 

dimensionless time. 	As would be expected, as mentioned above, as the 

temperatures develop with time, the change in internal energy of the 
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polymer within the nozzle in each time increment will reduce to zero, 

as can be seen. 	Hdwever, it is evident from (4.62) that the internal 

energy term involves the product of temperature and radius, and 

consequently, the importance in this term of inaccuracies in the 

temperature profile increase with increasing radius. Since the major 

inaccuracies in the temperature profiles occur toward the nozzle wall, 

it is to be expected that the internal energy term will be particularly 

sensitive to inaccurate temperature profile representation in the present 

situation. 	Also, since the internal, energy term is dominant in the 

early stages of temperature development, inaccuracies in this term will 

dominate the energy balance error term. 	It was seen earlier that even 

with a fine mesh (M. = 21), the temperature profile toward the nozzle 

wall is not particularly well represented, and for coarser meshes, the 

representation is considerably worse. Consequently, it is to be 

expected that this would be evident in the internal energy ratio, and 

this is supported by Figure 4.15. 	Consequently, this term in the energy 

balance can be seen to be particularly sensitive to mesh refinement in 

the present case. 

Figure 4.16 shows the final term in the energy balance through the 

conductive energy ratio. 	It can be seen from (4.60) that since the 

formulation involves the temperature gradient at the wall, and since 

this is calculated from the temperature at th-e wall and the two adjacent., 

points, as in (4.65), its accuracy depends on the accuracy of the 

representation of the temperature profile at these points. 	Since the 

temperature gradient at the wall is severe, the conductive energy term 

is significant in the present case, and so this term will also be 

significant in respect to the effects of poor representation in the 

temperature profile on the energy balance error term. As in the case of 
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the internal energy ratio discussed above, it can be seen from Figure 4.16 

• that the poorer representation of temperature profiles with the coarser 

meshes is particularly evident in the conductive energy ratio. 

Consequently, it is evident that for the particular boundary conditions 

considered in this case, the internal energy term and the conductive 

energy term both are particularly significant; the internal energy term 

being dominant in the early stages of flow development and the error in 

the conductive energy term being important in the later stages. In both 

cases, it is evident that underestimation of the term occurs, and 

consequently, a positive energy balance error is found. 	An overall 

conclusion to be drawn is that the energy balance, or more particularly, 

a study of the constituent terms, is particularly useful in estimating 

the realism inherent in a particular choice of radial mesh step. It can 

be seen that for a particularly accurate representation of the physical 

situation, a very refined mesh is likely to be necessary, i.e. AR should 

be very small, and for some purposes, the finest mesh considered here may 

well be inadequate. 	However, it should also be considered that in order 

to maintain numerical stability, the parameters X and Xe  must be 

maintained at appropriate values. 	Consequently, from (4.36) and (4.37), 

it can be seen that computing times are approximately proportional to the 

square of the number of radial mesh steps, and consequently, an economic 

compromise must be made between computing cost and the accuracy of the 

results obtained. 	It is likely that for many purposes, a value of M. 

of the order of 10 to 20 may be sufficient, as evidenced by the small 

magnitude of the change in bulk mean temperature rise between the two. 

In the practical situation, it would be often the case that bulk mean 

temperature rise of polymer melt through a nozzle is of particular 

interest, and in these cases, such a mesh size should prove adequate. 
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4.4.2 Specified barrel temperature gradient boundary condition  

For this case,.the boundary conditions correspond with the 'insulated 

wall' condition described by (4.51) and (4.5), i.e. the problem was 

analysed for the condition: 

Xm 	x m 	 (4.82) 
J 	J 

Other conditions were as described for the case in section 4.4.1. 	As 

with that case, it is again appropriate to consider the effect of radial 

mesh step variation. 	In the following discussion, it is useful to 

compare the diagrams for the present situation with that of the previous 

section, and so when reference is made to a diagram in the following 

discussion, the corresponding diagram for the previous case will be 

referenced in parentheses. 

As with the previous case, values of M. were considered as defined 

by (4.77),, i.e. at M. = 6, 11 and 21. 

Figure 4.17 (cf Figure 4.8) shows the dimensionless hulk mean 

temperature rise through the nozzle against dimensionless time, and 

Figures 4.18 (cf Figure 4.9), 4.19 (cf Figure 4.10) and 4.20 

(cf Figure 4.11) show the corresponding nozzle outlet dimensionless 

temperature profiles. 	As in the previous case, it can he seen that the 

representation of the temperature profile is poor for coarse meshes, 

although improvement occurs as the mesh is radially refined. 	In the 

case of even the finest mesh considered, it is clear that the 

representation of the temperature profile near the wall may be inadequate 

for some purposes; in fact, the boundary condition will improve as 

AR-4 0. 	in compering the different temperature profiles, it can again 

be seen that the common points to each show quite close agreement, but 

.o- 
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the inadequacies of the coarser meshes is clear from the dimensionless 

bulk mean temperature curve of Figure 4.17. 	Concerning the difference 

between the M. = 11 and M. = 21 cases in Figure 4.17, it can ba seen 

that there is a greater difference in the present case than shown for 

the previous case (in Figure 4.8). 	This is interesting, since it shows 

that the representation of the temperature profile near the wall in the 

present case may be relatiVely poorer than in the previous case for the 

same radial mesh step. 	In fact, it can be seen that in Figure 4.11, a 

point of inflexion is present on the temperature profile prior to the 

(N.-1) point. 	Consequently, the relative change in magnitude of the 

temperature of the (M.-1) point as j increases beyond 21 will be less than 

for the present case, as shown in Figure 4.20 in which no point of 

inflexion is present prior to the (M.-1) point, at least until a point 

of inflexion occurs for the present case. 

It is now appropriate to consider the energy balance applied to the 

present problem. 	As in the previous case, it is appropriate to consider 

the error term, the absolute value of the mechanical energy term and the 

covective energy, internal energy and conductive energy ratios. 

Figure 4.21 (cf Figure 4.12) shows the energy balance error term 

against dimensionless time. 	The same general conclusions are evident, 

with improved accuracy resulting from an increasingly fine mesh, and with 

the error term decreasing in magnitude with time. 	Fetter accuracy is 

evident in the later stages of development for the present case, with the 

M. = 21 mesh showing an error term of approximately 3%, compared with the 
J 	• 

corresponding value of approximately 5% shown in Figure 4.12, since in 

the present case, conduction effects to the wall are very low. 

Figure 4.22 (cf Figure 4.13) shows the dimensionless mechanical 

energy term against dimensionless time. 	It can be seen again that the 
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decrease in this term with time is greater for the finer meshes, 

reflecting the higher temperatures evident. Since the peak temperature 

is greater for the 'insulated wall' condition, the decrease in the 

mechanical energy term is greater than for the case of a fixed wall 

temperature. This is evident from comparison of Figure 4.22 with 

Figure 4.13. 

Figure 4.23 (cf Figure 4.14) shows the convective energy ratio 

against dimensionless time, and it can be seen, as.  with the previous case, 

that the ratio is similar in behaviour to the dimensionless bulk mean 

temperature rise. 	In the present case, the developed value of the ratio 

is greater than previously, as would be expected due to the smaller wall 

conduction effects. 

The internal energy ratio against dimensionless time is shown in 

Figure 4.24 (cf Figure 4.15). 	It can be seen that the higher peak 

temperature in the present case results in a greater magnitude of the 

internal energy ratio at a given point in time as would be expected. 

Again, it is evident that the internal energy term is dominant in the 

energy balance during the early stages of development, and the greater 

influence of errors in the temperature profile at large radii are seen by 

thedifferencebetweenthecasesM.=11 and M. = 21, as discussed 

previously. 

Figure 4.25 (cf Figure 4.16) shows the conductive energy ratio 

against dimensionless time. 	It is particularly interesting to note 

that a small degree of conduction into the wall is evident, particularly 

for the finest mesh. 	This is.not unexpected, however, since the wall 

boundary condition, as-specified by (4.52) involved a first order 

approximation to the temperature gradient at the wall. 	This was 

reasonable since the order of this approximation was consistent with the 
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order of the radial first derivative of temperature used in (4.30). 	The 

temperature gradient is calculated for the energy-  balance by (4.65), which 

involves a second order approximation to the temperature gradient. This 

was intentional, since it is possible from consideration of the conductive 

energy term in the energy balance to estimate the realism of the first 

order approximation, which was used in the developing flow analysis 

primarily to enable the particularly simple resultant algebraic 

manipulations to be used. 	It can be seen that, for the Mj 	21 mesh, a 

conductive energy ratio of approximately 3% is present, which is 

acceptable for most purposes. 

4.4.3 Effect of variation of power-law index, Peclet number and  

Brinkman number  

In the case of real polymer flows through injection moudling nozzles, 

ranges of power-law index, Peclet number and Brinkman number are likely 

to be involved, and (4.66), (4.67) and (4.68) defined some practically 

useful ranges. 	In practice, it is likely that a change in a physical 

flow parameter may affect both the Peclet number and the Brinkman number, 

and a change in the polymer may possibly affect both of these and the 

power-law index as well. 	Consequently, it is difficult in the practical 

situation to estimate the effect of a change. in one parameter alone, and 

so it is appropriate to use the present analysis to study the effect of 

independent changes in the power-law index, Peclet number and Brinkman 

nurirber, since these can be used as independent variables in the analysis. 

For this purpose, the parallel geometry was analysed for the finest 

meshconclitionsspecifiedprevic 1, for a datum case 

defined by (4.69) with the three parameters at their logarithmic 

mid-range values. The analysis was then repeated for each parameter 
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independently at its end-range values, by means of which three cases were 

analysed for independent variation of each parameter. 

It was decided that the wall boundary condition would be specified 

as the 'insulated wall' case of (4.51), (4.52) and (4.82), since this 

would possibly be more practically useful than the prescribed temperature 

boundary condition, and that the effects of variation in the parameters 

would be considered through the dimensionless bulk mean temperature rise 

through the nozzle, and the dimensionless outlet temperature profile. 

Figure 4.26 shows the dimensionless bulk Mean temperature rise 

through the nozzle against dimensionless time for the three different 

power-law indices considered, for which the viscosities were equal at the 

reference shear rate. 	It can be seen that as the power-law index 

increases toward the Newtonian case of n = 1.0, the dimensionless bulk 

mean temperature rise through the nozzle is increased. Figure 4.27 shows 

the developed dimensionless outlet temperature profiles for the same 

cases, and it can be seen that generally higher temperatures are developed 

as the power-law index tends towards the Newtonian case. 	This is as 

expected since, from (4.11), the power-law constitutive equation infers 

that for pseudoplastic fluids (i.e. for n < 1.0) the shear dependence 

of viscosity increases as the power-law index decreases. 	Consequently, 

the viscous dissipation will decrease as the power-law index decreases, 

and hence the contribution of this term toward temperature development, 

as seen in the energy equation (4.6), (4.27), will decrease. 

Consequently, one would expect generally lower temperatures to be 

developed. 	Also, the velocity profile will be changed as the power-law 

index changes, in the direction of increased shear rates in the vicinity 

of the wall, with correspondingly lower shear rates in the vicinity of 

the axis of symmetry, as the power-law index decreases. 	Consequently, 
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one would expect less viscous dissipation toward the axis of symmetry, 

and hence, expect the temperature profile to reflect this through lower 

temperatures toward the axis of symmetry, as is confirmed by Figure 4.27. 

The effects of the variation in Peclet number on the dimensionless 

bulk mean temperature rise can be seen in Figure 4.28, in which the 

ordinate is plotted to a logarithmic base. 	It can be seen that an 

increase in the order of magnitude of the Peclet number by a decade 

results in roughly an equivalent change in the order of magnitude of the 

dimensionless bulk mean temperature rise over the range considered. 

However, the effect of a change in Peclet number is particularly important 

in terms of the form of the dimensionless outlet temperature profile, as 

shown in Figure 4.29, with the ordinate again plotted to a logarithmic 

base. It is evident that in addition to any shift of the temperature 

profile, a modification of the form of the profile is found. By 

defining a temperature ratio as the ratio of the dimensionless 

temperature at R = 1 to that at R = 0, i.e. 

T  
ratio 

(4.83) 

it is seen that for the cases considered: 

T
ratio 

= 6.705 x 10
-2 

for Pe = 103 

T
ratio 

= 1.185 x 10
4 

for Pe = 10
4 	

(4.84) 

T
ratio 

= 2.715 x 10
4 

for Pe = 10
5 

and hence, it is seen that the temperature ratio increases as the Peclet 

number increases. 	Physically, as considered in section 4.3.1, the 

length of nozzle required for full axial temperature development is 
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roughly proportional to the Peclet number, and that since most nozzles 

are short in comparison with this length, the diffusion of thermal 

energy in the radial direction is likely to be small, with the diffusion 

roughly inversely proportional to the Peclet number. 	Consequently, as 

the Peclet number increases, one would expect a greater proportional 

difference between the temperatures at the axis of symmetry and the wall, 

and this is seen in Figure 4.49. 

The effect of variation of Brinkman number on the dimensionless bulk 

mean temperature rise can be seen in Figure 4.30, in which the ordinate 

is plotted to a logarithmic base. It can be seen that an increase in 

the order of magnitude of the Brinkman number of a decade results in a 

roughly equivalent increase in the order of magnitude of the dimensionless 

bulk mean temperature rise. However, physically, it is possible that the 

real change in bulk mean temperature rise through the nozzle is of a 

different order of magnitude, since the non-dimensionalisation of 

temperature involves the temperature coefficient of viscosity b, as in 

(4.13), and this parameter is also present in the definition of the 

Brinkman number, in (4.19). 	The influence of Brinkman number on the 

temperature profile is again of particular interest, and the dimensionless 

developed outlet temperature profiles are shown in Figure 4.31, with the 

ordinate plotted to a logarithmic base. It can be seen that other than 

the shift of the temperature profile, the general form (on the logarithmic 

base) of the profile is relatively unaffected. The temperature ratios 

for the three cases are: 

T
ratio = 1.085 x 10

4 
for Br = 100 

T
ratio = 1.185 x 10

4 
for Br = 101 
	

(4.85) 

T
ratio = 1.337 x 10

4 
for Br = 102 
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Physically, the Brinkman number is an indication of the relative importance 

of the dissipative to conductive effects in the flow with a large 

Brinkman number associated with large relative dissipative effects. 

The general increase in temperature with increasing Brinkman number is 

indicative of the general increase in dissipation. 

4.5 Flow Through a Converging Nozzle 

It is appropriate to conclude this chapter with the application of 

the analysis to a realistic physical situation. 	It was decided that 

since the plasticating standard for injection moulding machines, 

Modern Plastics (1968), involves injection through a defined nozzle 

geometry, it would be useful to use the same geometry for the application 

of the present analysis. 

The standard nozzle used for the plasticating standard is defined 

for various nominal machine shot sizes; for the present work, it was 

decided to restrict the attention to the nozzle defined for machines of 

up to 30 oz shot weight capacity, since machines of this size are most 

numerous in practice. 

The nozzle is fitted at the start of the defined region with an 

upstream facing thermocouple set on the nozzle centreline. The 

thermocouple is mounted in a diagonal tube with a hole in the tube wall 

through which the junction of the thermocouple is exposed to the polymer, 

The geometry of the defined region is a 5/8 inch diameter parallel duct 

of 1 inch length, with a 90°  included angle convergent section leading 

into a 3/32 inch diameter parallel duct of, again, 1 inch in length. 

The thermocouple will give an indication of the temperature of the polymer 

melt at the entry to the defined nozzle region, and a specification of 

the standard is that temperature recorded by the thermocouple shall be 
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within 6°C of a specified value, i.e. effectively a constant inlet 

temperature distribution condition. 	The injection rate is specified at 

a constant mass flow rate of 43 to 57 gm/sec. 	For the present study, 

the mean value of 50 gm/sec was used. 

A range of materials may be used for the plasticating standard, but 

for the present study, it was decided to restrict attention to one 

material, corresponding in properties to a polyethylene polymer used by 

Edmondson (1973) for which detailed material properties were available. 

These properties are listed in Figure 4.32. 	The coefficient of the 

pressure sensitivity of viscosity, a, was not known for this polymer, so 

an estimated value was obtained from the data presented by Cogswell (1973) 

using the known value of the coefficient of the temperature sensitivity 

of viscosity, b. 

The geometry of the nozzle is such that an appropriate mesh can be 

defined for the value of: 

M. = 26 	 (4.86) 
1 

and Figure 4.33 shows a symmetric half-section of the nozzle with the 

axial mesh drawn. 	It can be seen that the convergent section is 

represented by only three axial increments, but this is considered as 

adequate since the pressure drop and temperature rise through the whole 
••, 

nozzle is likely to be dominated by the final small diameter parallel 

section, and the error introduced by the representation of the convergent 

section in this way is likely to be small. 

The radial mesh size was defined by: 

M. 	16 	 (4.87) 
3 
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Although the accuracy of the analysis may be slightly improved by 

selection of a finer radial mesh, the value chosen was quite economical 

in computing time, and since in the practical case, some varia.ion in 

inlet temperature may occur, it was felt that the representation would 

be adequate for practical purposes. 

Concerning the boundary condition at the nozzle wall, it is likely 

in practice that the true condition is between those defined by section 

4.3.8.1 and considered for the parallel nozzle case. 	However, since the 

true condition is not known, it was decided to specify the wall boundary 

condition as being the 'insulated wall' case of (4.51), since this 

condition could be interpreted as providing an upper limit to the peak 

temperatures encountered in practice. 

With regard to the specification of the temperature profile at the 

entry to the nozzle, it was felt that a uniform temperature across the 

section would be appropriate; since the outlet temperature profile will 

reflect any non-uniformity in the inlet profile, the uniform temperature 

distribution enables practically useful conclusions to be drawn. 

However, a non-uniform profile may well be useful in certain real 

situations, but for the general case considered in this application, it 

was felt that this would not be appropriate. 

Concerning the initial temperature distribution in the nozzle, it 

was likewise decided that for the purposes of generality, it would be 

appropriate to consider a uniform initial temperature distribution 

throughout the nozzle equal to the temperature at the nozzle entry. 

Consequently, the physical data specified for the problem is summarised as: 
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T = 140.0
oC for all r,z at t = 0 

T = 140.0°C for all r,t at z = 0 	4.88) 

v . 0.3257 m/s for all t at z = 0 

It was decided that a range of nozzle inlet pressures from 0 to 100 

100 NN/m -2   would be useful for consideration, although practically any 

inlet pressure that would require the existence of a negative outlet 

pressure could not exist in reality (as with a zero inlet pressure). 

However, the use of a zero inlet pressure condition does provide one 

lower limit to the general study, and so is included here. 

The nozzle inlet pressure was defined by: 

Pbo = constant for all t 
	(4.89) 

Concerning the choice of an appropriate time increment, it was 

found that At = 1 x 10
-3 

sec gave reasonably economical computing times, 

and the maximum values of the stability parameters obtained in the 

analysis were: 

XZ = 0.162 
	

X
e  = 0.0194 
	

(4.90) 

and consequently, it was found that numerical instability did not occur. 

Concerning the energy balance error term, it was found that this 

converged to the values: 

E = 8.24% for pbo  = 100 MN/m
2 

= 6.74% for p
bo = 	0 MN/m

2 
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with the greater error in the higher inlet pressure case, presumably due 

to the greater absolute errors in the representation of the temperature 

profiles. 	Intermediate pressures resulted in energy balance error terms 

between those in (4.91). 	It is seen by comparison with the findings for 

section 4.4.2, say from Figure 4.21, that this error term is comparable 

in magnitude with the similar parallel nozzle situation. 

It is now appropriate to present the results obtained from the 

present analysis, after which they will be discussed in relation to the 

physical situation. 	The results are expressed in re-dimensionalised 

form; that is to say that from the physical input data, the dimensionless 

variables for the analysis were determined, and the analysis performed 

with these. 	Subsequently, the dimensionless results were reconverted to 

physical values, and these are used for the presentation. 

Figure 4.34 shows the bulk mean temperature rise through the nozzle 

plotted against time for: 

pbo 
9 

= 0, 25, 50, 75 and 100 MN/m- 	(4.92) 

and Figure 4.35 shows the outlet temperature profiles for: 

p
bo 

= 0, 50 and 100 MN/m
2 	(4.93) 

The values of pbo = 25, 75 FiN/m
2 
were not shown in Figure 4.35 to enable 

reasonable separation to be seen between adjacent temperature profiles in 

the diagram. 

It can be seen that temperature development with respect to time is 

rapid, and that the bulk mean temperature rise obtained is likely to be 

significant, being of the order of 10°C for the range of inlet pressures 
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considered. 	In fact, since physical variation of bulk mean inlet 

temperature of the order of 6°  may occur, a total variation of bulk mean 

temperature of the order of 16°C may occur. However, the temerature 

profiles shown in Figure 4.35 are particularly significant from the 

practical point of view. It is seen that a localised temperature rise 

of the order of 100°C may occur and, depending on the thermal sensitivity 

of the material, may give rise to structural degradation. 	Certainly, 

the implication is that nozzle designs should avoid any areas of flow 

stagnation in which residence times may be long leading to structural 

degradation of the polymer. It can be seen from these figures that the 

actual outlet temperatures and the bulk mean temperature rise through the 

nozzle increase as the inlet pressure is increased. 	This is realistic 

since as the inlet pressure (and hence the pressure at a representative 

nozzle section) increase, the viscosity of the polymer melt increases, 

and hence viscous dissipation in the flow increases. Consequently, 

higher temperatures will be generated in the nozzle with increasing inlet 

pressures. 

Figures 4.36 and 4.37 show the pressure drop through the nozzle 

against time and the developed axial pressure profile through the nozzle 

for the same range of inlet pressures as (4.92). 	From Figure 4.36, it 

can be seen that the nozzle pressure drop decreases with time, as would 

be expected since as temperatures within the nozzle develop, the 

temperature sensitivity of viscosity implies that the viscosity of the 

polymer decreases and hence a lower pressure drop becomes necessary to 

maintain the constant flow rate through the nozzle. 

It can be seen from Figure 4.37 that the greatest pressure loss 

through the nozzle occurs in the final small diameter section, as would 

be expected physically, and that the effect of the convergent section of 
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the nozzle .on the axial pressure profile is small, as was assumed in the 

specification of the mesh used for the analysis. 

'Concerning the interpretation of the results to the injec:ion 

moulding situation, it is clear as mentioned previously, that both 

locally high temperatures and the bulk mean temperature rise through the 

nozzle are likely to be significant, and consequently, the orders of 

magnitude of these variables shown in the present study could be useful 

in the practical situation as guidelines. 	Also, the findings, concerning 

the variation of nozzle pressure drop during the injection period are 

significant. For example, in the case of an injection system designed 

to operate on a constant injection pressure basis, it can be implied from 

the present results that a general increase in flow rate through the 

nozzle will occur with respect to time. Alternatively, a constant 

flow rate system will exhibit a general decrease in nozzle pressure drop 

with time. 

In view of the rapid development of the flow with respect to time in 

the present situation, it may be possible in a practical situation to 

base the design criteria for the injection system upon the developed 

condition with respect to time, provided allowance is made for the effects 

of flow development, in which case, design procedures may be simplified. 

However, the work presented in this chapter provides a means for 

evaluating the effects of flow development in the flow of polymer melts 

through an injection moulding nozzle, and consequently, the implications 

of design procedures based on developed flow analyses can be evaluated 

in the practical situation. 
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FIG, 4.32. PC1YETHYLENE MATERIAL PROPERTIES 
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CHAPTER 5 

CRITICAL APPRECIATION  

It is the purpose of this chapter to relate the findings presented 

in this thesis to the theoretical models for reciprocating-screw 

plastication proposed by Donovan (1971a,1974) and Lipshitz et al (1974)*. 

First, however, it is useful to consider the two methods used in 

these models to represent the melting profile of the polymer along the 

screw channel. Donovan defined a solid bed area ratio A• as the area of 

the unmelted solid bed at a given channel section to the total area of 

that cross-section, and presented melting profiles in terms of the value 

of the solid bed area ratio along the screw channel. Lipshitz et al 

defined a solid bed width ratio (here denoted by X•) as the ratio of 

width of the unmelted solid bed at a given channel section to the total 

width of that cross-section, and presented some melting profiles in terms 

of the value of the solid bed width ratio along the screw channel. The 

method of representation of melting profiles in this thesis was similar 

to that of Lipshitz et al, in this case, the solid bed width ratio was 

termed the reduced solid bed width. 

In fact, it is apparent that since melting occurs over the total 

solid bed to molten polymer interface, it is necessary that the geometry 

of the melting domain be completely specified in order that a 

comprehensive melting analysis be performed. To estimate the melting 

behaviour over the total solid bed to molten polymer interface, it is 

$ Lipshitz, S.D., Lavie, R., and Tadmor, Z. (1974) 'A Melting Model for 

Reciprocating Screw Injection-Molding Machines', Polym. Engng Sol., 14, 

553. 
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necessary to define the width and the height of the solid bed, the 

dimensions of the melt films and the dimensions of the melt pool 

adjacent to the solid bed. Consequently, it can be seen that information 

is needed additional to a melting profile represented by either the 

solid bed area ratio or the solid bed width ratio to completely describe 

the melting process. However, once the melting domain is completely 

defined geometrically, conversion can be readily made from solid bed area 

ratios to solid bed width ratios, and in this case, the selection of the 

method of representation of the melting profile is arbitrary. 

Having considered the problem of representation of the melting 

profile, attention will now be directed specifically toward the 

theoretical models for reciprocating-screw plastication. 

Primarily, both proposed models are based on a two part moulding 

cycle consisting of a screw rotation period and a conduction period, and 

so the findings presented in this thesis will be related to the models 

for these two parts of the moulding cycle before consideration of any 

melting effects in the injection part of the cycle. 

Donovan proposed a heuristic approach to the screwback period and 

suggested that the solid bed area ratio at a given channel section during 

the screwback period could be determined from the equation: 

A*(z,t) = AI (z) + [Jk (z) - A! (z)][1 	
e-PNt] 	

(5.1) 

1 	1 	] 
log El - :1 

 (z) - 

Ali!! (zz)  
Where p 

MtR 	1 
(5.2) 

N 	= screw rotational speed 

t
R 	

screw rotational time 	 • 
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A•(z) = solid bed area ratio 

and e, f and i refer to the steady state extrusion condition, the end of 

the screw rotation and the start of screw rotation, respectively. 

Donovan found that for the ABS material used for his experimental trials, 

a value of p = 0.01 produced good correlation over most of the screw 

length. 

This analysis was applied to the 20 second screwback period trials 

reported in Chapter 2 of this thesis for polypropylene (Test Series P) 

and ABS (Tests K1, K2, K3, J1) and for the 15 second and 10 second 

screwback period trials for ABS (Tests K4, K5, K6, J2 and Tests K7, K8, 

K9, J3, respectively). The parameter p was evaluated at each set of 

operating conditions for each section along the screw at which a melt pool 

was present at any point in the screwback period. A mean value of p was 

calculated for each series of tests and the results are summarised as 

follows: 

Material Test Numbers Screwback Time 

Polypropylene P1 - P7 20 seconds 0.0092 

ABS K1 - K3, J1 20 seconds 0.0071 

ABS K4 - K6, J2 15 seconds 0.0069 

ABS K7 - K9, J3 10 seconds 0.0058 

Owing to the rather considerable scatter in the values of the solid bed 

area ratio in the later stages of melting, it was found that the values 

of p calculated at different screw cross-sections were fairly erratic, 

with a range of 0.004 to 0.017 for polypropylene, and 0.002 to 0.019 for 

ABS. However, it can be seen that for the three different cycle 

proportions used for the ABS trials, the mean values of p were fairly 

consistent, although, presumably owing to the use of a different material 
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from that of Donovan, the values of p were rather smaller than the value 

of p = 0.01 found by Donovan. 

Using the mean values of p calculated for each set of trials, a 

comparison was made of the melting profile predicted by the model for the 

midpoint of screwback in each case with those observed experimentally. 

It was found that reasonable agreement (to within - 20%) was generally 

evident up to approximately turn 15 of the screw, but beyond that point, 

poorer correlation was evident with the model overestimating the values 

of the solid bed area ratio by approximately 80 to 130%. However, this 

may reflect the increase in the importance of conductive heat transfer to 

the solid bed and the general average increase in the solid bed temperature 

in the latter stages of melting. 

In view of the encouraging agreement of the model with the 

experimental findings, it was decided that a similar approach involving 

values of solid bed width ratios rather than solid bed area ratios would 

be investigated. It was proposed that the solid bed width ratio at a 

given channel section could be evaluated from equations similar in form 

to (5.1) and (5.2) such that: 

x..(z,t) = Xi (z) + Ex: (z) - x! (z)][s - e-127Nt] 	 (5.3) 

X;  (z) - XI (z) 
1 where p 
Nt
R 
log El  - X* (z) - X! (z)]  

(5.4) 

X*(z) = solid bed width ratio. 

Applying this model to the same experimental data, mean values of 15:were 

evaluated as follows: 
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Material Test Numbers Screwback Time P 

Polypropylene P1 - P7 20 seconds 0.0075 

ABS K1 - K3, J1 20 seconds 0.0061 

ABS K4 - K6, J2 15 seconds 0.0077 

ABS K7 - K9, J3 10 seconds 0.0064 

A similar degree of scatter was found in the calculated values of Fes 

previously found for 13, with a range of 0.003 to 0.015 for polypropylene, 

and 0.003 to 0.012 for ABS, but again, the mean values of 13 were fairly 

consistent for the ABS trials. 

Comparison of the predicted melting profiles at the midpoints of 

screwback showed the same degree of agreement with those observed 

experimentally during the earlier stages of melting (up to approximately 

turn 15) as was found for the previous model, but in the later stages of 

melting, somewhat better agreement was found for the second model with an 

overestimation of the solid bed width ratio by approximately 45 to 85%. 

The improvement in prediction of the melting profile obtained by the use 

of the second model may infer that greater conductive heat transfer to 

the solid bed in the later stages of melting occurs from the screw root 

than from the melt pool. 

The theoretical model proposed by Lipshitz et al makes use of a 

dynamic extrusion model for the screwback period. Reasonable 

qualitative agreement was reported for the use of this model with the 

experimental data of Donovan et al (1971), but rigorous quantitative 

verification was not possible due primarily to the lack of details on the 

experimental machine and conditions. A rigorous application of the 

dynamic extrusion model is beyond the scope of the present thesis, but one 

requirement of the problem specification, that if the 'path' relative to 
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the screw of the point of formation of the melt pool during the screwback 

period, was investigated for test series P. 

Two possible methods for evaluating the 'path' were proposed by 

Lipshitz et al and were investigated for the results of test series P. 

The first method proposed by Lipshitz et al (here referred to as 

procedure A) assumed that the time for material to flow along the channel 

from the point of formation of the barrel melt film to the point of 

formation of the melt pool is the same for the reciprocating-screw 

condition as for the fully-back extrusion condition, and that the 

subsequent 'path' can be evaluated from consideration of the relative 

position of the screw in the barrel during the screwback period. Using 

this approach, the position of the point of formation of the melt pool 

relative to the screw was evaluated for the middle of screwback and the 

end of screwback, and the results compared with the experimental 

.findings of Chapter 2. 

The second method proposed by Lipshitz et al (here referred to as 

procedure B) was to assume that the 'path' approached the continuous 

extrusion state exponentially. This procedure was also applied to the 

results of test series P and a comparison made for the middle and end of 

screwback positions of the point of formation of the melt pool relative 

to the screw. The results of both comparisons are shown as follows: 

Position of Formation  
of Melt Pool 

Observed  
Procedure A Procedure B 

Position  

    

(a) Middle of screwback 	9.5 turns 	9.7 turns 	9.5 turns 

(b) End of screwback 	11.3 turns 10.6 turns 10.5 turns 

It was apparent that procedure A predicted the middle of screwback position 
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rather better than procedure B, but the agreement was rather poorer for the 

end of screwback. However, as Lipshitz et al demonstrated, the effect of 

selecting either procedure for application to the dynamic extrusion model 

resulted in quite similar melting profiles, although that for procedure B 

was rather smoother than for procedure A. Owing to high degrees of 

experimental scatter, Lipshitz et al could not conclude that either 

procedure produced more realistic results, and in the present comparison, 

the results are similarly inconclusive. However, Lipshitz et al did 

conclude that since it appeared that the axial position from the initial 

to the final position of the delay in melting had a first order effect on 

the melting profile, the 'path' followed during screwback was of rather 

less importance. 

Considering, now, the conduction part of the cycle, the models by 

Donovan and Lipshitz et al followed a parallel development of a method 

for evaluating the change in geometry of the solid bed. Both models 

involved the calculation of a conduction melting constant, K, from which 

a final melt film thickness at the end of the conduction period could be 

evaluated as 
6 ] -3.- 

f = K [t + 2 c 	K  
(5.5) 

where 	film thickness at end of conduction period 

b
o 	film thickness at start of conduction period 

t
c 	

duration of conduction period 

Using the results for test series P, and considering the change in 

thickness of the barrel melt film, a value calculated from either model 

of K = 2.49 x 10
-4 

predicts a growth in film thickness from 0.450 mm to 

0.897 mm during the conduction period. The nominal measured film 

thickness at the start of injection was 0.90 mm (to within an accuracy of 
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approximately 1-  5%) and so this predicted value was very close to that 

observed. 

In the present thesis, Appendix A, a simplified analysis of conduction 

melting is presented from which an estimate of K may be obtained. In 

this case: 

K 	
2Km 

	
T ) 

TT )j Cp
s m s 

2 

(5.6 ) 

Substituting the polymer data for test series P into (5.6) gives an 

estimated value of K = 2.30 x 10
-4
. This values is approximately 7.6% 

smaller than the previous value, and would result in the lower predicted 

film thickness at the start of injection than was observed, this having 

been the case in Chapter 2. 

The conduction model used by Lipshitz et al considered only the growth 

of the barrel melt film, but Donovan refined the model to include melting 

at the other three faces of the solid bed, with a corresponding improvement 

in melting prediction, particularly toward the delivery end of the screw. 

In chapter 2 of this thesis, the simplified conduction melting analysis 

of Appendix A was applied to the three sides of the solid bed surrounded 

by melt film, but it was found that the reduction in solid bed width 

predicted by application of the analysis to the melt pool to solid bed 

interface was negligible. However, good agreement was found in comparing 

the predicted solid bed dimensions at the end of the conduction period with 

those observed. Since the width to height ratio of the solid bed was 

quite large, in general, for the particular screw design employed, it was 

found that the greatest conductive reductions in solid bed area were due 

to the growth of the barrel and root melt films. 

It can be seen, then, that for the screwback and conduction parts of 

the cycle, reasonable agreement exists between the results presented in 
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this thesis and the models proposed by Donovan and Lipshitz et al. 

However, as was apparent in the text of this work, an additional degree 

of melting can occur during the injection part of the cycle, and this was 

not considered in either model. In fact, the magnitude of the 

injection melting will depend upon the length of the injection stroke so 

for moulding cycles involving relatively short strokes, it may be 

possible to neglect injection melting for a first order approximation of 

the cyclic melting behaviour. However, it is usually most economical 

to utilise the maximum possible shot weight of a production machine, and 

hence the usual operating condition of an injection moulding machine may 

tend towards the use of the maximum injection stroke. In this case, the 

injection melting could be very significant, as was shown for the 

conditions of test series P in the present work where the machine was 

operating at the maximum injection stroke. Referring to equation (B.21) 

in Appendix B, an injection melting coefficient (X/X0) can be evaluated 

at any section to illustrate the reduction in the solid bed width ratio 

as a result of injection melting (where X0 = solid bed width ratio at 

the start of inection and X = solid bed width ratio at the end of 

injection. For test series P, the injection melting coefficient can be 

tabulated as a function of 'screw position as: 
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Turn Number o (x/x) 
o 

10 1.0 0.89 0.890 
10.5 0.985 0.87 0.883 
11 0.97 0.86 0.886 
11.5 0.93 0.83 0.892 
12 0.85 0.78 0.917 
12.5 0.84 0.73 0.920 
13 0.78 0.68 0.872 
13.5 0.76 0.63 0.829 
14 0.64 0.54 0.844 
14.5 0.67 0.50 0.746 
15 0.62 0.43 0.694 
15.5 0.635 0.35 0.551 
16 0.49 0.26 0.524 

It can be seen that the degree of injection melting is significant, 

particularly toward the delivery end of the screw where substantial root 

film thicknesses were observed. Consequently, the modification of a two 

part melting model to include the effects of injection melting, is likely 

to produce a model that would be significantly more useful in the practical 

situation of an industrial user or machine designer. 
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NOTATION 

The notation used in the present work is briefly presented in 

alphabetical order in the following list. 	Greek symbols are listed 

after the Roman symbols. 

Symbol 	 Definition 	 Units  

a 	coefficient of the pressure sensitivity of viscosity 	m2/N 

Br 	Brinkman number 

b 	coefficient of the temperature sensitivity of 	(
o 
 C)
-1 

viscosity 

C.. 	dimensionless conduction term at nodal point (i,j) 
1,) 

C
n 	

general constants, n = 1, 2, ... 

C
P 	

specific heat at constant pressure 	J/kg°C 

Cpm 	melt specific heat at constant pressure 	J/kg°C 

Cps 
 . 
	solid specific heat at constant pressure 	J/kg°C 

c 	screw clearance 	 m 

D nominal screw diameter 	 m 

D.. 	dimensionless dissipation term at nodal point (i,j) 
1,3 

conductive energy loss from system E J 

convective energy loss from system E
cony 

internal energy of system 	 d Int 

E
M 	mechanical energy input to system 	 J 

E
o 	' internal energy of system at time t = 0 	J 

e screw flight width 	 m 

gz 

H 

H
c 

z-direction component of total body force per unit 
	

1\1/kg 
mass 

solid hed height 	 irt 

local channel height 
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Symbol 	 Definition 	 Units  

J mechanical equivalent of heat 

k 	thermal conductivity 	 J/ms°C 

k
m 	

melt thermal conductivity 	 J/ms°C 

ks 	solid thermal conductivity 	 Jims°C 

L length of nozzle 	 m 

/ 	screw pitch 	 m 

/* 	distance along screw axis 	 m 

M, 	number of axial mesh sections 1 

• M. 	number of radial mesh sections 
J 

N rotational speed of screw 	 RPM 

n power-law index 

Pe 	Peclet number 

P
s 	pressure sensitivity product 

P
z 	z-direction pressure gradient 	 N/m

3 

p 	pressure 	 N/m
2 

'bp 	pressure at z = 0 	 N/m2 

Po 	reference pressure 	 N/m
2 

p* 	dimensionless pressure 

t'■ 
P* 	dimensionless pressure at particular section 

volumetric flow rate 	 m
3
/s 

R 	dimensionless radial coordinate 

R 	universal gas constant 	 J/kg.Mble°K 

Re 	Reynold's number 

✓ radial cylindrical polar coordinate 

r
1 	

nozzle inlet radius 

A 
✓ boundary radius at particular section 

S 	relative section radius 
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Symbol 	 Definition 	 Units  

S. 	injection stroke 	 m 
1 

T 	temperature 	 o C 

T
b 	

barrel temperature 	 °C 

T
bo 	

barrel temperature at z = 0 	 °C 

T 	melting point temperature 	 °C 
m 

reference temperature 
0 

T
R 	

screw root temperature 

T 	temperature ratio 	 oC 
ratio 

T
s 	

feedstock temperature 

T* 	dimensionless temperature 

T* 	dimensionless barrel temperature 

T* 	dimensionless temperature at R 1.0 
m. J  

T*
1 	

dimensionless temperature at R = 0 

t time coordinate 

t. 	injection time 

A 
t 	particular real time 

u 	r-direction component of velocity 	 m/s 

✓ barrel velocity 	 m/s 

V. 	injection velocity 	 m/s 
i 

V
ix 

x-direction component of injection velocity 	m/s 

V. 	z-direction component of injection velocity 	m/s 
.]..z 

Vsy 	y-direction solid bed velocity 	 m/s 

V
x 	x-direction component of velocity 	 m/s 

V
z 	

z-direction component of velocity 	 m/s 

V 	mean velocity 	 m/s 

✓ 0-direction component of velocity 	 mis 

W dimensionless z-direction component of velocity 
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Symbol 	Definition 	 Units  

W
c 	

local channel width 	 m 

w 	z-direction component of velocity 	 m/s 

X 	solid bed width 	 m 

X. 	dimensionless temperature Tt 
3 	 1,3,0 

x 	Cartesian coordinate 

Y 	Cartesian coordinate 

Z 	dimensionless cylindrical polar axial coordinate 

z 	cylindrical polar axial coordinate (not for screw 
channel) 

z 	Cartesian coordinate (for screw channel) 

z 	z-coordinate of particular section 

a. 	coefficient in solution of finite difference 
equation 

am 	melt thermal diffusivity 	 m2/s 

as 	solid thermal diffusivity 	 M2/s 

P. 	coefficient in solution of finite difference 
equation 

shear rate 	 s-1  

Yo 	reference shear rate 	 s-1 

Yj 	coefficient in solution of finite difference 
equation 

mean shear rate 	 s-1  

AR 	dimensionless radial increment 

At 	time increment 

AZ 	dimensionless axial increment 

AO 	dimensionless time increment 

5 	melt film thickness 

5. 	coefficient in solution of finite difference 
equation 
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Symbol 	 Definition 	 Units 

5
1 	

barrel melt film thickness 

5
2 	

root melt film thickness 

energy balance error term 

0 	dimensionless time coordinate 

0 	screw helix angle 

A 
0 	particular dimensionless time 

X 	latent heat of fusion 	 J/kg 

XZ 	axial stability parameter 

• X
0 	time stability parameter 

viscosity 	 Ns/m2  

PN 	Newtonian viscosity 	 Ns/m
2 

Po 	reference viscosity 	 Ns/m
2 

p 	dimensionless axial pressure drop 

p 	density 	 kg/m3  

p
m 	

melt density 	 kg/m3  

Ps 	solid density 	 kg/m
3 

fluid stress 	 N/m- 

z-direction shear stress on surface of constant r 	N/m
2 

rZ 

zz 	z-direction normal stress on surface of constant z 	N/m
2 

OZ 	
z-direction shear stress on surface of constant Q 	N/m

2 

mean shear stress 	 N/m
2 

0. 	coefficient in solution of finite difference 
equation 

coefficient in solution of finite difference 
equation 

angular cylindrical polar coordinate 
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APPENDIX A 

A CALCULATION OF THE GROWTH IN THICKNESS OF  

A MELT FILM DUE TO HEAT  CONDUCTION FROM A ROUNDARY 

The problem solved here is a simplified approximation to the real 

situation of the growth of a melt film during the 'soak' period in the 

injection moulding cycle. 

The problem domain is shown in Figure A.1, and the nomenclature is 

consistent with that of the Train text. 	Initially, a melt film of 

thickness
o 

separates an assumed semi-infinite solid bed from a constant 

temperature boundary, at temperature Tb. 	The temperature at the solid/ 

melt interface is T
m
, the melting point of the polymer. 	It is assumed 

that during the period of film growth, the temperature profile in the 

melt film is linear. 	It is required to find the rate at which the melt 

film grows, i.e. to derive an expression for the thickness of the film, 

b, ds a function of the time coordinate, t. 

The y-coordinate origin is taken as the melt/solid interface as shown 

in Figure A.1, and the positive y-direction is taken as the direction of 

film growth. 

For the solid bed, the energy equation reduces to: 

p 	do)  dT 
s ps 	do dy = 

d2T 
k ( 

2
---) 
dy  

(A.1) 

from which, by integration: 

Pscps 	do 
T 	C

1 ks 
(- 

dt
) Exp 

p 

k

C 
s ps 	d5 	c 

2 	
2 

s 	
dt 

 

( A. 2 ) 

 

where C
1 

and C
2 
are constants. 



T - T
m .Y_ 

T
m
- T

b 
(A.7) 
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The boundary conditions for the solid bed are: 

T(m) = Ts 

(A.3)  

T(0) = T
m 

Hence, the temperature profile in the solid bed is given by: 

T - Ts 	P 

T - T 	exp s 	Ps (- dt  Lt) yk 
m S 

(A.4)  

For the melt film, the temperature profile (linear) is given by: 

T = Al  y + A2 
	 (A.5) 

where A
1 
and A

2 
are constants. 

The boundary conditions for the melt film are: 

T(-5) = T
b 

(A.6) 

T (0) = 

Hence, for the melt film: 

Applying an energy balance at the interface: 
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[ 	

h heat flux into interface 	heat flux from interface - 
from film per unit area 	into solid bed per unit area 

 

 

Crate of melting per unit 
area at interface 

 

(A.8) 

  

  

T
b
- 

= km 

 

i.e. 	q 
Y 	

= - km dy 
film y-0 

(A.9) 

  

qY  solid 

dT = - k -- s dy 
d5 

= (T m - Ts) . ps Cps(7IT 
y=0 

(A.10) 

    

I 
i.e. 	k

m 

Tb- Tm  
- (T m  -Ts)p C 	

(l ) 	db . ps .X 	(A.11) 
5 	s ps dt 

d5 	
km  iTb- Tin t 

i.e. 
dt 	psLX + C (T - T )J 

Ps m s 
(A.12)  

Hence, by integration w.r.t. t and substitution of the initial condition 

5(0) =
o 

52 
2km  iTb- Tml t 

2 
ps[X + C ps  (T  m  - TS)] 

+ 5
o  (A.13)  

This expression can be used to estimate the growth of a melt film , 

due to heat conduction during the 'soak' period of the injection moulding 

cycle. 
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APPENDIX B  

AN ANALYSIS OF MELTING IN A SCREW CHANNEL 

BY TRANSVERSE FLOW 

The problem considered here is a simplified approximation to the 

real situation occurring during the injection part of the injection 

moulding cycle. 

The problem domain is shown diagrammatically in Figure B.1, 

consisting of a solid bed of height H and width X, a melt pool and a 

melt film between the barrel and the solid bed of thickness 5. The 

barrel is at constant temperature Tb  with a transverse velocity Vx, and 

the melt film/solid bed interface is at the melting point of the polymer Tm. 

The y-coordinate origin is taken as the melt/solid interface as 

shown, and the positive x-direction is taken in the same sense as the 

transverse flow V
x
. 

Simplifying assumptions are made as follows: 

For the melt film, assume: 

Flow is in the x-direction only 	(A) 

Heat transfer is in the y-direction only (B) 

The melt is a Newtonian fluid 	(C) 

The melt film thickness (5) is constant 	(D) 

For the solid bed, assume: 

The bed is semi-infinite in the y-direction .(E) 

Motion is in the y-direction only 	(F) 

Heat transfer is in the y-direction only 	(G) 
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For the system as a whole, assume: 

Quasi-static conditions 	(H) 

Hence, the equation of energy for the melt film is: 

d2T 	dvx 2 
m dy2 

= 0 (B.1) 

The equation of motion for the melt film is: 

2 d vx 

 

0 	 (B.2) d'2 

From equation (B.2) by integration and substitution of the boundary 

conditions: 

vx
(El) = Vx 

vx(0) = 0 

(B.3) 

Then, the velocity profile in the film is given by: 

vx  = {-Y-} V X 
	 (B.4) 

From equations (B.1) and (8.4): 

iV12 d2 T k 	0 	 (B.5) 
dy 

 

By integration and substitution of the boundary conditions: 



T- T 
m s 

exp TT--  • Y 
s - 

T - T 	V 
(B.12) 
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T(0) = T
m 

(B.6)  

T(5) = Tb 

Then, the temperature profile in the film is given as: 

T Tm 	
p Vx2  

T
b
- T

m 
- 2k

m 
 (Tb- Tm

) • 5 
2- (1 - 2) +

5  
(B.7)  

• For the melt film, the heat flux into the interface 

dT 
m  = k . dy  /unit area 

y=0 
(B.8) 

  

VX 
= km 

T
b
- Tm) 

P' 25 	
(from (B.7)) 	(B.9) 

For the solid bed, the energy equation becomes: 

C V 

	

dT 	
k 

d2T 

	

Ps ps sy dy 	s 
dy
2 

By integration and substitution of the boundary conditions: 

T (0) = T
m 

= Ts 

(B.10)  

(B.11)  

Then, the temperature profile in. the solid bed is given as: 

2 
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Hence, the heat flux at the interface' 

= ks 
dT 

• dy y=0 
(B.13) 

   

ps 
C
ps Vsy (T  m  - T

s) 	(B.14) 

Hence, by application of a heat balance at the interface: 

[ 

2 

rm. 
	 V

x  
7-(Tb-,Tm) + p, --- - ps  C 	Vsy  (Tm- Ts) = V 	p X (B.15) 

25 

Now, from the physical assumptions made, and by reference to Figure B.2, 

a reduction in solid bed width AX is the result of melting at the 

interface in the time interval t to t + At. 

Hence, application of a mass :balance gives: 

AX V 
sy  ps 	2 

{X- —} At = - H AX pm 	(B.16) 

i.e. as At 	0: 

dX 	X P
s- dt - 	Vsy H  p 

Hence, by eliminating V 	between (B.15) and (8.17): sy 

dX 	X  [2km
(T

b
- T

m
) + µ V

x
2] 

dt 	5.H.pm 	[2c (T m- - T 
s) + ps  

(B.17)  

(B.18)  

Hence, by integration and using the boundary condition X(0) =.X
o
, where 

X
o the solid bed width at t = 0 
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1, 
_t 	Eam(Tb- Tm) + Vx

2 
 J 

X = X
o 

exp 	 

	

t).H.pm 	
[2C (T --T ) 	2X] ps m s 

For a constant injection rate, substitution of: 

S.. cos 0  
Vx  

t. 
1 

(B.19)  

(B.20)  

where S = 
i 

e
s 

t. 1 

injection stroke 

screw helix angle 

injection time 

gives: 

—1  x . X
o exp t..6.H.pm 

[21(
m  ti 

 (Tb- m 
	

(Si  cos O
s 
)2] 

 

[2c (T - Ts) + 2X] ps m  

(B.21) 

This expression can be used to estimate the melting due to transverse 

flow during the injection part of the injection moulding Cycle. 

••, 
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